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ABSTRACT

A brain iron quantification technique is presented for measuring the variations
of basal ganglia iron content in Parkinson's disease, using magnetic resonance imaging.
The technique is based on measuring the interecho time dependence of the transverse
relaxation enhancement of water protons that is brought about by the paramagnetic
brain iron. This interecho time dependence is postulated to be the consequence of the
heterogeneous cellular sequestration of brain iron, and is exploited to provide an index

for the tissue iron content.

The postulated mechanism of the interecho-time-dependent transverse
relaxation enhancement was systematically studied in a paramagnetic suspension of red
blood cells and in excised brain tissue. The mechanism, when incorporated into a
computer simulation of the experimental data, reproduced the enhancement
dependencies on the interecho time, on the cellular magnetization difference, and on
changes in cell shape. The interecho-time-dependent enhancement, 6R 24pp, in excised
basal ganglia grey matter was found to correlate with independent measurements of the

tissue iron concentration (r=0.81, p<0.001).

An imaging sequence was developed for the in-vivo measurement of 6R24pp SO
that a regional index for brain iron could be obtained. When tested on phantoms over a
relevant but limited range of magnetization difference values, 8R2app demonstrated a
linear dependence on the magnetization difference with a sensitivity cf ~ 2 s?A"lm.
When tested on a group of age-range-limited healthy volunteers, that index proved
capable of distinguishing two iron-rich basal ganglia structures, namely, the globus
pallidus and the putamen, from each other and from other structures of lesser iron

content.



In a preliminary clinical application, twenty healthy volunteers whose age-range
spanned five decades were studied for the age-related iron accumulation, and twelve
patients with Parkinson's disease were compared with age-matched controls. The
volunteers displayed an age-correlated increase in the regional iron index in the
putamen (r=0.76, p<0.001) and in the caudate head (r=0.69, p<0.001). The patients
displayed increases in the iron index of 42% in the putamen (p<0.05) and 33% in the
globus pallidus (p<0.05). These regional iron indices also correlated with the clinical

measures of disease severity ("r" ranges from 0.64 to ¢ 76, p<0.05).
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suspension

Effective (z component) magnetic field experienced by the j% spin at
location ry prior to its k% random-walk jump

Externally applied radio-frequency magnetic field vector
Amplitude of By field

Caudate nucleus

Carr-Purcell-Meiboom-Gill

Cerebrospinal fluid

Diffusion coefficient

Extra/Intra cellular water diffusion coefficient
Dysprosium-diethylenetriaminepentaacetic acid
Cartesian unit vectors

Interaction energy

Spin energy of an energy eigenstate

Free induction decay



G Magnitude of magnetic field gradient

GdDTPA Gadolinium-diethylenetriaminepentaacetic acid
GP Globus pallidus

h Planck's constant divided by 2n
H Hamiltonian
Hy Dipolar Hamiltonian of a spin pair
HD Huntington's disease
HO’ Hydroxy! free radical
H,0, Hydrogen peroxide
I Spin (angular moment) operator
I Spin quanturm nuraber
I, z cornponent spin quantutn nunmber
i, 1 Raising/Lowering spin operator
IL.5.5 Cartesian components of spin operator
J Angular momentum
Jos J1o I Spectral density functions
k Boltzmana's constant

L-dopa, levodopa
Levodihydroxyphenylalanine

£ An integer or half-integer
M Longitudinal magnetization

MRI Magnetic resonance imaging

m Net nuclear magnetization of a spin ensemble
m Magnitude of net nuclear magnetization

m,, my, m, Components of net nuclear magnetization



MPDP*
MPP*

MR
MRI
MSA
NMR

Pa> Pp
Pe, Pj

Pentcr ’ P exit

Pve ’ PVi

Magnitude of transverse nuclear magnetization

Magnitude of equilibrium nuclear magnetization of a spin ensen:ble
Megahertz

Monoamine oxidase

1-methyl-4-phenyl-2,3-dihydropyridinium

MPDP+, the 1-methyl-4-phenylpyridinium species
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

Magnetic resonance

Magnetic resonance imaging

Multiple system atrophy

Nuclear magnetic resonance

Spin population

Number of net aligned (relative to B,) proton spins in an ensemble

Number of net aligned (relative to B,) proton spins in an equilibrium
ensemble

Spin population in the specified orientation
Spin population in the specified orientation at equilibrium

nicotinamide adenine dinucleotide

Number of water proton spins used in simulating relaxation
enhancement

Superoxide

Relative water popuiation in the hydrated/bulk phase
Relative spin population in extra/intra cellular compartment
Entrance/Exit probability of traversing the RBC membrane

Relative volume of extra/intra cellular compartment



PBS
PD
PDI
PDRS
PM
PS

ROI
SN
SND
SOD

Volume fraction of magnetic spheres in solution
Phosphate buffered saline

Parkinson's disease

Peripheral decarboxylase inhibitors

Parkinson's disease rating scale

Putamen

Parkinsonian syndromes

displacement vector

Spherical-polar coordinates of displacement vector
Correlation coefficient, or Magnitude of r
Longitudinal relaxation rate, inverse of T

Transverse relaxation rate, inverse of T,

Rate constant , inverse of T,"

Apparent Transverse relaxation rate, inverse of Togpp

Apparent Transverse relaxation rate in cell lysate
Red tlood cell

Radio frequency

Region of interest

Substantia nigra

Striatonigral degeneration

Superoxide dismutase

Absolute temperature, or Tesla

Longitudinal relaxation time

Transverse relaxation time



Xes Xi
Xm

Sw

Aw

Apparent transverse relaxation time obtained at a specific interecho
time in a spin-echo or CPMG sequence.

Time constant characterizing decay of FID in an inhomogeneous
static magnetic field

Echo time

Thalamus

Sequence repetition time

Unified Parkinson's disease rating scale

Probability of spin transition rate between energy eigenstates
Extra/Intra cellular water concentration

Eigenstate of a proton spin orienting parallel/antiparallel to the static
magnetic field

Demagnetizing factor determined by the shape of a cell surface
Demagnetizing factor determined by the shape of a sample surface

Time between consecutive random-walk jumps

Volume magnetic susceptibility of extra/intra cellular compartment

Molar magnetic susceptibility

Difference in the average proton resonance frequency between intra
and extra cellular compartments

Characteristic variation of field perturbation in units of the proton
Larmor frequency

Magnetic field inhomogeneity

Variance of field variation across the sample of interest

Magnetization difference

Difference in apparent transverse relaxation rate between an RBC
suspension sample and the corresponding lysate sample



AD

Asgo

<w®>

Difference in Ry, between two measurements using different
values of the interecho time. It is a measure of the interecho time
dependent relaxation enhancement.

An imaging-based, regional SRZQPP that has been corrected by an in-
slice background subtraction to reduce interscan variations.

Enhancement that is brought about by two-site proton exchange on
the apparent transverse relaxation rate determined by means of a
CPMG sequence.

Phase accumulation

Interecho time (or refocussing interval) in a CPMG sequence
A fitting parameter

Phase of a proton spin or a spin isocromat

Gyromagnetic ratio

Magnetic moment

The permeability of free space

radius

A rate constant that represents an empirical characterization of the
interecho time dependence of Ryqpp

Variance of internal gradient distribution in a sample containing
heterogeneous susceptibility

Correlation time characterizing the transmembrane diffusion in cell
suspensions.

Rotational diffusion correlation time characterizing internal
molecular motion

Characteristic diffusive correlation time of water molecules in a
sample containing heterogeneity in susceptibility

Average life time of intracellular water protons in cell suspensions

Frequency of the radiofrequency B, field

The second moment of the line shape of non-moving spin pairs



Larmor frequency

Wave function at time t

Torque

Angular velocity

90° RF pulse in the x direction in the rotating frame

180° RF pulse in the y direction in the rotating frame



CHAPTER 1

Introduction

1.1 Overview of the Thesis

The enhancement of the nuclear magnetic resonance (NMR) relaxation rate of
water protons by paramagnetic substances has become an increasingly important issue
in in-vivo magnetic resonance imaging (MRI). The clinical importance of this
enhancement can be seen in the imaging of the basal ganglia of the brain (1-2) and in
the imaging of the liver (3), since in both organs naturally accumulated or
pathologically exaggerated iron deposition is present. This enhancement is also
essential to the application of paramagnetic MRI contrast agents (4-5) and in functional
MRI studies of the brain (6-7). Although relaxation enhancement of the protons of
solvent water by a paramagnetic solute through the electron-proton spin interaction was
studied and analyzed quantitatively many years ago (8-9), our current understanding of
relaxation enhancement in tissue remains largely qualitative or semi-quantitative (10-
12). One of the difficulties in achieving a quantitative understanding of enhancement in
tissue arises from the complicated heterogeneous distribution of paramagnetic
substances in that milieu, either accumulating naturally or administered exogenously.
In the study of relaxation enhancement caused by iron in the brain, the lack of a
thorough and quantitative understanding of the relaxation mechanism has hindered the
development of MRI techniques suitable for reliable in-vivo iron quantification. In-
vivo techniques for iron quantification would be of particular value for the clinical

evaluation of neurodegenerative disorders (13-18) such as Parkinson's disease and

Huntington's disease.



This study was motivated by the interest of measuring changes in brain iron in
Parkinson's disease. The overall objective of this study is, through quantitative studies
of the paramagnetic relaxation enhancement of water protons, to increase our
knowledge of the enhancement effect and to develop and apply MRI techniques for the

specific in-vivo quantification of brain iron.

The relaxation enhancement effect of brain iron was suggested by the signal
hypointensity of some iron-rich basal ganglia brain nuclei observed in heavily T,-
weighted images obtained at high magnetic field strengths of 1.5 T (1-2). While signal
hypointensity can help to delineate those iron-rich brain nuclei in T-weighted images
and may also give a coarse measure of regional iron changes, a more precise
quantitative measure is desirable for the clinical assessment of brain iron
concentrations. Although the easily measurable transverse relaxation time, T, is
believed to be affected by tissue iron, it does not correlate well with iron concentration
in brain tissues (19-20). Reliable quantification of brain iron requires relaxation
measurements that are more specific, possibly arising through a separation of the iron-

related enhancement from relaxation that is largely independent of iron.

One such relaxation measurement is proposed and evaluated in this study. It
exploits the interecho time dependence of the apparent transverse relaxation rate to
characterize the relaxation enhancement. This enhancement and its dependence on the

interecho time is postulated as arising from the heterogeneous brain iron distribution.

The Ph.D. programme reported in this thesis consists of three parts. They are
first, an experimental evaluation and theoretical simulation of the relaxation
enhancemert in paramagnetic suspensions of red blood cells. In this model system, a
cell membrane separates the different paramagnetic susceptibilities. Secondly, the

enhancement of transverse relaxation in brain tissue, both in-vitro and in-vivo, was



evaluated to determine the improvement it provided over T alone for the quantification
of brain iron, where the iron was sequestered in glia. Thirdly, a preliminary clinical
evaluation of the proposed iron-quantification technique was carried out to study iron

accumulation in normal aging and in Parkinson's disease.

To have a quantitative theoretical understanding about relaxation enhancement
that arises from a cell-membrane-separated susceptibility difference, a numerical
relaxation model was developed for a paramagnetic suspension of red blood cells. The
numerical simulation reproduced the experimentally-observed enhancement
dependencies on the interecho time, on the cellular magnetization difference, and on the

changes in cell shape. This simulation is reported in Chapter 2.

To evaluate the enhancement of transverse relaxation as a measure of iron
deposition in brain tissue, experiments were carried out on excised brain tissue as well
as on age-range-limited living brain to minimize deposition factors other than brain
structure differences. In the in-vitro study, it was possible to perform a correlation
analysis between the relaxation enhancement and an independent atomic absorption
spectrometry measure of tissue iron concentration. This is reported in Chapter 3. In the
in-vivo study, it was possible to test statistically the ability of relaxation enhancement
to differentiate the iron-rich brain nuclei in living brain. This test is described in

Chapter 4.

To evaluate the clinical potential of the proposed iron-quantification technique,
pilot studies were carried out on a group of normal volunteers whose age-range spanned
five decades (see Chapter 5) and on a group of patients with Parkinson's disease (see
Chapter 6). A correlation was found between the regional iron-index derived from

relaxation enhancement and the age of the normal volunteers, and between the iron-



index and the clinical scale disease severity score in the group of patients with

Parkinson's disease.

The remainder of this chapter introduces background material relevant to NMR;
to water proton relaxation properties important to MRI; to brain iron and its influence

on MRI contrast; and to Parkinson's disease.

1.2 Water Proton NIR Relaxation in MRI

In clinical MRI, the longitudinal relaxation time and transverse relaxation time
of water protons are two of the most important tissue .:haracteristics which determine
image contrast. An advantage of MRI is that image contrast, which is largely
dependent upon the relaxation time of water protons in soft tissue, can be manipulated
through the selection of the imaging pulse sequence and the timing parameters so as to
achieve optimal tissue and lesion separation. This section provides the basic concepts

and theories about NMR, and particularly about water proton relaxation.

1.2.1 Basics of Nuclear Magnetic Resonance

1.2.1.1 Basics of Macroscopic Nuclear Magnetization

Nuclear magnetic resonance is a quantum mechanical phenomenon (21-24).
Any atomic nucleus that possesses a non-zero spin angular momentum in its ground
state, 1%, also possesses a magnetic moment, YhI, where y is known as the
gyromagnetic ratio and is unique to each nuclear species, # is Planck's constant divided
by 2r, and I is the spin angular moment operator. The quantum number for the spin
angular momentum operator, I, can only have an integer or half integer value. When
placed in a magnetic field, the possible orientations of the spin are defined by the

discrete quantum number I, = ¢, where £ = -I, -I+1, ..., I-1, I. Here, I, is the eigenvalue



of the z-component of the spin angular momentum and the z direction has been

assigned along the external magnetic field B,. Each of these possible orientations

corresponds to a different level of magnetic energy, E; = -y i{Bo, where B, is the

magnitude of B,

For a bulk sample containing numerous nuclear spins, the population
distribution of the spins at equilibrium follows the Boltzmann law. Thus, at

equilibrium the magnetization in the z direction of a sample containing N spins is

il? exp(yfB, /KT)
m, = Ny & : [1.1]

Zexp(thBo /kT)

L=-1

where k is the Boltzmann constant and T is the absolute temperature. Because the
nuclear magnetic energy (Y% £B,) is much smaller at room temperature than kT, Eq.

[1.1] can be simplified, using the high temperature expansion, as

1
> £ (1+ B, /KT) 2en

m, = Nyh &2 = X7 h31(_1r+1)B° . [12]
3’ (1 + Y4B, /KT) k

In.]

The magnitude of the macroscopic nuclear magnetization is proportional to

¥? ? I(1 +1), the square of the magnitude of the nuclear spin moment, to N, to B, and

to 1/T.

1.2.1.2 Bloch Equations and Rotating Frame

Despite the quantum mechanical nature of the nuclear magnetic moment, the
behavior of the macroscopic nuclear magnetization may be understood in terms of

classical physics. To be consistent with the main body of this work, this introduction



will remain within the scope of classical physics and consult quantum mechanics only

when necessary.

The behavior of the nuclear magnetization in a magnetic field follows the Bloch

equations

m,—

%= y(mxB) + te, - ———L 1| {1.3]

where m is the magnetization which has Cartesian components my, my, and m, B is the
magnetic induction, T; and T, are the phenomenologically introduced longitudinal and
transverse relaxation times, respectively, m, was defined before in Eq. [1.1], and ey, ey,
and e, are unit vectors in the x, y, and z directions. In Eq. [1.3], the z direction is
assigned to be along the direction of the main external static magnetic field. If the
relaxation terms in the Eq. [1.3] can be neglected, i.e., assuming infinitely long T; and

T, then the Bloch equations become,

— = y(mxB) . [1.4]

Recalling that the nuclear magnetic moment equals ¥ times the angular momentum J =

k1, m =], and since the torque, [1, exerted on a magnetic moment in a magnetic field

equals JT = (mxB), Eq. [1.4] becomes

dJ _ -
= (mxB) =TI [1.5]

Equation [1.5] is simply a statement of the second law of Newton.

The reference frame used in Egs. [1.3-1.5] is a static or laboratory frame of

reference. Many properties of the Bloch equations are revealed more easily in a



rotating frame of reference. If we chose a reference frame such that it is identical to the

laboratory frame, but rotating with an angular velocity €2, then

dm_om _ om, [1.6]

dt ot

om . . .
where —5— denotes the time rate of change of m with respect to the rotating frame.
t

Equation [1.4] in the rotating frame becomes

oM e mx(yB-9Q). (1.7

ot
In the case of only a static field, B = Boe,. Letting Q = yBoez the right side of Eq.

[1.7] is zero, i.e.,

om _,. [1.8]

Equation [1.8] states that m does not change in the rotating frame which rotates with an
angular velocity Q =yBoe, It also means that in the laboratory frame, m precesses
around B, with a frequency of w, = yYB,, where @, is called the Larmor frequency.
Only at this frequency can an alternating magnetic field be in "resonance" (effectively

exchanging energy) with the nuclear spin system.

In NMR experiments, the externally applied magnetic field (B) is usually
composed of two components: a static field (B,) along the longitudinal (z) direction,
and a circularly polarized alternating (sinusoid) field called the radio-frequency (RF) or
B, field in the transverse (xy) plane. In this case, one can choose Q = we;, where @ is

the frequency of the B, field, so that Eq. [1.8] becomes



'éln: m x [(wo - w)ez +YB3] =Y(m x Bepy) , [1.9]

ot

0
where Begr = % ez + B is called the effective field in the rotating frame. At

resonance, the so called offset frequency term, (W, - ), is zero and Begy = By, and m
precesses around B in the rotating frame with a frequency of ¥B;. In modern NMR
spectrometers, a pulsed RF field is usually used to manipulate the nuclear
magnetization. If dt, the pulse width or time period during which the B; field is on,
satisfies B0t = ®/2, then the pulse is called a 90°pulse. Likewise, if yB18t = «, the
pulse is called a 180° pulse.

Next, we examine, in the rotating frame, the effects of longitudinal and
transverse relaxation included in Eq. [1.3). Because the RF field is only present during
very short pulse periods, we examine the relaxation effects in the absence of RF fields.
In the rotating frame at resonance, Eq. [1.3] becomes

- me_+ m._e
ém _ m,—m he B [1.10]
ot T, T,

A steady state solution to Eq. [1.10] is m; = my, and my = my = 0. If the initial
longitudinal magnetization m(0) differs from m,, then the longitudinal magnetization

will approach m, exponentially with a time constant of T}, i.e.,
my(t) = my(0) + [ mo - mA0)] [ 1- eV . [1.11]

Likewise, the transverse magnetization always decays exponentially with a time

constant of T, i.e.,

Myy(t) = myy(0)e VT2 [1.12]



The introduction of the relaxation terms T; and T2 in the Bloch equations is
purely phenomenological. The Bloch equations have been found to be a good model
for many NMR studies invelving liquid samples. In proton MRI, because a very large
portion of the proton signal comes from the tissue water in the aqueous phase, the
Bloch equations are also a very good approximation. The mechanisms for relaxation
are in general beyond the scope of Bloch equations and requires quantum mechanics.
Examples of relaxation mechanisms will be discussed in section 1.2.3. But first, we
discuss the apparent transverse magnetization decay caused by the macroscopic

magnetic field inhomogeneity that can be readily dealt with using the Bloch equations.

1.2.1.3 Free Induction Decay and Spin Echo

In a single-pulse NMR experiment, after the longitudinal magnetization is
flipped into the transverse plane by a 90° excitation pulse, a signal known as the free
induction decay (FID) can be observed. In the rotating frame, the recovery of m, and
dying out of myy are described by Eq. [1.11] and [1.12], respectively. When observed
in the laboratory frame, the transverse magnetization, myy, whose direction does not
change in the rotating frame, precesses around the z direction at the Larmor frequency
.. The motion of this magnetization then generates, according to Faraday's law, an
electromotive force (EMF) in a receiver coil piaced around the sample to pick up the
induction signal. This FID is proportional to the magnitude of the transverse

magnetization m,y as well as to the Larmor frequency @,.

In an ideal homogeneous magnetic field B, the transverse magnetization decay
follows Eq. {1.12]. But in practice the inhomogeneity of the B, field is often large and
causes the transverse magnetization to disappear faster. We denote the local magnetic
field strength in the sample as (B, + AB), where AB is the field inhomogeneity which is

usually much smaller than B, and depends upon location. The field inhomogeneity
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makes spins at different locations of the sample precess at different frequencies. When
observed in the rotating frame, taken to rotate at the average Larmor frequency, the
transverse magnetization from the ensemble of isocromats of spins which initially
points in one direction tends to disperse: the magnetization of some isocromats rotates
faster and moves forward while that of others moves slower and backward because of
the slight differences of their frequencies from the average one. The observed FID
reflects the combined effect of this dispersing of the average magnetization and the true
irreversible transverse relaxation (T2). The time constant measured from an FID decay
is called T;*. The true transverse relaxation time T, is governed by the molecular
structure and dynamics of the sample, but T>* additionally contains a line width
broadening contribution from the field inhomogeneities. Classically, one often regards

T,* as the sum of two factors (22, 25),

1/T2* = 1/T2 +¥ABs , [1.13]

where AB; is the spread of field variation across the sample of interest.

The transverse decay due to static magnetic field inhomogeneities can (subject
to certain constrains on the diffusion of water) be recovered by spin echo pulse
sequences (26-28) to allow measurement of the true T,. Figure 1.1 illustrates a spin
echo sequence and the formation of a spin echo. The formation of the spin echo results
because the refocusing pulse reverses the phase of the magnetization of each spin
isocromat. The phase in Figure 1.1 can be visualized as the angle between the
magnetization of an isocromat and the y-axis. The phase reversal makes the phase that
continually accumulates in the second half of the echo time (TE) period exactly cancel
the phase accumulated in the first half period, so that the dispersion of the
magnetization is reversed. In this sense, the transverse decay that is caused by the field

inhomogeneities is reversible. The decay of the magnitude of the echo over the echo
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time TE is caused by irreversible mechanisms and provides a measure of the true T,
relaxation time. I, instead of a single (180°), pulse, a series of (180°)y pulses is placed
in Figure 1.1 at intervals of TE, then a train of spin echoes will be formed at each TE
interval. Such a pulse sequence is called a Carr-Purcell-Meiboom-Gill (CPMG) (28)
sequence and is frequently used in the measurement of T2 to overcome some of the

constraints such as that on diffusion.

1.2.2 Basics of Magnetic Resonance Imaging

1.2.2.1 Spatial Encoding

Magnetic resonance imaging is a relatively new branch of NMR (29). As a
tomographic imaging protocol, MRI is able to reveal visually the structural
heterogeneity of a subject, often a part of a human body. Because water is the most
abundant molecule in the body and because the proton has ideal spin properties (i.e.,
I=1/2 and the largest y) for NMR study, water proton imaging is the natural choice and

so far has dominated clinical MRI.

A unique technical aspect of MRI, compared to conventional spectroscopic
NMR, is the requirement for spatial encoding. Spatial magnetic field gradients are
commonly used in MRI to provide spatial encoding. The gradient field is superimposed
on the main static field along the z direction. However, the direction of the gradient can
be in any direction in space. When a linear gradient is applied to a sample, the Larmor
frequency of the spins becomes a simple linear function of the spin location in space.
This is the basic principle of the spatial encoding. Imaging sequence designing has
become an art in the application of this principle. Among many different families of
proton imaging techniques, spin warp Fourier transform (FT) imaging (30) is by far the

most popular one.
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In FT imaging, three methods of spatial encoding are used jointly to produce
tomographic images of thin slices. The three methods include slice-selective excitation,
frequency encoding, and phase encoding. Spins in a thin section or slice of the sample
can be selectively excited without disturbing spins outside of the section by the use of a
frequency-selective excitation RF pulse in the presence of a strong linear gradient field.
The frequency-selective pulse, or soft RF pulse, is amplitude-modulated and sometimes
also frequency-modulated so that its frequency spectrum has the shape of a narrow
rectangular band. Because of the presence of a linear field gradient, only the spins in a
thin section are excited. That section is perpendicular to the gradient direction and has
proton Larmor frequencies that fall in the narrow frequency band of the selective RF
pulse. Frequency encoding requires a linear gradient to be on during the acquisition of
an FID or an echo signal. Along the gradient direction, the Larmor frequency of the
spins is a linear function of the spatial location. Therefore the spatial distribution of the
proton spins along this direction can be obtained following Fourier transform. Phase is
used to encode the spatial information along the third direction. The phase encoding
gradient pulse, whose amplitude is increased in small steps sequentially, is applied in
the third direction before the echo formation so that the sequential phase shift contains
the spatial information which can be extracted by Fourier transform. Two dimensional

Fourier transformation is the most popular and convenient reconstruction method for

two dimensional FT imaging.

1.2.2.2 MRI Contrast

Image contrast is another fundamental issue that must be understood in MRI.
Image contrast is the variation of signal intensity between different types of tissue. The
nuclear magnetic resonance signal depends inherently on the tissue parameters as well

as on the parameters of the imaging sequence; so does the image contrast. There are
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three major tissue parameters that determine signal intensity in an image. They are the
proton spin density and the two relaxation times, T1, and T;. Spin density corresponds
to N in Eq. [1.2], which determines the maximum signal available. T; and T
determine the actual signal that is observed using a given pulse sequence according to
Eq. [1.11] and Eq. [1.12]. In the following, we will use the most common spin echo
pulse sequence as an example to show how the tissue parameters and imaging

parameters can affect the signal intensity and image contrast.

In the spin echo imaging sequence, a 90° slice selection pulse initially flips the
longitudinal magnetization into the transverse plane at time zero, and a 180° refocusing
pulse creates a spin echo at time TE. Spatial encoding gradient pulses are incorporated
into the sequence. The sequence is repeated at time interval of TR (repetition time)
with stepwise increases of the phase encoding gradient to acquire a complete raw data
set. The number of phase encoding steps is determined by the desired spatial
resolution, and is typically 128 or 256 as a compromise between spatial resolution and
total imaging time. Once the spatial resolution is chosen, the voxel size and tissue spin
density determine the total spin number, N, and therefore the maximum possible
magnetization m, in each of the voxels. The repetition time TR and relaxation time T;
determine how much longitudinal magnetization is recovered and thus available for the
repeated excitation. In Eq. [1.11], m,(0) is zero after the 90° excitation. For spin-echo

sequences in which TR >> TE, the longitudinal magnetization at time TR is
m,(TR) = mg[ 1- e TRE] | [1.14]

This m,(TR) is then flipped by the next 90° pulse to become myy(0) in Eq. [1.12]. Att

= TE, the measured magnetization is

myy(TE) = m[ 1- e TRM} ¢ TEM2 [1.15]
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Equation [1.15] shows how the spin-echo signal in a given voxel depends upon m,, T},

T2, TR, and TE.

The inherent variation of the three MRI parameters among different types of
brain tissue (grey matter, white matter, cerebrospinal fluid, etc.) are in the range of 30%
for the proton spin density, and more than 100% for both T; and T, (31). Not only does
proton relaxation provide large inherent variation among brain tissues, but also
relaxation contrast can be enhanced or suppressed by the choice of ti:2 two timing
parameters, TR and TE, in the spin-echo sequence. For example, if TE <<T; and
TR>>T), the image contrast is primarily dependent upon the proton density of the
tissue. If a very short TE is chosen, the T contrast is suppressed and the degree of T;
weighting can be manipulated by varying TR. Similarly, if a TR is chosen to be much
longer than T, the Ty contrast is suppressed and T, weighting can be varied by TE

selection. In the latter case, Eq. [1.15] becomes
myy(TE) = mee TE/T2, [1.16]

It requires a minimum of two measurements of myy using different TEs to give an
estimation of the T, value. Equation [1.16] is the simple principle of T, imaging. Ina
gradient recalled imaging sequence, T,* replaces T; in Eq. [1.16]. T,*-weighted images
are more sensitive to the line broadening produced by the static magnetic field

inhomogeneity.
1.2.3 Water Proton Dipole-Dipole Relaxation (21-22)

So far we have treated T; and T, as parameters associated with a given sample.
In this subsection we will explain the fundamentals of water proton relaxation using
quantum mechanics to treat the nuclear magnetism. We will also examine the dipole-

dipole relaxation mechanism in a two proton system and will discuss the importance of
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molecular motion to NMR relaxation. Only the important concepts and some

characteristics are addressed.

1.2.3.1 Longitudinal Relaxation

For a spin in a magnetic field, the Hamiltonian is % = - 1YBol;, where I, is the z
component of the spin operator. For a proton whose spin is 1/2, there are two
eigenstates corresponding to I; equals -1/2 and 1/2, and energy levels of (#YBo/2) and
(~hyBo/2), respectively. The two states are customarily labeled B3, for the high spin

energy, and o for the low spin energy.

The longitudinal magnetization is proportional to the expectation value of i, If

No and Np are the number of spins in the lo.Yand the IB) states, respectively, the
longitudinal magnetization is then proportion to

n=Ng-Np. [1.17]

Any change in N, and Ng will cause a change in the spin energy of the system as well

as a change in the magnetization. Such changes are possible when exchange of energy

occurs between the spin system and some other system. In the case of longitudinal

relaxation, the other system is referred to as the lattice, which is the thermal molecular

kinetic system in dipole-dipole relaxation of water protons. The spins and lattice are

said to be coupled when they can exchange energy between each other. There are two

important consequences of this coupling.

The first consequence is that a change of the spin state must cccur so that the
spin system can absorb or emit energy. Let us denote Wqg as the probability of the spin
transition rate from o) to I ) (absorbing energy) due to the coupling, and Wpq the

reverse process. Then, we have a rate equation of



16

dN,
= = NeWea -NaWop , [1.18]

dN N
with a similar equation for —d—p-. Since in the steady state c:i = is zero, Wop and Wpq
t t

must satisfy the relationship
Wao _Np
wﬂa N: ,

(1.19]

where N and Nj are the spin numbers in the steady state.

The second consequence is that the two systems, the spins and lattice, reach

their common state of thermal equilibrium corresponding to a common temperature, T.

The ratio of the final equilibrium populations, N; and Njp, is thus given by

No
_oﬁ_ = @ AE/T
Ne

= e "B/ [1.20]

The temperature T at equilibrium is, by any practical means, just the temperature of the

lattice because the lattice is like a reservoir of seemingly infinite thermal capacity

relative to the small nuclear magnetization system. The nuclear magnetization energy

is strikingly small relative to the molecular thermokinetic energy: AE = Y4B, =

1.05x10°26 J for a proton at a magnetic field of 2.35 Tesla, while kT = 4.14x1020 J at

27 °C. Because Y#hABo/KkT << 1, it is quite accurate to use the high temperature
YhB, d 1 _ yhB

expansion (i.e., e7*8/iT = 1~ , an = 14 1—2),
KT ' 1-yhB/ kT KT

From Egs. [1.19] and Eq. [1.20] we obtain, using the high temperature

expansion,

Woo N5 _ o oy 198, nan
W, N KT
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Clearly, W, # Wg,. The reason for the inequality of Wgg and Wpq is that in the

lattice there are more low energy states available for energy absorption than high
energy states for energy emission. If we define W as the mean of Wqg and Wpq, then

from Eq. [1.21] and the high temperature expansion we have

wap=w( _ﬂB_o)

2kT
and
YhB,
Wgoe =W |1+ ——]. 1.22
b ( 2kT J [1.22]
From Egs. [1.18] and Eq. [1.22] the rate of change in the number of net aligned spins,
%2, can be derived as
t

dn dN, dN,

dt dt dt

= 2[NgWpo - N Wog]

YhB
= 2W| (N, + Np)£t—=
[( «* Mol Gt

- (N, -N,,)] : [1.23]

where n is defined in Eq. [1.17] as (N,- Ng), and obviously
(N, + Ng) =(Ng + Ng). Using the high temperature expansion, one can show that

YhB,
2kT

equilibrium state, n, [=(Ng — N3)]. Thus, Eq. [1.23] can be re-written as

the term (N, + Ng) is equivalent to the number of net aligned spins in the

9 oW (o-1). [1.24]
dt
Recalling that the longitudinal magnetization is proportional to the number of net

aligned spins, Eq. [1.24] is therefore equivalent to

_d;—i‘-a = 2W [mo, - mD)] . [1.25]
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We have thus derived the longitudinal relaxation term in the Bloch equations [1.10] if

we replace the term 2W such that
1/T1=2W = Wog + Wgq . [1.26]

Relaxation in general is a process in which the spin system approaches thermal
equilibrium with the lattice. Longitudinal relaxation reflects a net change of spin
orientation, therefore it must be accompanied by an exchange of energy between the
spin system and the lattice. The final equilibrium state is determined solely by the
temperature of the thermal reservoir (the lattice), but the rate at which the spin system

approaches this state, i.e., 1/Tj, is determined by how efficiently the spins exchange

energy with the lattice.

1.2.3.2 Transverse Relaxation

Transverse relaxation results in loss of transverse magnetization. Transverse
relaxation can occur through energy exchange with the lattice, as in longitudinal

relaxation. It can also occur, however, without energy exchange with the lattice, but

through loss of phase coherence.

Because the transverse spin operators do not commute with the Hamiltonian # =

- hYB,l,, a transverse spin will be in a linear combination of the two eigenstates lo.)and

IB). Forexample, a spin aligned in the x direction is in a state of Ix ) = 1 (lo)+1B)).
V2

It is easy to check that iy Ix)= %!x) using i, = -;—( I+ + 1-), where 1* and 1- are the

raising and lowering spin operators, respectively, knowing the relationships I* lo )=

IBY, I*1B)=0, I"la)=0, and I- IB)=lax).
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The Ix )state can be reached in the whole system at t = 0 following a coherent
90° excitation pulse. At this time the spins are said to be in phase because they are all

in the same state. At a later time, t > 0, neglecting the spin interactions, the wave

furction for the jth spin is

%) = L e B )4 e B 1B, [1.27]

V2

where -E; and E; are the energy levels of the la)and IB ) states. The average spin in the
x-direction is

S (LY = D AFOLEO) . 4 [1.28]
j] §

It is straight forward from Eq. [1.27] and [1.28] to obtain

1 2E;t
;(I,) = EEj’CO{_h_)
= -;:Zcos( YB,t + yABjt)

= %Zcos[wot + d>j(t)] , [1.29]
j

where we have replaced E; with the nuclear magnetic energy Y% (B, + AB)), assuming

a local field inhomogeneity of AB;, and have introduced a generalization of the phase
term @,(t) which depends on the local field inhomogeneity and changes with time.
Again, we have found, using a quantum mechanical approach, that the average
transverse spin oscillates at the Larmor frequency. The conclusion is not different from
that we derived from the Bloch equations. In the presence of field inhomogeneity, the
average transverse spin in Eq. [1.29] eventually disperses because of the increasing

spread of the phase term in Eq. [1.29]. In other words, the spins are losing their phase
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coherence. This decay of the transverse spin can result from field inhomogeneities and
requires no exchange of energy in the spin system. Another type of loss of phase
coherence without a net energy exchange happens in coupled and oppositely oriented
spin pairs in which a mutual exchange of the spin orientations (flip-flop) is possible.
The spin transitions caused by the spin coupling are incoherent in nature and lead to a
random phase distribution in the transverse spins. It is obvious that any coupling
between the spin system and lattice that causes transitions between states lo yand If3 )is
accompanied by an energy exchange that induces transverse relaxation, since an Ix)
state is just made up of lo yand IB). All those types of transverse relaxation
mechanisms are present in the proton dipole-dipole relaxation, so it is instructive to
examine this relaxation mechanism. Quite a few interactions involving nuclear spins
are capable of inducing nuclear spin relaxation. Those include direct dipole-dipole
nuclear spin interactions, indirect nuclear spin interactions (scalar coupling), electron
orbital and nuclear spin interactions, electron-nuclear spin interactions, and electrical
field gradient and nuclear quadrupole interactions. In essence, any interaction that
causes a fluctuating magnetic field at a nucleus is a possible source of relaxation. But
for water protons, the proton dipole-dipole relaxation is usually the dominart

mechanism in solutions as well as in most aqueous tissues.

1.2.3.3 Dipole-Dipole Relaxation in a Two Proton System

Classically, a magnetic moment W produces a local dipole magnetic field
3(er)er u

Bioc = Z—; [—(——5)— - —;] : [1.30]

where r is the radius vector from U to the point of interest and 4, is the permeability of

free space. Between a pair of identical spins the interaction energy, (-U B, ), is thus
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E= ke 7’h2[I‘ oL, 3G, end ")] , [1.31]
4z ? 5

r r
where r is the radius vector from spin "1" to spin "2". The interaction Hamiltonian #4
is easily obtained from Eq. [1.31] by simply taking I, and I, as spin operators. Such an
%4 can be put in a new form by expressing the spin operator 1in terms of I, I+, and I,
by expressing the Cartesian coordinates in terms of spherical coordinates r, 6, and ¢,
and by regrouping the terms according to their spin operators, as

242

ﬂd=% Y% (A+B+C+D+E+P), [1.32]
T T

where

~

A=1,11,5(Q - 3cos?0),
B

= l(i;i; +1;13) (1 - 3cos%0) ,
4
C= -%(il*iﬁ +1,13) sinB cosB e?,
D= -%d;iz'l +1,1;) sinB cos6 e*i?,
E=-%(i; +13) sin?0 e20,
F=-:13-(i; +1;) sin20 e*?®, [1.33]

Clearly, the dipole-dipole interaction depends upon the relative position and
orientation of the two spins. A rough estimation for the magnitude of the proton
hl
magnetic field is, according to Eq. [1.30], -:l—° 1?-, or about 3 Gauss for an r value of
nr

1.6 A which is typical of the interproton separation in a water molecule.

While the distance between the proton pair in a water molecule is nearly a
constant, the relative angular coordinates, 6 and ¢, can take on random values.

Accordingly, the mutual dipole magnetic field between such a pair can be in the range
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of £3 Gauss. In other word, the spread in the resonance frequency of the protons can be
as large as 25 kHz. If the molecular motion of water molecules is restricted so that the
relative coordinates (r, 9, ¢) do not change over a time of 4x10° sec, i.e. the inverse of
25 kHz, the spread in resonance frequency will cause a total loss of phase coherence in
the transverse magnetization. Internal molecular motion is characterized by a rotational
diffusion correlation time, 1., which can be loosely defined as the time taken for the
interproton vector to rotate one radian. Water molecules that are in ice or that are
bound to the surface of macromolecules experience restricted molecular motions, and
the correlation time 1. of such water molecules may be on the order of 10-3 sec or
greater (32). When 1. exceeds 107 sec, the static local dipole fields cause the
disappearance of transverse magnetization in a very short time period, resulting in very
short T, values of 10~ to 107 sec. And because significant molecular motion occurs in
a period of 107 sec, spin-echo sequences are useless in refocusing the dephased

magnetization. The signal from protons in a solid phase for which T is as short as in

ice is not detectable in MRI.

The reason for the longer T2 values of the water proton in aqueous tissue is the
faster molecular motion present in bulk water. Bulk water, also called free water, refers
to water molecules in the liquid bulk phase in which molecular motion is determined
solely by the characteristics of the water molecule and is not perturbed by the presence
of macromolecules. The correlation time of bulk water at room temperature is on the
order of 1012 sec. In the presence of such fast molecular rotations, the dependence on
6 and ¢ in Eq. [1.33] results in an #4 of zero when averaged over a time 10° sec, which
is the time required for the local dipole field to dephase the transverse magnetization in
the absence of molecular motion. The consequence of this is the disappearing of the
static line broadening and the resurgence of a much narrower water peak. The

phenomenon is called motional narrowing. The criterion for motional narrowing is (21)
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<Aw?>121.<< 1, [1.34]
where <Aw?> is the second moment of the line shape of non-moving spin pairs and is

on the order of (YBioc)>

Under the condition of motional narrowing, the dipole-dipole interaction
described by %4 in Eq. [1.32] disappears completely in the first order approximation.
The relaxation effect thus should be considered in the second order approximation of
the perturbation of %4 on the undisturbed spin system and the lattice. In doing so, #q is

rewritten in the form

Hy= Y FOGY [1.35]
9

where the G@ terms contain only spin operators and are reordered from the expansion
of Eq. [1.32] and Eq. [1.33] according to the order of the spin operators, and the F@
terms contain only the lattice parameters (i.e., 1, 6, and ¢). The G( terms determine
whether a pair of undisturbed spin eigenstates are joined together by #4, thereby a
transition between them being possible. The F@ terms determine the rate probability of

these transitions at a certain temperature.

The undisturbed spin system under the Hamiltonian #, = -AYB, (izl +1,) has
four combinations of spin orientations corresponding to three energy levels. These
include IBB), iBa), laB), and laa). The term A in Eq. [1.32] contains the spi~
operators I,; and I,» which join only like states, so it represents only static interactions.
The term B of Eq. [1.32] contains the spin operators (I71; + 1;12) which join laB) and
IBoc) states together, so it permits the proton pair to exchange their spin orientations via
the so-called flip-flop interactions. Both A and B terms do not permit transitions that
lead to a net exchange of spin orientation, so they do not contribute to longitudinal

relaxation. The A and B terms together are called the secular term of #4. The spin



24

operators in the C and D terms join two degenerate states, laf) and IBa ), with both
IBBYand loea) states, to permit transitions that lead to a change of spin orientation
accompanied by an energy exchange of hw, with the lattice. Similarly, the spin
operators in the E and F terms join IBB)with loe), to permit transitions that lead to a
change of the spin orientation accompanied by an energy exchange of 2hw, with the
lattice. The terms C, D, E, and F contribute to both longitudinal and transverse
relaxation. To find the relaxation efficiencies of those spin transitions, one needs to
employ the perturbation formulation of quantum mechanics using #4 as the

perturbation. The final expressions for the longitudinal and transverse relaxation rate in

the two proton system are (21, 33 ),

2
1 9y'n® (u
Ri=z=— = ———— | =2 J(w)+ ].Qw ,
! T] 8 [471’ [l( O) 2( D)]
Ry = L = 2 -"i"-z[J(O)+IOJ(m)+J(2a))] [1.36]
2 T, 32 4n 0 11%% 2 o/ )

where Jo, J1, and J, are the spectral density functions which are defined as Fourze.
transforms of the auto correlation functions of the three spatial parts, i.e.,
(1 - 3cos’6)/r®, (sin® cos® e®)/r3, and (sin20 €2®)/r3, in Eq. [1.32]. Because the
variables in the F9 terms, r, 0, and ¢, are random functions of time, the magnetic
dipole field, or more correctly the magnetic interaction between each of the spin pairs,
fluctuates due to fluctuations of the spatial coordinates. The spectral densities in Eq.
[1.36] can be interpreted as representative of the energy of the fluctuating magnetic
field at the given frequencies (21). Therefore, J1(w,) and J2(2w,) represent the energy
densities of the microscopic fluctuating magnetic field at the proton resonance
frequency, m,, and at 2m,. Recalling that an energy exchange of %, is required in the

transitions permitted by the C and D spin terms, and that an energy exchange of 2hw,
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is required by the E and F terms, the appearance of J;(w,) and J2(20,) in the two
equations of [1.36] is not surprising. They simply indicate that, in  Ier to facilitate
proton spin relaxation, molecular motion must provide magnetic field fluctuation at the
correct proton resonance frequencies. Similarly, Jo(0) represents the density of static
energy and corresponds to the transition that is not accompanied by energy exchange

between the spins and the lattice. Only transverse relaxation is affected by Jo(0).

For the intra-molecular water proton pairs, the inter-proton distance, r, does not
change significantly and relaxation is facilitated mainly by the rotational motion of a
water molecule. The spectral density functions have dispersive Lorentzian forms, and

Eq. [1.36] becomes

1 6 v'r*(u : T 4t
R1=_=———(—0—) St 2 2 |’
1+o, 7, 1+4w, 7,

2

3452

Ry= — = =12 (E_J 3g,+—f 4 — 2% | [137]
T, ™ (4 1+, 1, 1+40, 7,

where 1. is the correlation time as introduced previously. Equations [1.37] are the
fundamental equations in determining water proton relaxation rates. They are
developed from the BPP relaxation theory (named after Bloembergen, Purcell, and
Pound) (32-33). The equations indicate that the correlation time 1. and the Larmor

frequency , are the two parameters that determine the relaxation rates.

In the situation of very fast molecular motion where @, << 1, which happens

2 a2
in the non viscous liquids such as water, L = L = E[E&) (l-h—-} 7,. This is

T, T, 2\4=n rf

true under common imaging field strengths where proton resonance frequency ranges

from 1 to 100 MHz (@,: 10 - 1 s1), while 1. in pure water is around 1012 sec.
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Taking r as 1.6 A and 1. as 5x10-12 sec for water molecules, we estimate T; =T, = 4

sec. Under these fast motion conditions, relaxation rates are not affected by the field

strength, B,

In the situation of very slow molecular motions where w,t.>> 1, T and T; are

. 1 1 1 .
very different: —— oc > and o< 7.. T) becomes longer as 7. and ®, increase,
1 @, T T,

[4

while T, becomes shorter as T increases and does not depend upon ®,. The extreme
case of this is when the molecules are frozen in a solid sample and motional narrowing
no longer holds. An intermediate situation, where ®W,T. = 1, exists in viscous liquids.
T; becomes frequency dependent and reaches a maximum at ©,T. = 0.6. Because the
frequency independent secular term begins to dominate the transverse relaxation in this

situation, T is always shorter than T; and is much less dependent on the resonance

frequency.

The equations in [1.37] take account only of relaxation contribution from the
rotational motion of the paired protons of fixed interproton distance, corresponding to
the dipole-dipole relaxation in water. The intermolecular proton dipole-dipole
interaction also contributes to the relaxation because of translational molecular motion
in which the interproton distance is a random function of time. The intermolecular and
intramolecular dipole-dipole reiaxation contributions are in proportion and the

intramolecular one dominates (21)
1.2.4 Proton Relaxation in Protein Solutions and in Tissue (32)

Water proton relaxation in tissue is much more complicated than in single phase
liquid water. The complication is brought about by the presence of macromolecular

solutes in the cytosol which may interact with the water molecules both magnetically
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and non-magnetically, by the existence of multiple phases of water, by the structural
heterogeneity of the tissue, and by the possible presence of paramagnetic species.
Although a great deal of knowledge has been accumulated concerning water proton
relaxation in tissue, a unified, precise understanding of all the relaxation mechanisms
has not yet been achieved due to the complexity and diversity of body tissues. In this
subsection we focus on an explanation, using protein solutions as a model, of how a

macromolecular solute can greatly affect water proton relaxation.

The solvent water in protein solutions exists in at least two distinct phases,
namely the bulk phase and the hydrated phase. In the bulk phase, as mentioned
previously in section 1.2.3.3, the molecular motion of water is not affected by the solute
and is determined solely by the characteristics of the water molecule. In the hydrated
phase, however, the molecular motion of water is perturbed from that of bulk water by
either forming hydrogen bonds with a macromolecule or simply being very close to the
surface of it. The relaxation characteristics of bulk water are the same as the single
phase liquid water (extreme motional narrowing, WoTc << 1), but these are different for
hydrated water because of a longer correlation time 7., anisotropic rotation, and the

possible cross relaxation associated with hydrated water.

Hydrated water experiences slewer molecular motion than bulk water. For
hydrated water which forms double hydrogen bonds with a protein molecule, the
correlation time, T, is on the order of 10" sec (32). From our earlier discussion of Eq.
[1.37], it is clear that this longer correlation time enables hydrated water to relax faster
than its bulk water counterpart. Because (WoTo) is closer to unity, T is shorter than T;

in hydrated water.

Hydrated water may experience anisotropic rotation when strongly bonded to

macromolecules (32). Anisotropic rotation of water molecules could lead to a non-zero
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value of the (1 - 3cos?8) term that appears in the secular terms of the dipole-dipole
interaction between the intramolecular proton pair when averaged over time. The
residual static interaction, which is absent in bulk water, causes significant line
broadening and very short T, as happens in solid samples. As a result, the difference

between the values of T and T, becomes even larger.

Hydrated water is also in a position to experience intermolecular cross-
relaxation with the protein protons. Between the protons at the periphery of the protein
molecules and the protons of the tightly bonded hydrated water, transfer of spin energy
is possible by the way of mutual spin flips. The macromolecular protons act as

relaxation sinks in the solution and hydrated water can then relax very fast.

As discussed above, a change in hydrodynamics (slower molecular motion and
anisotropic rotation) and cross-relaxation with protein protons make hydrated water
relax faster than bulk water. Values of T, and T, are different in hydration water and
shorter than those in bulk water. But because of the rapid exchange of water molecules

between the two phases, water proton relaxation rates in protein solutions are the

weighted averages,

Ry =paRia + PoRib,
R2 = paR2a + puR2b, [1.38]
where we have used "a" to denote the hydrated phase and "b" the bulk phase, and where

pa and py, are the fractional populations of hydrated water and bulk water in the

solution. Because p, + pp =1, Egs. [1.38] can be rewritten as

R; =Rjp+pa(Rip - R1a)
and
R2 =Ry + pa(R2p - R24) . [1.38]
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Obviously, p. is determined by the total available hydropkhilic surface area of the
protein molecales in the solution, so in solutions of the same protein, the water proton
relaxation rates are linearly proportional to the protein concentration. Extending this
conclusion to tissue, we can say that the greater the water content of tissue, the less
efficient is the relaxation of the water protons and the longer are Ty and T2. But this
generalization is only qualitatively true in tissue because different types of tissue may

have different protein components, lipid components, and paramagnetic species.

In the soft tissues of the body, cellular and subcellular structures create
microscopic heterogeneous compartments. Water proton relaxation in each of these
microscopic compartments is determined by the local protein content and local water
molecular dynamics and is expected to vary considerably among the different
compartments. But because of the fast exchange of water molecules between the
microscopic compartments thanks to diffusion, the observed water proton relaxation
rate in such tissue samples is usually just the population averaged value. In other
words, in spite of the great heterogeneity of tissue at the microscopic level, it is often
the average behavior of water protons in the soft tissue that is observable in NMR

relaxation measurements.
1.2.5 Water Proton Relaxation Enhancement by Paramagnetic Species

Paramagnetic species enhance water proton relaxation rates because they
possess electrons with unpaired spins. For most molecules, electrons gre paired in their
inner shells and in covalent bonding orbitals and the electron spins cancel one another.
Substances with no net electron spin are referred to as diamagnetic. Water and most
other molecules in the body are diamagnetic. Electrons in diamagnetic substances

show no magnetic moments and are incapable of stimulating proton relaxation.
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Some elements, e.g., transition elements, however, have one or more orbitals
tha* are unfilled and may thus contain unpaired electrons. The electrons in unfilled
shelis couple according to one of several rules (34) but give rise to a non-zero net
electronic spin. Similar to a nuclear spin, a net electronic spin also has asscciated with
it a magnetic moment. The magnetic moment associated with a single electron spin is
approximately 600 times greater than that of the proton. Substances containing atoms
that possess a net unpaired electronic spin are referred to as paramagnetic. In the
absence of an external magnetic field, no net magnetization of the sample is observable
even though the individual paramagnetic molecules or ions possess magnetic moments.
This is because the individual magnetic moments, independent of one another, orient
randomly and produce no net magnetization. In the presence of an external magnetic
field, however, the individual magnetic moments align preferably to the external field
according to the laws of statistical quantum mechanics. The resulting net
magnetization is proportional to the external magnetic field strength, to the
concentration, and to the molar magnetic susceptibility of the paramagnetic substance.
The miolar susceptibility of a paramagnetic material is proportional to the square of the
molecular magnetic moraent and is inversely proportioral to the absolute temperature
(Curie's law). The molar susceptibility of paramagnetic substances is generally about
five orders greater than that of diamagnetic substances and is different in the sign.
Therefore, even if only a small amount of paramagnetic substarice is present in tissue, it

can greatly alter the local magnetic susceptibility.

A nur-ber of transiiion metal ions, which have unpaired spins in their 3d orbital
(iron group) or in their 4f orbital (rare earths), are important paramagnetic materials and
often used in MR studies. For the purpose of increasing MR image contrast,
pharmaceutical compeunds that contain paramagnetic metal ions have been developed

as contrast agents, which upon administration enhance tissue relaxation and hence
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change image contrast (5). The most widely used contrast agent in diagnostic imaging
¢ sadolinium-diethylenetriaminepentaacetic acid (GdDTPA), an organic chelate of
Gd3*. The ion is chelated to modify its toxicity and other physiological properties. Of
the two lanthanide metal ions, Gd3* and dysprosium (Dy3*), the magnetic moment of
Dy3* is slightly larger than that of Gd®*, but the electron spin relaxation time of Dy3* is
about three to four orders shorter than that of Gd3* (5). As a result, Dy>* is much less
effective for directly inducing proton relaxation than Gd3* (5). In practice, Dy3* is
better than Gd3* for creating susceptibility contrast, while Gd3* is better for creating

direct relaxation contrast. DyDTPA is employed in our model phantoms described in

Chapters 2 and 4.

In the human body, the transition metal iron accumulates naturally in the tissue
of several vital organs, including the brain (35), the liver (3), and the vascular blood
pools, at concentrations large enough to enhance the water proton relaxation
significantly. Other paramagnetic metals, which although naturally present in the brain
tissue, are present at very low concentrations, and are therefore less important to

relaxation enhancement in that tissue.

The mechanism of water proton relaxation enhancement can arise directly from
the hyperfine interactions. The strong, fluctuating magnetic fields generated by the
individual paramagnetic ions stimulate proton relaxation of the nearby water protons in
a manner similar to that of the proton-proton spin dipole interaction. In addition, for
those elements that have a finite probability of approaching a nuclear site, there are also
Fermi contact contributions. However, relaxation enhancement can also arise from a
susce ribility-difference effect. If the paramagnetic ions are compartmentslized they
can collectively create a localized heterogeneity in susceptibility, which in turn

produces strong field inhomogeneiiies in the presence of an external magnetic field.
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These local inhcmogeneities will not only broaden the proton resonance line width but
also increase the rate of loss of proton phase coherence. The two types of enhancement,

one due to the hyperfine interactions and the other to susceptibility-difference effects,

will be discussed separately.

The hyperfine interaction mechanisms were studied in solutions in the early
years of NMR development and a theoretical explanation provided by the work of
Solomon (8) and Bloembergen (9). The hyperfine interactions are effective in
enhancing the solvent water proton relaxation only when water molecules are able to
move quite close to the paramagnetic ions. This is because the dipolar terms varies as
1/r® and the contact term requires overlap of the electron wave with the nuclear wave.
This happens when subsequent exchange of one or more water molecules bound in the
primary coordination sphere of the metal ion with the bulk water molecules spreads the
effect of the paramagnetic ion. The relaxivity of a given paramagnetic metal ion
decreases dram;tically as the number of coordinated water molecules is reduced due to
chelation (36). In tissue, the naturally accumulated iron tends to be bound in
macromolecules such as hemoglobin, ferritin and hemosiderin, and is not generally
accessible to the tissue water. Thus the hyperfine interaction is unlikely to contribute to

the solvent water proton relaxation for most of the tissue iron.

Compartmentalized paramagnetic materials can enhance water proton relaxation
through susceptibility-difference effects. The relaxation enhancement is brought about
by water diffusion through the local field inhomogeneities created by the heterogeneity
in magnetic susceptibility. The effect which self-diffusion of liquid molecules through
an inhomogeneous field has on the amplitude of an echo was discovered in the early
years of NMR by Hahn (26). In the simplified case where the field inhomogeneity can

be described by a linear field gradient, G, and the self-diffusion is unrestricted,
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incoherently random, and characterizable by a single diffusion coefficient, D, the

transverse relaxation decay in a single-echo spin echo experiment can be described by

(26, 37)

m,,(TE) = myy(0) exp[-TE/T2 - ¥*DG?*TE/12] [1.39]
showing an enhancement to the transverse decay rate due to the term Y’DG?TEY/12. In
tissue containing microscopically-compartmentalized paramagnetic substances, the
local field inhomogeneities are globally unlike linear field gradients so that Eq. [1.39] is
not an entirely valid description in this case. It is very difficult in the microscopically
structured tissue to model accurately the tissue compartmentation, the field
inhomogeneities, and the partially restricted water diffusion paths. So it is seemingly
impossible to compute accurately the relaxation enhancement in a real tissue sample.
Many studies have focused on water proton relaxation properties in simpler
heterogeneous systems such as water suspensions of small, water impermeable,
magnetic spheres or cylinders (11-12, 38-41). In the study of such model systems,
three regimes have been introduced to distinguish the relaxation enhancement (12, 42).
The three regimes are defined in terms of the diffusive correlation time of the water
molecules, 1p, in the presence of the magnetic inhomogeneity and the characteristic
variation of the field perturbation in units of the proton Larmor frequency, Aw. The
three are named (12) the motionally averaged (when Aw-Tp << 1), the intermediate
(Aw-tp = 1), and the static (A @-Tp>> 1) regimes. In the case of a suspension of
magnetic spheres of radius A, Aw is the equatorial value of the dipole magnetic field at
the surface of a sphere (for the reference of dipole field see Eq. [2.2] in Chapter 2), and
Tp is the time required to diffuse a distance of the order of A, i.e., Tp = AZ/D, where D is

as previously defined, the water diffusion coefficient constant (12, 38).
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In the motionally averaged regime, the "diffusion rate", 1/tp, is much greater
than Am. As a result, the diffusing water molecules in the outer layer of a sphere can
quickly and thoroughly sample the dipole field of that magnetic sphere before the
effective loss of transverse magnetization occurs. The relaxation rate induced by the
spherical magnetic impurity is (38, 43)

Ry =R, =-‘1§ P.(Aw)2t,, Awtp<<l, [1.40]

where Py, is the volume fraction of the water impermeable magnetic spheres in the
solution. In this regime, enhancement of Rz and Ry* (= 1/T »') are the same, and both

vary quadratically with A® and inversely with D.

In the static regime, where 1/t; is much smaller than A ®, the transverse

relaxation in a spin-echo experiment is described by (12, 39)

) Rz = (yosTE)* D/12, Awtp>>1, [1.41]
where 6 denotes ihe vériance of the internal gradient distribution induced by the
perturbation and TE is, as defined before, the spin echo time. The relaxation
enhancement increases linearly with the diffusion coefficient and quadratically with the
magnetization of the sphere. The transverse relaxation rate is also affected by the value
of TE. Ry" in the static regime is expected to follow Eq. [1.13], with a static
contribution YAB,, from the susceptibility-difference effect, where AB,, in this
particular case can be regarded as the variance of the internal field inhomogeneity

distribution induced by the perturbations (39).

The intermediate regime falls in between the motionally averaged and the static
regimes, with Aw-tp = 1. The field distribution (reflected in Aw) is the source of
dephasing of the proton magnetization, while water diffusion (Tp) tends to average out

the field inhomogeneities felt by the proton spins. The counterbalance of the two
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influences in this regime makes the enhancement of R very efficient and echo time
dependent. Moreover, because of the significant diffusion in this regime, the
enhancement of R," is expected to be less than the static maximum YAB, which appears
in Eq. [1.13] (12). In this regime neither the enhancement of R3 nor R," follows the
quadratic relationship with field strength which is predicted by Eq. [1.40] and Eq.
[1.41] for the other regimes (12). The complication of the relaxation enhancement in
the intermediate regime can be thought to arise from a diffusion which is neither fast
enough to allow water molecules to sample the full static field inhomogeneities (in a
time period of the order of 1/Aw), nor slow enough to allow water molecules to remain
in a small enough volume for the field disturbance to be approximated by a linear
gradient. As a result, the phase accumulation in this regime does not display Gaussian
statistics (42), and so far there has been no analytical formula like Eq. [1.40] or Eq.
[1.41] produced to describe the relaxation enhancement. An effective way to study this
regime has been provided by computer simulation with Monto Carlo diffusion models
(11-12, 40-41). A limitation of a simulation study is that explicit parameter values must
be assigned in the simulation program, therefore one must be very cautious in the
generalization of any conclusions obtained from simulation experiences. It normally
requires the development of a specific simulation model to obtain numerical data for a
particular experimental setting. The development of the simulation program in this
study started in late 1991 and was aimed at understanding the relaxation behavior in the

paramagnetic suspensions of red blood cells (Chapter 2).
1.3 Brain Iron and Its Effects on MRI Relaxation
1.3.1 Brain Iron

Iron is one of the metal ions essential to the biological functioning of the human

brain (44). From a chemical point of view, iron in the brain can be divided into two
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groups: heme compounds and non-beme compounds. Hemoglobin is normally present
in the red blood cells of the vascular bed, however the heme iron in the hemoglobin
may be only loosely regarded as brain iron since microscopically the blood-brain
barrier effectively separates the wue brain tissue from the vascular blood pool. Under
the pathological conditions of hemorrhage, blood enters into the brain and forms
hematomas. The hemoglobin released as a result of hemolysis is then taken up by the
glial cells, and the heme iron converted within weeks to ferritin and hemosiderin (45).
Some protein enzymes in the brain also contain heme iron, of which the cytocromes in
the mitochondrial electron transfer chain are of primary biological importance.
However, if the hemoglobin in the blood is not taken into account then heme iron

constitutes only a small fraction of the total brain iron (46).

The non-heme compourcs belong to a more heterogeneous group which may
contain ferritin and hemosiderin iron, iron in various non-heme enzymes, and probably
small amounts of inorganic iron that is loosely attached to lipids (46) and other small
substances (47) in the cells. The non-heme brain iron can be found (35) in many types
of prepared cell fractions that include the nuclear fraction, mitochondrial fraction,
microsomal fraction, and a soluble fraction. About one-third of the non-heme iron

consists of ferritin iron (35), making ferritin the major form of brain iron.

The distribution of brain iron is far from homogeneous and exhibits a
remarkable variation in regional concentrations and in specific cellular localization (1,
35, 48-50). The most abundant brain iron is in some gray matter nuclei which belong to
the so-called extrapyramidal system and include the globus pallidus, red nucleus,
substantia nigra, putamen, dentate nucleus, and caudate nucleus. The cortex and white
matter tracts of the brain contain less iron. The average concentration of non-heme iron

in the adult human brain is reported to be 21 mg per 100 g wet tissue in the globus
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pallidus, 18.5 mg per 100 g wet tissue in the substantia nigra, 13 mg per 100 g wet
tissue in the putamen, 4.8 mg per 100 g wet tissue in the thalamus, and 4.2 mg per 100
g wet tissue in the frontal white matter (35). Functionally, iron is required in oxidative
metabolism at every step of the electron transport chain. However, no known single
role explains its geometric distribution or the large concentrations which are seemingly
in excess of the tissue requirements in the iron-rich extrapyramidal nuclei. The cellular
localization of brain iron is not completely understood either. Using Perl's stain
(sensitive to the ferric iron) on microscopic sections of brain to determine the cellular
distribution of iron, iron deposition is found to occur predvminantly in
oligodendrocytes, but fine granular iron deposits are sometimes also found in

astrocytes, microglia, neurons, and the inner and outer loops of myelin sheets (48-50).

There are many mechanisms of iron uptake, transport, and storage, but there is
no effective pathway for the excretion of excess brain iron. Apoferritin, the protein
moiety of ferritin which is devoid of iron, is synthesized in brain tissue in response to
the presence of excess iron. There are 24 subunits in an apoferritin molecule, making it
a spherical protein shell with an external diameter of 120-130 A and a central cavity of
about 75 A. When this spherical protein shell fills with iron to form ferritin, it has a
capacity of up to 4500 iron atoms in the form of crystalline hydrous ferric oxide within
the inner core of ferritin. Ferritin is abundant in the liver and brain, and ferritin iron is
believed to be the most readily mobilizable form of iron deposit in the body. In the
case of severe excessive iron presence, granules of insoluble hemosiderin may be
formed which are considered to be partially degraded ferritin derivatives with a similar

but smaller iron crystal core.

The richness of ferritin and iron observable in some glial cells in sections of

brain specimens suggests the important role these cells may play in brain iron
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metabolism/regulation, but their physiopathologic significance remains to be
established (50). The age dependence: of iron concentrations suggests that brain iron
deposition may be an important factor not only in early brain development, but also in
brain aging (51). During the first few months after birth the brain iron concentration is
very low, but it gradually increases and reaches the adult level at around 20 years of
age. Then, the iron concentration in most parts of the brain stabilizes (35), except in the
putamen where the iron concentration continues to increase slowly with age. The
increase of iron deposition in the putamen, and probably also in the globus palilidus and
caudate nucleus, accelerates after the seventh decade of age (35, 52). The increased
iron deposition might be a factor that contributes to the oxidative stress in the aged
brain and therefore could be a threat to the neuronal cells. The concentration of brain
iron is independent of its body stores (35), indicating that brain iron is an isolated
storage pool of iron for the body. Most of our knowledge about brain iron comes from
postmortem observations. Until the mid 1980s when high field strength MRI became

available, there was almost no diagnostic value in brain iron because of the lack of any

technique for measuring brain iron in-vivo.

Brain iron is detectable by MRI because a portion of the iron, though the exact
fraction is unknown, is paramagnetic and exerts relaxation effects upon the water
protons. The relaxation effect of brain iron depends greatly upon its physical state
(paramagnetic or diamagnetic), form (water accessibility), and distribution at the
cellular level. We will discuss separately the relaxation effects of hemoglobin iron in

the blood and of the true tissue brain iron.
1.3.2 Hemoglobin and Its Relaxation Effects

Hemoglobin is a global protein present in the red blood cells. Its role is in

oxygen transportation. The bonding of molecular oxygen in hemoglobin is facilitated
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in part by the heme compounds. Heme is a complex of protoporphyrin IX with Fe?*,
and there are four heme compounds in each hemoglobin molecule (53). In
deoxygenated hemoglobin where no oxygen molecules are bound to the hemoglobin
molecule, the ferrous iron is in a paramagnetic state with an electronic spin of S =2. In
oxygenated hemoglobin (four oxygen molecules per hemoglobin molecule), the heme
iron becomes diamagnetic with a spin of S = 0, due to a rearrangement of its electronic
wave function. Thus, the magnetic state of the heme iron is a direct function of the
oxygenation state of the hemoglobin (54). Yet another form of hemoglobin exists:
methemoglobin, in which the heme iron is paramagnetic with an electronic spin of S =
5/2 (55-56). Methemoglobin is formed upon chemical oxidization of hemoglobin, but
is present in the body only in the pathological condition of hematoma. The heme iron
in methemoglobin not only possesses a larger net electron spin than in hemoglobin, but
is also accessible to free water (57). This makes methemoglobin a much stronger
relaxation agent taan hemoglobin, since the iron in the latter is not accessible to the

water.

The relaxation characteristics of water protons in decxygenated blood were
systematically studied first by Thulborn et al. (10) and subsequently by others (53-60).
The important experimental findings can be summarized briefly as, a) the transverse
relaxation rate increases dramatically upon deoxygenation of the hemoglobin in a blood
sample containing intact RBC, but increases little if the RBC have been lysed, b) the
longitudinal relaxation rate changes little upon deoxygenation of hemoglobin regardless
of the integrity of the RBC membrane, c) the increase of transverse relaxation rate has
a near quadratic relationship with the fraction of deoxygenated hemoglobin in the
sample as well as with the magnetic field strength, and d) the observed transverse
relaxation rate in the deoxygenated blood of intact RBC increases if the interecho time

in the CPMG sequence increases. Thus, the effect of paramagnetic (deoxygenated)



40

hemoglobin occurs mainly on the transverse relaxation and not on the longitudinal
relaxation. Factors other than deoxygenation, which may include cell membrane
integrity, magnetic field strength, and interecho time, also play important roles in this
relaxation enhancement. Those findings have led to the conclusion (10) that it is the
susceptibility-difference effects created by the RBC compartmentalization of the
paramagnetic hemoglobin, combined with appropriate water diffusion rates, that are

responsible for the water proton transverse relaxation enhancemecnt in deoxygenated

blood.

A new study on . Jln.s 1s presented in Chapter 2. It aimed to resolve
more clearly the rei.uive ¢~ -ations to th= enhancement from the three types of water
diffusion present in the sampls : the intracellular diffusion, the extracellular diffusion,
and the transmembrane diffusion. A concurrent, independent study by Gillis ez al. (56)
also addressed the same question using a similar, but not identical approach, to ours.
The results from our study can be found in Chapter 2, together with some corparisons

made between our findings and those of Gillis e al.

The understanding of the relaxation enhancement in blood samples helps to
explain the hypointensity of sub-acute hematomas in Tp-weighted images at high
magnetic field strengths (61). In the evolution of a hematoma (61), the fresh blood
bleeding into the acute hematoma is largely oxygenated at first. However, the blood
soon becomes deoxygenated, as no new source of oxygen is available in the hematoma.
A few days later methemoglobin begins to appear, followed by hemolysis, and finally
the hemoglobin/methemoglobin which is released from the chronic hematoma is slowly
resorbed by the tissue. This evolution is accompanied by changes in relaxation rates as
well as in the water content of the hematoma. When hemoglobin starts to deoxygenate,

the T, value of the hematoma becomes shorter and shorter, which results in
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hypointensity in the T,-weighted images at high field strengths, while the T; values
remain unchanged. The relaxation properties of a hematoma at this stage can be studied

using deoxygenated blood samples as the model (55, 58).

The effect on the water proton transverse relaxation from changes in the
oxygenation states of hemoglovin in blood is also a major mechanism underlying
recently developed functional brain activity imaging using high field MRI, so called
functional MRI (6-7). In functional MRI, a fast T2*-weighted sequence is usually used
in imaging the brain before, during, and after a certain task/stimulation is undertaken |
that results in brain activation. The functionally activated brain tissue, usually
restricted to a certain region of the cortex, is found to show an increase in signal
intensity in T>*-weighted images in response to the stiinulation. This is, at least in part,
due to the change of the oxygenation level of the blood. Physiologically, in the
functionally activated brain tissue, the regional blood flow increases in response to the
activation. The increased blood flow brings in more oxygen which exceeds the
increased local oxygen consumption, and results in a regionally increased oxygenation
level in the vascular bed (62). The capillaries, normally containing partially
deoxygenated blood, are in general more "paramagnetic” than the brain tissue so they
are like paramagnetic centers. The "paramagnetic" capillaries exert T2"-enhancement
susceptibility effects on the tissue water. When the blood oxygenation level increases
in the local capillary bed (and likely also in the immediate draining veins), the Tp*-
enhancement decrea:=s and the signal intensity of the local tissue water increases in the
Ty*-weighted images. What really happens in the brain activation and the overall
mechanisms for the signal change in the T,*-weighted images during brain activation is
likely more complicated than the above and remains the tbpic of extensive research (63-

66).
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1.3.3 Relaxation Effect of Brain Iron

The transverse relaxation enhancement of water protons that is brought about by
the paramagnetic brain iron is the most important issue in this study. This issue was
first brought to MR researchers' attention in the mid 1980s when high field strength
(1.5T) proton MRI became available. It was noticed in the heavily Tz-weighted images
or calculated T, images, that some basal ganglia structures of the human brain,
including the globus pallidus, red nucleus, substantia nigra, and dentate nucleus, were
consistently delineated by their remarkable hypointensity relative to their surrounding
tissue. This structural contrast was not normally observed in T;-weighted images.
Drayer et al. (1) first interpreted this MRI observation as due to selective Ta-shortening
brought about by the naturally accumulated, highly concentrated brain iron, for which
the anatomical locations matched those of the hypointensity. To validate their
interpretation, Drayer et al. (1) demonstrated that the pattern of hypointensity in T»-
weighted images was a coirelate of Perl's iron staining in postmortem brains, and they
also demonstrated the absence of T, shortening in infant brains, where iron
concentration is very low. Later studies further confirmed brain iron as the source of
selective Ta-shortening in both normal and diseased brain images (2, 13, 51). The brain
iron related hypointensity can also be clearly seen in To-wei_hted gradient echo images
which can be acquired faster using a small tip angle and short TR (67). It is even
possible to visualize brain iron, but with poorer contrast, in mid-field (0.5T) MRI by
prolonging TR and TE (68). At higher field strengths (2 2.0 T), increased hypointensity
or shorter T3 values are observed in iron-rich tissue (69, 70). It was postulated that the
signal hypointensity or Ta-shortening in these basal ganglia structures is a correlate of
the concentration of iron. As concluded by Drayer (71), this hypothesis was based on a
few consistent characternstics, for example, a) the unique anatomical distribution of both

the hypointensity and the iron in the brain; b) the absence of hypointensity and iron in
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young children; c) the progressive prominence of hypointensity and iron concentration
as adulthood is approached; d) the accentuation of putamen hypointensity and
postmortem iron concentration with aging; e) the close correspondence of MRI and
postmortem findings of iron distribution in animal studies; f) the absence of the
hypointensity at low field strength and the further accentuation of hypointensity at field
strengths greater than 1.5 T; and g) the utility of exaggerated or abnormally distributed
hypointensity in diagnosing disezses with known abnormal iron accumulation.
However, this correlation was not perfect. Even in a very early study, Rutledge et al.
(2) emphasized that between MRI signal hypointensity and Perl's iron staining, the
correlation was close but not perfect in the basal ganglia. The caudate and putamen are
moderately stained but generally show no (caudate) to mild (putamen) signal
hypointensity. In the more precise quantitative in-vitro studies using unfixed fresh
brain specimens, Chen et al. (19-20) found that neither iron nor ferritin concentration
showed any consistent correlation with proton T values. This was probably because
the iron concentration, even in the brain regions of richest iron content, is still lower
than the threshold value that would be required for the iron-related relaxation to become
dominant in brain tissue (19-20). Rather, even at 1.5 T, proton relaxation is still largely
determined by tissue properties such as water content, water diffusion, and water
exchange, which are not related to iron content. The contributions from the
param-zn< .. iron are only modifiers of the overall tissue relaxation. The biological
variations of the other dominant sources of relaxation which are independent of iron and
can be large in normal or pathological conditions, may obscure the correlation between
the tissue relaxation times und the iron concentration. Therefore, T,-weighted images,
as well as calculated T2 images, though continuing to be 2 valuable imaging tool in the
detection of iron abnormalities in the brain, are not specific or sensitive enough to be a

reliable quantitative measure for iron deposition.
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Possible iinprovements of the specificity of the relaxation technique in
measuring brain iron could come thiough an understanding of the relaxation
mechanisms through which brain iron exerts its relaxation enhancement effect on the
water proton magnetization. At the molecular level, proton relaxation enhancement due
to brain iron was first related to ferritin by Drayer er al. (1) who noticed that the
remarkable dominance of the T effect was similar to ferritin-enhanced relaxation in
liver. Relaxation enhancement in ferritin solutions is often used as a model to
understand relaxation enhancement in the brain (2, 69,72-73). Relaxometry study of
ferritin solutions revealed the different relaxation effects on Ty and T, due to the iron
core of ferritin (74). The T; relaxatior is only mildly enhanced by a small number o’
ferric ions bound to the protein shell, through electron-proton spin-spin relaxation,
which also enhances T3 relaxation to a similar magnitude. The iron sequestered in the
ferritin core has little effect on Ty, but does affect T,. The imagnitude of this transverse

relaxation enhancement is bevond that predicted by outer sphere relaxation th..ory (38,

74).

Before 1990, theories <f the relaxation enhancement of water diffusion through
local field inhomogeneities predicted a quadratic f.eld strength dependence of the
enhancement (38-39), but this was contradicted by the brain relaxation measurements
where the observed relaxation enhancement increased at a rate much less than the
square of the applied field strength (69-70, 75). In 1992, an experimental T,
measuremer:t of ferritin solutions at field strengths from 0.04 to 1.5 T revealed a
remarkaisly linear field strengih dependence of the transverse relaxation rate (73), the
slope of which correlated with the iron concentration in solution. Based on the
experimer.tal results from ferritin solutions, the field strength dependence of the proton
relaxation rate has been proposed as a quantitative, iron-specific measure in brain. The

results from a few pilot studies have been positive (72, 76).
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The relaxation enhancement observed in ferritin solutions may reveal only part
of the possible relaxation enhancement that brain iron can exert on water protons. Brair
tissue is a much more complicated system than a ferritin solution, and factors such as
the physical state, form, and cellular distribution of iron can affect relaxation
enhancement significantly. For exam:ple, the known heterogeneous cellular localization
of iron will have impuriant effecis on T; relaxation. Because it is sequestered in glia,
iron will give tise to a l.calized heterogeneity on sus:ptibility, which in turn will
produce lonal 2} . .nhomogeneities in the presence of a static magnetic field. Through
its suscentibility -difference effect, this heterogeneous cellular distribution of iron can be
a significant scurce of relaxation enhancement, but it is not present in ferritin solutions.
An early aitempt to exploit the heterogeneous iron distribution proposed the use of
combined spin echo and gradient echo imaging to determine the line broadening
component as a measure of the microscopic field inhomogeneity (77). However, it
failed to show any sensitivity to natural brain iron using a 1.5 T system (78). A similr.
but improved, technique has receutly demoustrated a significant sensitivity to abnormal

iron content in Parikiason's disezse using a 3 T system (79).

In this thesis we propose :0 exploit the interecho time dependence of the
transverse relaxation enhancement in brain for the purpose of iron quantification. The
interecho time dependence of the transverse relaxation of water protons is not present in
ferritin solutions. However, when intact red bico: cells were introduced into a ferritin
solution, the apparent transverse relaxation rate showed a large increase and a
significant interecho time :Jependence (80). In brain tissue, the iron-rich glial cells are
sparsely distributed and occupy only a small fraction of the tissuc space. The size of the
oligodendrocytes, in which sequestered brain iron is normally seen (50), is about 10 to
20 um (81). Meaningful relaxation enhancement due to the susceptibility-difference

e‘fect can be expected in brain tissue when the iron concentration is high. The
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evaluation of the susceptibility-difference hypothesis will be the main topic of this

thesis.

1.4 Parkinson's Disease
1.+.1 Parkinson's Disease

Parkinson's disease (PD), sometimes called idiopathic parkinsonism w
differentiate it from other parkinsonian syndromes, is a common chronic neurological
illness of adult life and is characterized by features of motor movement deficiency (82-
85). The name of this disease comes from James Parkinson, a ninetcenth century
London physician who described the clinical features of ihe disease and presented it as
a distinct human condition. In his famous Essay on the Shaking Palsy published in
1817, Parkinson reco:c2d many of the important features of the disease (which he
called the shaking palsy or paralysis agitans), including the tremor at rest, flexed
posture, festinant gait, dysarthria (difficulty in articulating words), dysphagia (difficulty

in swallowing), and constipation.

Parkinson's disease may have affected people i~ g before James Parkinson's
time and probably affected individuals having been described earlier by Leonardo Da
Vinci and others. It is still with us today, with a seemingly st>ady prevalence ratio of
up to 200 per 100,00 population (86). Parkinson's diszase is a disease primarily of late
middle age and beyond. The mean age at onset is 58 to 62 years, and the mcan age of
patients with PD living in the community (i.e., the prevalent cases at a certain time) is
67 to 68 years. Therefore, the age-specific prevalence ratio increases after the age of 50
years. The proportionally highest occurrence of PD is in the age group of 70-79 years,
with up to 1.5% of individuals in this age group affected (86).
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1.4.1.1 Motor Features of Parkinson's Disease

A motor symptom complex called parkinsonism, of which Parkinson's disease
(PD) or idiopathic parkinsonism is the most common cause, consists of rest tremor,
bradykinesia (slowness of movement), rigidity, and impaired postural reflexes (87).
The above are the four cardinal (primary) signs of parkinsonism. Other motor findings
in parkinsonism include hypomimia ("masked faces"), hypokinetic dysarthria (speed
disturbance), hypophenia (low voice of speech), dysphagia (difficulty in swallowing),
micrographia (handwriting that becomes smaller as it runs across the page), shuffling
and short-step gait, festina.ion (hurry and pulsion), freezing, stooped postuie, and

dystonia (disordered tonicity of muscle).

Bradykinesia (slowness of movement) is part of a spectrum of symptorns
including akinesia (absence of movement) and hypokinesia (poverty of movement). It
is the most characteristic symptom of basal ganglia dysfunction in PD and may be
manifested as a delay in the initiation, and by slowness of executi *r, of a movement.
An extreme degree of bradykinesia is akinesia, a state of complete ir~mobility. In this
state a patient may fail to initiate or to continue the movement of his/her will (such as
speech, handwriting, or gait) for seconds, minutes, or even hours. Most of the
neurophysiological and neurobei:avioral studies of PD have concluded that the basal
ganglia (and possibly the supplementary motor cortex) plays a critical role in planning
and in sequencing voluntary movements. The inability to combine motor programs into

complex sequences seems to be a fundamental motor deficit in PD.

Tremor is one of the most recognizable symptoms of PD. However, only half of
all patients present with tremor at the initial meaifestation of PD, and 15% never
develop tremor during the course of the illness. When tremor is present it tends to

occur at rest and to disappear with movement. Sometimes it is confined to the hand and
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has a characteristic "pill-rolling” quality with a rthythm of 4 to 7 Hz. The severity of
tremor can be adversely affected by emotional pressure or anxiety of the patient. The

biochemical defect underlying the parkinsonian tremor is unknown.

The second commonly menticned svmpiom of Parkinsonism following tremor
is rigidity or stiffness. Rigidity may contribuie to the subjective stiffness and tightness
of which patients often complain. On examination, PD patients tend to display
muscular stiffness throughout the range of passive movement in a limb segment. This
stiffness has a plastic or "lead pipe" qu:* "y and can be of intense severity. This
stiffness may be regularly interrupted at a frequency of 5-8 Hz. The neurcphysiological

mechanisms of rigidity is still poorly understood and there is no single agreed-on

explanation for rigidity.

Postural instability, or the loss of balance associated with propulsion and
retropulsion, is one of the most disabling of all parkinsonian symptoms. Patients with
this problem may experience frequent falls, usually after PD has progressed for many
years. The gait and postural problems associated with PD probably result from a

combination of bradykinesia, rigidity, and other defects in the related central and spinal

neural systems.

1.4.1.2 Pathology and Treatment of Parkinson's Disease (85, 88-89)

The major pathology of PD includes the presence of Lewy bodies in affected
ncurons, a loss of pigmented neuronal cells from the substantia nigra (SN), and a defirit

1 the neurotransmitter dopamine in the nigrostriatal system.

The Lewy body, ar eosinophilic (staining readily with eosin, a dye) inclusion in
atfected neurons, is generaily vregarded as a histological marker of PD. In idiopathic

PD, Lewy bodies in the SN und slsewhere are the rule. However, Lewy bodies also
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occur in the SN and locus ceruleus in up to 10% of nonparkinsonian individuals coming
to autopsy after the age of 60 years. This has led to the idea that there may be a large
pool of individuals with "Lewy body disease" and subclinical parkinsonism.

Loss of the pigmented neurons from the zona compacta of the SN is a major
pathological feature of PD. The pigment of these neurons comes from neuromelanin
and is a marker of dopaminergic and noradrenergic neurons. Neuromelanin are
complex heterogeneous polymers resulting from the oxidative pelymerization of
subunits in catecholamine metabolism. In PD, the affected neurons are dopaminergic
whose axons extend to the striatum and form the dopaminergic nigrostriatal pathway.
The loss of neurons from the SN correlates well with the severity of parkinsonism, but
this loss presently can only be assessed postmortem. In general, it is thought that about
80-85% of nigral neurons must be lost, depleting the striatum of at least 80% of its
dopamine content before clinical manifestations of PD appears, although recent studies
with positron emission tomography (PET) suggests a slightly lower critical level of this
depletion. This gives a sense that the pathology v-ay have progressed for some time

before the initial onset of a patient's symptoms.

Parkinson's disease is the first illness established as being due to ai: abnormality
of a neurotransmitter, i.e., dopamine. The nigrostriatal pathway is the major
dopaminergic pathway in the brain. Normally, in the presynaptic terminals of the
dopaminergic neurons, dopamine is synthesized by first converting tyrosine (2 neutral
amino acid) to levodihydroxyphenylalanine (levodopa or L-dopa) by the enzyme
tyrosine hydioxyiase, and subsequently converting L-dopa to dopamine by the enzyme
L-dopa decarboxylase (Figure 1.2). The dopamine is subsequently released from the
presynaptic terminals and binds with the dopamine receptors on the postsynaptic

membrane. The action of dopamine on postsynaptic receptors is terminated primarily
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by two processes. About 80% of the released dopamine is taken up by the presynaptic
nerve ending, the remaining 20% being degraded by the enzyme catechol-O-methyl
transferase. The ioss of nigral neurons results in a decreased ability to release
dopamine in the striatum and ultimately causes a breakdown of the normal neuronal
signal transmission of this pathway. Both presynaptic and postsynaptic compensation
(an increase in presynaptic activity and an increase in receptor sensitivity) may occur to
overcome the initial cell loss. The compensation probably prevents the appearance of
symptoms and signs of PD in the early stages of the illness. The discovery, by Ehringer
and Hornykiewig in 1960 that there was a stiiking deficit of dopamine in the striaturn of

parkinsonian brains opened the door for an effective therapy.

Because dopamine itself cainot cross the blood-brain barrier, L-dopa as its
natural precursor (Figure 1.2) was used in the weatment of the symptoms of PD in
1961. Later, peripheral decarboxyizse inhibitors (PDI) were introduced which can
block the peripheral decarboxylation of L-dopa in the gut wall, liver, and brain capillary
endothelium, therefore allowing more of a given dose of L-dopa to reach the brain. The
<ombination of L-dopa and PDI remains the most effective medication in the treatment
of PD symptoms. An alternative approach to compensate for the dopamine deficit in
the nigrostriatal pathway is to administer dopamine agonists such as bromocriftine or

pergolids. These drugs mimic the action of dopamine on postsynaptic receptors.

Since the introduction of L-dopa treatment the quality of life of patients with PD
has improved dramatically, and a majority of patients have a normal life span.
However, the treatment does not stop the progression of the disease, and the motor
symptoms slowly progress. After several years of treatment a patient may develop
motor fluctuations in response to L-dopa. Typical fluctuations include end-dose

deterioration (related to the timing of L-dopa intake), random off periods (unrelated to
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L-dopa), and dyskinesia. Regular and frequent attention from the physician is required

at this stage to monitor the response to medication, and to adjust dose or 10 prescribe

alternative medications when necessary.

1.4,1.3 Etiology of Parkinson's Disease (86, 90)

As the term implies, the causes of the idiopathic Parkinson's disease remain
unknown. Analyiic epiderniology studies indicate that genetic factors are not important
in most patients and that PD is not associate with sex, residence, occupation, or social
status (86). No definite risk factors have been identified. Although premature or
accelerated aging has been suggested as an important pathogenic mechanism, the
observed pattern of incidence (the rate at which new cases occur in a given population)
clearly shows a decrease after the age of 80, and the pattern does not support aging as
the sole factor underlying the disease. A popular hypothesis is that environmental
factors such as toxins (exogenous or endogenous) superimposed on other factors
including individual susceptibility and perhaps age may be the major cause of

idiopathic PD.

A toxic cause of PD has not been identified. However, we do ki«»w a variety of
toxins linked to parkinsonism in humans. Encephalitis lethargica, caused by viral
infection, leads to the development of severe parkinsonian symptoms among its
survivors (post-encephalitic parkinsonism). Toxic chemicals including manganese
(Mn), carbon monoxide, carbon disulfide, cyanide, methanol, and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) can cause parkinsonism. Among these toxins,
MPTP, a chemical used in the synthesis of more complex compounds, can induce
symptoms similar, though not identical, to idiopathic PD in terms of clinical,
pathologic, and biochemical features. Detailed studies of the mechanism of action of

MPTP in animal models have led to a dramatic advance in our knowledge about how a
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toxin can selectively damage the nigral cells and have led to the hypothesis that oxidant

stress in the SN may be responsible for the development of PD.
1.4.2 Hypothesis of Oxidant Stress in Parkinson's Disease

This hypothesis developed when the mechanism of MPTP selective damaging
the nigral cell was elucidated. It postulated (91-92) that oxidant stress could build up in
the brain as a result of excess oxygen-based free radical species and of reduced
protective capacity against free radical insult. It further postulated that such an oxidant
stress in the SN could lead to neuronal degeneration seen in PD. (A supplement to
Annals of Neurology, volume 32, 1992, was devoted entirely to the discussion of the

role of iron and oxidant stress in the normal and parkinsonian brain.)

MPTP is a lipophilic molecule which rapidly enters the brain. There is an
enzyme, monoamine oxidase B (MAO-B), located in glial cells that metabo.’ s it to
the unstable product 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP*). From
MPDP*, the 1-methyl-4-phenylpyridinium species (MPP*) is formed (Figure 1.3).
Because MPP* is a substrate for the dopamine uptake system, it accumulates in nigral
neurons. MPP* accumulates in mitochondria where it inhibits nicotinamide adenine
dinucleotide (NAD+)-linked oxidation in complex I in the electron transfer chain and

causes cell dez2th. Complex I is one of the important enzyme complexes found ii:

mitochondrion.

In PD, neuronal degeneration could result from membrane damage induced by
oxygen free radiczls. Free radicals are atoms or molecules that contain an orbital filled
with an unpaired electron. Most free radicals are unstable and highly reactive.

Common oxygen-based free radicals include superoxide (02), hydrogen peroxide
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(H20,), and hydroxyl free radical (HO') -- all capable of damaging virtually any

biological molecule, including DNA, essential proteins, and membrane lipids.

There are two arguments that support the presence of excessive free radicals in
the nigral cells in PD. The firsc is that H2O; is produced in the nigral neurons as a
result of dopamine metabolism, either enzymatically by MAO or by autoxidation.
When H;0; is not effectively cleared, it can react with ferrous iron and generate the
highly reactive HO* which can initiate lipid peroxidation and cause membrane damage

and cell death. Equation [1.42] is the so called Fenton reaction

H,0, + Fe2* —> HO  + OH'+ Fe3+ [1.42]

whereby hydrogen peroxide (H,0;) can accept an electron from Fe2* to form the
hydroxyl radical (HO"). There is some supportive evidence for this argument. For
example, there is a reduction in the levels of reduced or total glutathione in the SN in
FD suggesting that the major pathway of detoxification of H,O, via oxidation of
glutathione may be less effective than in normal brains. “he SN is one of the few brain
regions that contains a high concentration of iron — a transition metal readily
exchangeable between its two chemical states: ferrous (Fe2*) and ferric (Fe3+). The
abundant availability of iron may promote the formation of HO" from H;0,. The iron
concentration has been found te vz even higher in the SN of PD patients than in normal
controls (see 1.4.3.1), which may be an important factor contributing to the oxidant
stress. Another possibility is that, as in the MPTP treated case, complex I in the
mitochondria of nigral cells may also be inactive, leading to excessive free radicals
from the respiration chain. This is supported by the findings that there is a reduction in
the level of complex I activity in the 3N (and perhaps 2lso in platelets and skeletal

muscles) in PD.



54

1.4.3 Brain Iron in Parkinson's Disease

Brain iron is a potential endogenous toxin that may contribute to the
characteristic neuronal changes in PD (93). As is the case for iron in the normal brain,
our knowledge about the iron status in PD and about its potential role in PD
pathogenesis is limited. Further study of brair iron function and of its relation to
parkinsonian symptomatology may help to determine whether iron accumulation
directly relates to the etiology of PD, or whether it is a secondary phenomenon of less
etiologic significance. Magnetic resonance imiaging. via the iron-related relaxation

contrast, provides a non-invasive tool for the in-vivo evaluation of PD and other

parkinsonian disorders.

1.4.2.1 Brain Iron Increase in Basal Ganglia in Parkinson's Disease

As early as 1968 a study by Earle (94) found ar increase in iron ¢:Nifes  in
formalin-fixed : -ctions of the midbrain of PD patients. Evidence frc.u recent
postmortem studies (95-99) supports the finding of an excessive level of iron in the SN
of PD patients. The reported amount of increase of total iron in the SN ranges from
35% (97) to 76% (95). In contrast, Uitti et al. (100) reported no change of the total iron
content in the SN. Differences in the technique of iron analysis, in specimen
processing, in the degree of disease severity, and perhaps in tiie biological brain iron
variation of the rontrols may have caused the discrepancy in the quantitative findings.
Although most investigators in the field accept that there is a detectable increase of iron
in the SN of PD patients, there is controversy regarding the degree of increase, the form

of the excess iron, and the relationship between the iron increase and the presence of

PD.
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In the other regions of the basal ganglia, putamen (PM) and globus pallidus
(GP), the iron status in PD is even more controversial. No significant change of iron
level was found in these structures by Sofic ez al. (95). Iron level was found to be
normal in the PM and decreased in the GP by Dexter et al. (97). In contrast, a recent
study of fresh brain samples using atomic absorption spectroscopy analysis showed iron
leveis both in the PM and in the GP to be significantly increased in PD compared to
age-matched controls (average increase ~30% in the PM and the GP) (20). Also, it
should be noted that PD is not the only movement disorder associated with elevated
iron deposition. Other movement disorders that show increased iron deposition in the
basal ganglia may include Shy-Drager syndrome (13-15, 101), progressive supranuclear
palsy (13, 101), Huntington's disease (2, 20), and multiple sclerosis (102). The
abnormality of iron deposition in these diseases is sometimes larger than in PD.
Therefore, the potential application of an MRI quantification to brain iron is not limited

to PD.

1.4.3.2 Iron Contrast in the MRI Study of Parkinson’s Disease

Magnetic resonance imaging has become one of the major imaging modalities
of neuroradiology. At high magnetic field strenigths (1.5 T and above), paramagnetic
iron-based T, contrast provides a clear delineation of some of the midbrain structures
(see section 1.3.3). This suggests the suitability of high field MRI for the study of
neurodisorders that involve degeneration of the midbrain, including parkinsonian

disorders.

Parkinsonian disorders are characterized by their common motor features of
parkinsonism, as described in 1.4.1.1. Idiopathic Parkinson's disease is the most
common type of the parkinsonian disorders. As discussed in 1.4.1.2, PD pathology

involves primarily the SN, and its motor symptoms can be controlled with L-dopa
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therapy for a relatively long period of time. Some other parkinsonian disorders share
many of the common features of PD, but are pathologically distinguishable from PD.
Patients with these disorders usually have symptoms which progress more rapidly and
which respond poorly to L-dopa treatment. They are often classified as having
parkinsonian (plus) syndrores (PS) (13). Parkinsonian syndromes may account for up
to 25% of patients with parkinsonian features and encompass several distinct
neurodegenerative disorders which include striatonigral degeneration, Shy-Drager
syndrome, olivopontocerebellar atrophy, and progressive supranuclear palsy.

Differential diagnosis of PS from PD in the initial stage is sometimes challenging.

In the evaluution of MRI as a potential diagnes.ic tool for PD and P8, some
common features of iron-based contrast have bees: noticed in heavily To-weighted
images (2, 13-18). These findings include putamen hypointensity in patients with PS
(14-15), a reduction of SN pars compacta width in PD (16), and a restoration of signal
in the dorsal lateral aspect of SN in PD patients (2). Stern er al. (18) found that
moderate to severe putamen hypointensity was more common in PS than in PD and
controls. They also confirmed a reduction of the width of SN pars compacta in both PS
and PD patients relative to controls. Accurate analysis of the SN with MRI is difficult,
however, because of the small size of the SN which makes patient position and partial
volume effects complicating factors in the analysis (51). Signal restoration in the SN
was not confirmed for either PS or PD in Stern's study (18). The iron-based signal
abnormalities in PS and PD, combined with other imaging features such as observable
brain stem atrophy in PS, makes MRI useful in differentiating PS from PD. The subtle
MRI abnormalities observed in PD patients, however, do not seem of value in PD
evaluation. This may reflect a simple fact that conventional T,-weighted imaging is

neither sensiiive nor specific enough to reveal the brain iron abnormalities in PD that

have been observed in the in-vitro studies.
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The recent development of novel relaxation imaging techniques is making MRI
more useful in the quantification of brain iron. T2 and T,* measurement at 3.0 T (79)
has demonstrated a highly significant increase in the derived line broadening
(relaxation) component in the SN of PD patients compared to controls. In Chapter 6 we
report our MRI measurement of the regional iron content in a group of patients v .th
PD. That measurement demonstrated its potential value in evaluation of the disease
severity. With further ir provement and testing of these new techniques, MRI may

become a very useful tool in the study and monitoring of the progression of PD.

1.4.4 Parkinson's Disease Rating Scales

In the clinical management of patients as well as in the research study of PD, it
is necessary to evaluate the degree of PD affecting a patient (103). The evaluation
generally consists of assessment and recording the severity of the disease, its
progression, and the response to a therapy. After the effective L-dopa treatment
became available, efficacy checking of the new drugs increasingly demanded a reliable
clinical evaluation technique. Parkinson's disease rating scales (PDRSs) are currently
the most widely used mcans i wae clinical evaluation of PD (A thoriugh review of

PR Ss can be found in reference (103)).

Parkinson's disease rating scales cusiomarily vate symptoms, signs, and
funtiional disability. They are based on direct clinical evaluation that is largely
qualitative and often subjective. Some PDRSs irciude quantitatcse and objective
evaluaiions using physical measurements on patients performin,; specific pnysical
testing tasks. Symptoms and signs (such as tremor, rigidity, bradykinesia, gait
abnormality, postural instability, facial expression, and speech), and functional
disability (such as walking, eating and feeding, dressing, hygiene, bathing, and speech)
are the two aspects most widely checked in the PDRSs. Although many PDRSs have
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been developed in the past three decades, only a few have reached wide acceptance.
The PDRSs we use in Chapter 6 include those of Hoehn and Yahr (104), Schwab and
England (103), and the Unified Parkinson's Disease Ratimg Scale (UPDRS) (106). The
Hoehn and Yalir classification includes five stages of disease severity. It has limited
value in comparing small differcnces between patients or in recerding subtle
progression of an individual patient. The Schwab and England ac::vity of daily life
scale measures the patient's functional disability by assessing the degree to which the
patient is independent in his/her daily living activities. The UPDRS was developed in
1984 as a comprehensive rating scale. Its motor subscore (section 18-42 of UPDRS)

assesses the PD patient's motor s toms and signs, using a well defined and spec...c
P

scoring system.

These clinical features may not truly reflect the patho.. . severity of PD.
There are several practical problems in using PDRSs. Parkinson's disease rating scales
are subj=~t io inter-observer and intra-observer variability since they are i 1ely based
on a subjective assessment of motor functional deficits. The rating obtained with
PDRSs are greatly affected by the ireatment status of the individual pacients because a
patient's functional state is not only determined by the severity of the nigral cell loss,
but also by the effects of anti-parkinsonian medicatiors. ‘These difficulties can affect
the accuracy of clinical trials in evaluating the eifects of drugs which may alter the
progre.s.on of PD pathology. Therefore, an alternative method of objective assessment

of PD severity using non-invasive technigques such as MRI is desirable.
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Tigure 1.1. Ap illust.ation of the formation ::{ ¢ spin echo. Thae original longitudinal
magnetization is rotated around the x-axis by the excitation pulse, (90°), into the
transverse plane of the rotating frame. The magnetization vec:crs of all the spin
isocromats point in the same y-direction at time zero. At t > 0, the isocromatic
magnetization vectors start to fan out in the "dephasing” period (first half of the TE
period) because of the field inhomogeneity that is experienced by the isocromats, this
results in a different phase, () accumulation for each isocromat. The effect of the
refocusing pulse, (180°)y, is to flip the magnetization around the y-axis, which results in
a phase reversal, i.e. the phase @ changes the sign. In the "refocusing” period (second
half of the TE period), the newly accumulated phase progressively cancels the phase
whose sign was changed by the refocussing pulse. As a result, the magnetization
vectors refocus and a spin echo forms at the time TE.
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CHAPTER 2!

Relaxation Enhancement of ti:e Transverse Magnetization of Water Protons in

Paramagnetic Suspensions of Red Blood Cells

2.1 Introduction

The enhancement of water proton relaxation that is brought about by the influence
of paramagnetic centres has affected several aspects of magnetic resonance imaging
(MRI). In addition to the power of exogenous coxtrast agents (1), the relaxational
influence of naturally occ -in_, paramagnetic centres (primarily iron in either
deoxygenated hemoglobin or in siructures suzh as ferriiin) can also provide important
biomedical information, ¢.g., functional MRI (2,3). The characteristics of the relaxation
enhancement are sensitive to, amongst cther things, the relative mobility and the
closeness of approach of the paramagnetic cenires and the water molecules. As a result,
the ~nhancement cannot ce represented by the same detailed model in all sitvations. In
sor. - .ituations, €.g., the heme iron i.: sub-acute hematoma, the paramagnetic centres are
sequestered within a cellular membrane whose mobility is highly restricted. When
paramagnetic centres are so confired the decay of the transverse magnetization of
neighbouring water protons is, in principle, influenced by three field gradient sampling
processes, nanely, by their diffusional sampling of the local field gradients in the
extracellular space, by their sampling of local gradients in the intracellular space and by
transmembrane diffusic-1 between "sites" of very different intra and >xtracellular local
fields. A quantitative understanding of the relative significance of each of these three field
sampling processes does not seem to have been fully resolved by previous werk, and the

emphasis has varied between favouring diffusion in either intracellular (4), extracellular

1A version of this chapier has been accepted for publication. F.Q. Ye, P.S. Allen, Relaxation
enhancemcnt of the transvcrse :agnetization of water protons in paramagnetic suspensions of red
blood cells. Magn Reson Med (1995).
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(5,6), or both (7,8) gradient fields, through favouring transmembrane diffusion (9,10), to

favouring a combination of all three under conditions of slow to intermediate exchange

(11,12,13).

The purpose of the work reported in the present communication was to evaluate
quantitatively, by means of a model experimental system and its theoretical analogue, (a)
to what extent the relaxation enhancement arises from either single compartment
diffusion in local field gradients or from passage between these compartments, and (b) to
what extent the cell shape ffects their relative significance. These gerals are essentially
the same as those of the very recent independent work of Gillis et al. (8), which we had
the benefit of s#e+: ¢ prior to the revision of this manuscript. Notwithstanding the
sir ilarity of . - . . salient features of tlie methodology diifer significantly. For
example, the pr:.:ui » ork models the experimeniul data using a simulaticn over many (~
10%) randomly distributed cells, whereas the results of Gillis ez al. (8) are modelled using
the intra and exiracellular field maps produced for a single cell. To represent a comple =
suspension, Gillis et al. (8) evaluate the population average of the simulation results from
independently modelled intra and extracellular spaces. We have attempted to incorporate
transmembrane diffusion naturally into the water dynamics. In spite of these differences
of approach, the ability of the models to predict the dependence of the transverse
relaxation on the intereche time (or refocussing pulse interval), Ajgo, is remarkably
similar and reascns for this are postulated. Where the outcome of present work differs
from that of reference 8 is in its choice of experimental variable and, through that cheice,

in its perspective on the role of transmembrane diffusion.

As with much of the previous work in this area, the experimental model
comprised magnetized, aqueous suspensions of red blood cells {/RBC). Suspensions of

red blood cells were chosen as an experimental model, first because they provide a close
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representation of the situation which occurs in sub-acute hematoma, a condition of
marked clinical interest (14,15,16), and secondly because they provide a simple,
controllable model with which to test the mechanisms of the relaxation enhancement.
The control in our case was exercised through both the cell shape (similar to reference 8)
and the intra/extracellular susceptibility difference (different from reference 8). For the
theoretical modelling, computer simulation was adopted rather than an analytical
approach (17). This was done in order to deal more appropriately with the random and
closely overlapping local field gradients in a sample of high hematocrit and also with the
incorporation of transmembrane diffusion. As such, the modelling goes beyond earlier
work (18,19) which confined its attention to samples containing only a small volume
fraction of paramagnetic centres and which, by confining its attention to diffusion in
extracellular field gradients, excluded transmembrane diffusion. A preliminary account

of this work has already appeared (20).

2.2 Theory and Simulation

The decay of the transverse magnetization observed during a Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence (21) can be quantitatively characterized by means
of an apparent relaxation rate, Rogpp (=1/T2app). For water protons in an aqueous
suspension of RBCs, Raapp is governed by a number of different mechanisms and,
depending on the relative importance of these vatious mechanisms, the apparent
relaxation rate is sometimes found to be a function of the sequence interecho time. For
simplicity, the mechanisms can be broadly divided into those which arise from the
diffusion of water molecules in short range, local field inhomogeneities (i.e., those which
modulate the field over the scale of cellular dimensions), and those which do not.

Assuming additive component rates, Rzgpp can be written as,

Ryapp = RS + AR, [2.1]
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where R$ represents the relaxation components which are independent of the short range
local field inhomogeneities and where AR, characterizes the enhancement of this
relaxation originating from diffusion in those local inhomogeneous fields. Since a close

estimate of RJ is measurable in the cell lysate (7,9,10), AR, can be determined

experimentally from R3, Raapp and Eq. [2.1].

To develop a model for the transverse relaxation enhancement resulting from the
diffusion of spins in the local field inhomogeneities and hence to calculate AR;, certain
assumptions need to be made about that field distribution and about the diffusion
dynamics. First of all, the cells in the suspension are assumed to be distributed randomly
in space and stationary on the time scale of the NMR experiment, although the fractional
volume occupied by them is well defined by the hematocrit. Secondly, a magnetization
difference, AM, is assumed between the cells and the extracellular fluid in the suspension.
AM is a consequence both of the confinement of the paramagnetic centres by the cellular
membrane and of the externally applied magnetic field, B,. Thirdly, the water molecules
are assumed to diffuse freely in either the extracellular or the intracellular spaces, with
relative spin populations p, and p;, znd with diffusion coefficients D, and Dj,
respectively. Finally, the water molecules are also assumed to diffuse across the RBC
membrane, the transmembrane passage being characterized by a correlation time, T,

which is in turn, determined by the average life time, t;, of the spins in the intracellular

space and by the relative spin populations (p, and p;).

Because we have chosen to consider a hematocrit of ~ 45 (similar to the
physiological values for male and female, i.e., (47.0£5) and (42.015), respectively), there
will be a large concentration of cells in solution and the local magnetic field at any point
will be the sum of strongly overlapping fields from many of the randomly distributed

cells. Because of this complexity, computer simulation of the field distribution and water
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diffusion problems becomes the appropriate approach rather than pursuing an analytical
solusion. The actual simulation method used in this study, while similar in some respects
to that used by Hardy (18) and by Fisel (19), is different in that because of the high
hematocrit it incorporates a modelling of many overlapping dipolar fields and it also

addresses the issue of transmembrane diffusion.

For example, for the simplest construct comprising a random environment of
spherical cells of radius A, the random environment was generated using a method
sirnilar to that of Metropolis (22). By means of this method, a face centered cubic lattice
of ~103 cells, whose lattice constants were determined by the hematocrit and by A, and
which served as the starting point for the randomization process, ultimately gave riseto a
random distribution of the cells which bore no relationship to the face centered cubic
starting point. At any location within this randomized environment the local magnetic
field could be calculated, as explained in section 2.5 (Appendix of Field Calculation), by
summing the dipole fields, B4, from each of the individual cells inside a large sphere (the
first sphere of Lorentz) centered on the point in question and whose radius was ~(6A) or
greater. The contribution to the relaxation enhancement, AR2, from cells outside this first
sphere of Lorentz is negligibly small. To be able to accommeodate proton spins diffusing
near the edge of this randomized cellular distribution, the distribution itself was assumed
to repeat on a much larger primitive cubic lattice. In this way the diffusion of a proton
out of one face of the local environment is equivalent to its reappearance in the opposite
face. The magnitude of the z component of the individual-cell dipole field, B4(r), ata

distance, r, from the cell centre (r>A) is given by
B,(r) = #,AM (4% /*)- (3c0s%0 - 1)/3, 2.2]

where 0 is the polar angle between the displacement vector r and the magnetic field, Bo.

In general, for any shape of cell the effective (i.e., z component) local field experienced by
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the jth spin, B®(ry), at the time of its kth diffusive jump to location rg in the suspension,

can be written as (see section 2.5)

Y B,y(r,) if r, is extracellular [2.3a]
Cells
B(J)(rk) -—
C%Bd(rk)+ (Y4-a )u,aM  if v, is intracelluiar [2.3b]
e

where ZBd(rk) represents the sumimation at location rk of the dipole or dipole-like
Cells

fields from the randomly distributed cells inside the first sphere of Lorentz. In Eq.
{2.3b], o is a demagnetizing factor which is determined by the shape of the cell surface,
and J,, is the permeability of free space. When the cells are spherical Eq. [2.3b] reduces

to the form of Eq. [2.3a] regardless of the location of rk, because the demagnetizing

factor is 1/3 for a sphere.

To evaluate AR,, the decay of the water proton CPMG echo amplitude was
obtained by numerical integration of the total net transverse magnetization from a
representative number of water proton spins, N ~10%. The initial coordinates of these
spins were randomly generated and distributed amongst the local environment of ~103
cells in such a way as to maintain a uniform density in each of the intra and extracellular
spaces. The spins were then allowed to proceed along their Monte-Carlo-generated,
random-walk paths through that heterogeneous local field environment. The
incorporation of transmembrane diffusion into the model was undertaken in such a way
as to maintain not only the population balance between intra and extra cellular spaces but
also the mean life times of the water proton spins inside and outside the cell. To bring
about the appropriate lifetimes, only a certain proportion of transmembrane diffusion
paths were allowed. This allowance was implemented by adjusting the exit probability of

a water molecule from a cell, Pey;;, from that which would be calculated from the actual
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membrane permeability values (24). The magnitude of these adjustments was
determined by actively monitoring the lifetimes of the intracellular spins in the simulation
model. Then, in order to maintain the extracellular lifetime and the population balance as
well, the entrance probability, Pener, Was set by equating input and output fluxes
according to,

Penter Del/2 We = Pexit Di 12 w; [2.4]
where w, and w; are the local water concentrations. (N.B. the local water concentrations,
we and w;, are not the same as the relative spin populations, pe and p;, introduced earlier

and used in Eq. {2.8].)

The initial phase of each of the spins in the resonant rotating frame was set to zero
at t = 0, immediately after the first 90° pulse of the CPMG sequence. The phase
evolution of the jth spin was approximated by assuming that incremental amounts, ADik,
were accumulated over periods, 8t, and under magnetic fields BY(rk) at successive

locations rg, where

ADik= yB®(ry) 8t [2.5]
and v is the proton gyromagnetic ratio. Infinitely fast jumps between successive

locations were also assumed. The time 8t between jumps was chosen to be very much

less than the smallest interecho time Ajgg, i.e. A180/8t > 20, and as such, gave rise to an
r.m.s. step size, (6D81)1/2 which was, as with previous studies (19), <10% of the cell
radius. The incremental random-walk steps were generated by a three dimensional

gaussian-weighted random function of zero mean and a variance of 2Dét.

If the 180° pulses in the CPMG sequence are assumed to produce an

instantaneous phase reversal of the spins (the phases of the 180° pulses are shifted by /2
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from the excitation pulse), then the phase of the ji spin at the time of the nth echo may be

obtained from the recursive relationship,

k=(2n-1)¢ k=2nf
—(_ - _ CMth LR
®,(na,,) = 1@, (In-118, ) k=2(§;:z§ BY(r, )6t +k.(52,-3,; BU(r, )6t [2.6]

where 2£ = A1go/8t. The negative signs for the first two terms reflect the fact that the nth
180° pulse will reverse the phase already accumulated up to the time of the (n-1)% echo
as well as that accumulated between the (n-1)th echo and itself. The total nuclear

magnetization, m, at each echo could therefore be determined from

y 5 ., ) 1/2
m = (%v ] (Z cosd ,) +(Z sin® j] [2.7]
I j=1 Jj=l

Because the value of o for any but a spherical surface is either difficult to control
experimentally or difficult to calculate, or both, we chose to test the simulation model of
AR, for spherical cells, by means of both its interecho time dependence and its AM
dependence. In this limit, the local field is everywhere governed by Eq. [2.3a], but the
motional dynamics change at the cell boundary.

Using the following parameters, D, = 2x10°9 m?/sec, D; = 5x10-10 m?/sec (23),
7; = 10 msec (24), and A = 2.7 um, the interecho time and AM dependence of the
relaxation enhancement was obtained from Egs. [2.2] to [2.7] by varying A1gp in Eq.
[2.6] and AM in Eq. [2.2]. The simulaticn was generally carried out for a total echo
envelope of about 200 msec. The normalize:d decay curves were truncated at the echo
amplitudes smaller than e and fitted to a single exponential to determine the relaxation
rate enhancement AR,. To check if the decay of echo amplitude displayed any multi-
exponential behaviour, a non-negative linear least square routine (25) was also employed.

AM was incremented between 1 A/m and 10 A/m to span a range that encompassed the
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valie found for RBC containing deoxygenated hemoglobin in native plasma (~ 5 A/m) at

235T(1D).

When the cells are not spherical and the demagnetizing factor is nct known, the
additional relaxation enhancement can be alternatively modelled (26) by representing
transmembrane diffusion as two-site exchange between intra and extracellular sites
differing significantly in resonance frequency, provided the fast e..change conditions is
approximated. Evidence for this situation has been reported from work at higher By

(11,13). An expression for the additional relaxation rate enhancement, ARS*, as

measured by means of a CPMG sequence, is given by (26,27),

ARS* = pj pe (800)? T [1 - (21 /A180)-tanh(A180/27) ] [2.8]
where S represents the average resonance frequency difference between the intra and
extracellular spins and p;, pe and 7 are as previously defined. To verify the credibility of
Eq. [2.8] in this situation, it was fitted to the interecho time dependence of an
experimental AR$", determined from the AR difference between spherical and

biconcave RBC in suspensions having the same AM and hematocrit.

2.3 Experimental Methods

Samples of fresh canine blood containing a standard citrate-phosphate-dextrose
anticoagulant (0.15%) were centrifuged to provide the RBCs. Two types of RBC
suspensions were prepared in order to have samples with two shapes of RBC, each ata
hematocrit of 45. For one type the RBC's were re-suspended directly in the original
canine plasma. For the other, the RBC were first washed and then re-suspended in a
hypotonic phosphate buffered saline (PBS) solution to provide quasi-spherical cell shape
(28). The PBS was freshly made with 87 mM NaCl, 3 mM NaH;POy and its pH was

adjusted to 7.3. The osmolarity of the PBS preparation was ~ 60% of that of
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physiological isotonic saline. Small amounts of bovine serum albumin (1%) and

dextrose (0.1%) were also added to the PBS. No evidence of RBC lysis appeared in any

of the suspensions.

Because the relaxation enhancement depends on the magnitude of AM and is
independent of whether the paramagnetic centres are located internally or externally to the
cells, an alternative to deoxygenated intracellular hemoglobin (7,9,10) was used to bring
about the magnetization difference, namely, fully oxygenated intracellular hemoglobin
and extracellular DyDTPA. There were two reasons for this alternative. First, the
stability of AM was greater, because it is much easier to maintain the hemoglobin in its
fully oxygenated state than it is to control its deoxygenation level, and secondly,
DyDTPA is similar to deoxygenated hemoglobin in that it is a strong susceptibility agent
and has only a relatively small direct relaxation enhancement effect on the water proton.
Accordingly aqueous solutions of various concentrations of DyDTPA were introduced to
the extracellular fluid of samples of both types of cuspension in such a way as to
maintain both their hematocrit and osmolarity but to bring their extracellular DyDTPA
concentration to 2 predefined value in the range 1-10 mM. In this way magnetization
differences between the intra and extracellular environments were produced that spanned
the range of 1-10 A/m at 2.35 T. A similar magnetization difference of ~ 5 A/m would
arise between deoxygenated hemoglobin and native plasma at 2.35 T (11). To oxygenate
the hemoglobin, air was bubbled through each sample before any relaxation
measurements took place. The tendency of the RBC either to settle or to float depends on
the composition of the extracellular fluid (29). No significant sedimentation in the

suspension samples was observed over the measurement period of ~ 20 min.

Proton transverse relaxation decays were measured using CPMG sequences at a

field strength of 2.35 T and at a room temperature of 21 £ 1 °C. To be sensitive to any
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compartmentalization in the proton populations, relaxation rate determinations were made
not from a single exponential fitting procedure but from a non-negative least squares
routine (25,29). This gave rise to a smooth T2 spectrum, from which the peak of the
principal component (> 90% of the intensity) was designated as T2app(=1/R2app). Minor
changes in the shape of this spectrum occurred either as Ajgg was varied or as the cells
were lysed. For example, at very short Ajgo a weak, short T, component arose it <9 ms.
Nevertheless such details and their changes were always very small compared to the
principal component. Relaxation rate determinations were made first of the protons in a
suspension to give Ry, of Eq. [2.1] and secondly, after 5 ul of Triton x-100 had been
added to the suspension to lyse the RBC, to give RS of Eq. [2.1]. Values of the
relaxation enhancement, AR,, were then determined from their difference.
Measurements of AR, were taken at a series of Ajgp values between 1 and 32msec,

incremented in ten steps, and for a series of values of AM for each type of suspension.

2.4 Results and Discussion

The dependence of the relaxation enhancement, AR3, on the interecho time of a
CPMG sequence, on the shape of the RBC, and on the value of AM are all clearly
demonstrated in Figure 2.1. While the dependence of Raapp itself on the first two of these
parameters (interecho time and RBC shapz) has been previously reported for a similar
system by Gillis et al. (8), those workers did not isolate experimentally and focus
theoretically on the relaxation enhancement, AR», arising from the sequestration of
paramagnetic centres by the cellular membranes. Curve A of Figure 2.1, from a sample
devoid of paramagnetic centres, demonstrates the absence of this enhancement in
samples where integral cellular membranes do not give rise to a magnetization difference
between intra and extracellular environments. However, when the intact membranes do

separate regions of different magnetization, an interecho time dependent enhancement is
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clearly demonstrated by curve B for quasi-spherical RBC and by curve D for RBC of the

natural, biconcave shape.

The enhancement arising from sequestration by spherical cell membranes was
modelled by the simulation method described above and gives rise to curve C of Figure
2.1, using the physical parameters listed in the Theory Section and no other adjustable
parameters. Curve C clearly reproduces the principal features of curve B, but the
goodness of fit changes from one extreme (A1go= 1 ms) to the other (A180=32 ms). One
possible reason for any mismatch between the shapes of curves B and C, particularly at
the longer interecho times, may well arise from a less thza perfect spherical shape for the
RBC in the hypotonic solution used (c.f. shape of curve D). The parameters of the model
which affect the fit (for constant AM and hematocrit) are the diffusion constants. For
example, in the limit that transmembrane diffusion is discarded and extracellular
diffusion amongst point dipoles is assumed, then AR; increases by ~ 33% at A180=32
ms to give an apparently better fit. However, the rise in AR at short interecho time is
also accelerated (30% greater at Ajgo=2 ms) thereby worsening the short time fit. Taking
a population average of independent intra and extracellular results gives similar results to

the complete simulation at long interecho times, but gives an enhancement that is ~ 10%

less at short times.

A further test of the model in the spherical RBC case is its ability to reproduce the
AM dependence. Figure 2.2 shows both the experimental data and the simulation results
for the AM dependence at two interecho times, the agreement being better at the longer
interecho time when the enhancement mechanism produces a proportionately greater
effect. The relationship shown in Figure 2.2 is clearly non-linear and suggestions have
been made (7,9) that the enhancement should be quadratic in AM. Figure 2.3 shows the

results of a power law evaluation of the data, which gives rise to an exponent of 1.91 for
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both of the simulated curves, but to exponents of 1.61 (A180=2 ms) and 1.71 (A180=12
ms) for the two experimental data sets. An exact quadratic dependence as previously

suggested (7,9) cannot therefore be confirmed.

The impact of the surface shape, demonstrated by the difference between curves
B and D in Figure 2.1, is thought to arise from its effect on the demagnetizing factor in
Eq. [2.3b]. Although a simulation of the field within a non-spherical RBC was not
performed here (as it was in reference 8), we found that the increase in AR, brought
about by the change in shape could be very well modelled by Eq. [2.8] (26,27), applied to
a spatially averaged transmembrane frequency shift (11,13) between the RBC and
isotonic plasma. Figure 2.4 shows, as its data points, the difference between the data
points of curves B and D of Figure 2.1, and as its fitted curve, Eq. [2.8] with two
independent agiustable parameters, one () to fit the shape and the other (p;pe [w]?1) to
set the amplitude. The fit shown in Figure 2.4 arises from a transmembrane correlation
time of 5.5 msec and a coefficient (p;pe [8W]2T) = 22.1 s~1. At a hematocrit of 45, the
independent estimate of t;= 10 ms (24) would give rise to the very similar
transmembrane correlation time of 6.4 ms, by means of the simple addition of inverse
lifetimes for the extra and intracellular water (26). The amplitude coefficient produces a
value of (5w)2 which when written in a field independent form gives rise to 8w/yBo =
0.21 x 106, Comparison with a similar experimental parameter of reference 8 would not
be appropriate because in that reference, although a very similar relationship is used (27),
the fit is not made to the isotonic to hypotonic changes in AR2, but to R2app itself.
Retrospective processing of the reference 8 data would not be appropriate either because
the hematocrit was not held constant in that work. Bearing in mind that Gillis ez al. (8)
also used a different paramagnetic agent, the only common factor between this work and
that of Gillis et al. (8) appears to be the cell shape in isotonic solution. Using a

susceptibility difference of 1.6 x 10-6 between oxygenated hemoglobin and 3 mM
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DyDTPA, the present work suggests a change in demagnetizing factor of 0.13, if it is
assumed that the difference between curves B and D of Figure 2.1 is indeed due sclely to
the difference between biconcave and truly spherical RBC. By comparison, the
theoretical calculation presented in reference 8 provides a value of 0.121 for the difference
in demagnetizing factor between native and spherical RBC. The agreement is therefore
quite good and taken together with the very plausible fit prediction for 7, provides a case

for an alternative interpretation of 8w to that presented in reference 8.

A notable feature of any comparison between the work presented here and that
published by Gillis et al. (8) is the sixnilar'ity.i-rrthéi; re‘s‘spective abilities to fit the interecho
time dependence of the transverse relaxation, in spite of the very different modelling, first
of the field distribution and secondly of the water dynamics. That field mapping by
means of Eq. [2.3] applied to a randomized array of ~ 103 RBC should give rise to a
similar agreement with experimenta! data as does that obtained using the internal and
external fields of a single isolated cell, probably reflects the fact that when the hematocrit
is ~ 45 the two sources of field contribute similar amounts to the inhomogeneities
through which the diffusing water molecules pass. That a weighted average of
compartmentalized simulation results for the intracellular and extracellular spaces (8),
provides a similar agreement to the A18p dependence as the unified approach to imira and
extracellular probabilities presented here, probably reflects a fundamental similarity in the
numerical phase summations into which the respective methods can be broken down.
The differences between the Ajgp dependence predictions of these two numerical models

are clearly insufficient to be resolved by the exactness of the currently available

experimental data.

Notwithstanding the similarities outlined above and in contrast to several

statements made in reference 8, we do however find that the shape dependent difference
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in the interecho time dependent enhancement of the transverse relaxation does give rise to
a transmembrane correlation time that is consistent with independent measurements (24)
of the intracellular lifetime, ;. What is more, this same fit produces an estimate of the
change in demagnetizing factor resulting from the change of shape that is in agreement

with the theoretical estimates made in reference 8.

In conclusion, the data shown in Figure 2.1 confirm the significance in governing
the enhancement of the relaxation efficiency, not only of the sequestration of
paramagnetic centres, but also of the shape of the sequestering envelope. The degree of
consistency between the experimental data and the predictions of the numerical model,
for example in regard to the interecho time dependence, the AM dependence and the cell
shape dependence, would normally give confidence in the validity or the model.
However, the ability of a very different model (8) to provide a similar consistency with
one aspect of the data, namely, the interecho time dependence, means that further

experiments will be required to discriminate between the two.

2.5 Appendix of Field Calculation

To determine the effective (i.e., z component) magnetic field in a cell suspension
we let x; and %, be the local volume magnetic susceptibilities of the intra and extracellular
spaces in a suspension of identical cells. In an external raagnetic field By, the average
magnetization of the sample is then given by

M = [ Pyi Xi + Pve Xe ] Bo/lo, [Al]
where Py; and Pye are the fractional volumes of the two spaces (N.B. Py; provides the
same information as hematocrit does in the case of blood sample). If a sphere of ~orentz
is drawn around a particular proton site, p, such that its radius is so large that the local

field contributions at p from sources outside the sphere vary smoothly and can be
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represented by fields resulting from magnetization currents on the boundary surface, then

the magnetic field at p, Bp, can be written as

Bp=Bo +(1/3-¥%) o M + By, [A2]
where the demagnetization factor o is determined by the surface shape of the sample
(30,31) and where By represents all sources of magnetism inside the sphere. Within this

first sphere of Lorentz, the magnetization of each cell differs from that in the extracellular

fluid by an amount AM,

AM = [ ¥; - Xe ] Bo/ko. [A3]
A cell with excess magnetization, AM, relative to its extracellular fluid environment gives
rise to a magnetic field (1/3-0tc)ioAM within the cell and to the dipole or dipole-like
field, By, outside it, where o is again a geometric factor but now it is one determined by
the shape of the cell. To evaluate B a second, smaller, sphere of Lorentz is drawn

around p, which is smaller than a cell but much larger than the paramagnetic particles.

The field contributions to By are then given by,

B,+ B,, if p is extracellular [Ada]
Cells
B, =
Y B, +(Y4-a Ju.AM+ B,  if pis intracellular [A4b]

Cells

where the summation 2 By adds contributions at p from all cells within the first sphere
Cells

of Lorentz, and By, is the field from paramagnetic ions inside the second sphere. Since
water molecules are in constant thermal motion, the second sphere of Lorentz can be
regarded as a sphere small enough that, on average, a water proton can diffuse through it
many times on the NMR time scale. The advantage of this is that only the average field
over the sphere <Bj ;> is important for the resonant frequency shift calculation. Although

microscopic fluctuations of fields within this sphere are capable of inducing both
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longitudinal and transverse relaxation, their contribution to transverse relaxation is already

included in the intrinsic relaxation rate, R$, of Eq. [2.1] and is not regarded as part of the

relaxation enhancement, AR,. The local effective field at a water proton site, p, is then,

'Bo +(% - al)/‘lo M+ ZBd + (BLZ)e
Cells

if p is extracellular [AS5a]

B, +(}4 - & Ju. M +(:211.ch +(14 - . Ju. MM + (By,),
[

if p is intracellular [AS5a]

The first two terms in Eq. [ASa] and [A5b], which are dependent on the
macroscopic aspects of the experiment, are not affected by lysing the cells and can
therefore be dropped from the modelling of Ak,. The contribution of the last term,

<Bj,>, to the water proton resonant frequency shift is likely to be small in comparison
with ZBd for hemoglobin and DyDTPA solutions because of the limited direct
Cells

interaction that a typical water molecules will have with a paramagnetic ion in the smaller
second sphere of Lorentz. In the approximate forms of Eq. [A5a] and [A5b] which are

presented as Eq. [2.3a] and [2.3b] in the text the contribution of <B»> is neglected.
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Figure 2.1.  The relaxation enhancement, AR,, plotted as a function of interecho time,
A1g0, for three types of red blood cell suspension and for one computer simulation.
Curve A represents measurements from a suspension of RBC in hypotonic PBS
containing no paramagnetic agent. Curve B illustrates measurements from suspensions
of RBC in hypotonic PBC containing 3 mM of extracellular DyDTPA. Curve Cis a
computer simulation for suspensions of spherical cells containing 3 mM of extracellular
DyDTPA. Curve D represents measurements from suspensions of RBC in plasma
containing 3 mM of extracellular DyDTPA. The hematocrit of all the samples was 45
and the hemoglobin was fully oxygenated so as not to be paramagnetic. The error bars
on the curves B and D represent one standard deviation (N=6 for each curve).
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Figure 2.2. A diagram illustrating the change in relaxation enhancement, AR,, as a
function of the magnetization difference, AM, between intra and extracellular spaces. All
four curves represent data on suspensions of RBC in hypotonic PBS into which
DyDTPA has been introduced. The curves can be grouped into two pairs, each pair
corresponding to a different value of Ajgp (2 ms and 12 ms respectively). Within a pair
one curve corresponds to the computer simulation and the other to experimental data.
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The power law representation of the data of Figure 2.2. These data give
rise to an exponent of 1.9 for both of the simulation curves, but to exponent values of 1.6
and 1.7, respectively, for the two experimental data sets with interecho times of 2 ms and
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Figure 2.4.  An illustration of the effect of a change in cell shape on the relaxation
enhancement, ARS*, brought about by transmembrane diffusion, as a function of
interecho time, Ajgg. The experimental data points were obtained by subtracting the data
of curve B from that of curve D in Figure 2.1. The solid curve is a fit of these data to Eq.
[2.8). The curve fitting gives rise to a correlation time, T, for the transmembrane
diffusion of 5.5 ms, which is in good agreement with the estimate of 6.4 ms obtained
from the independent measurements (24) of average intracellular lifetimes.
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CHAPTER 3

Estimation of the Iron Concentration in Excised Grey Matter by Means of Proton

Relaxation Measureinents

3.1 Introduction

Enhanced, but localized brain iron deposition is associated with several neuro-
deger-lerative disorders, e.g., Parkinson's disease (1-3), Huntington's disease @,
progressive supranuclear palsy (5) and multi-system atrophy (5). Its role in the etiology
of these disorders is unclear, in part because experimental techniques to measure brain
iron in-vivo and so establish definitive correlations have not been available. The NMR
relaxation of water protons in the neighbourhood of iron deposits may have the potential
to provide such a means of brain iron quantification, even though the Ta-weighted
contrast in magnetic resonance imaging (MRI), that has been known for a considerable
time (6-9) to follow the tomographic pattern of natural accumulations of iron, has not led
to quantitative measurements. A major drawback has been the difficulty in
demonstrating the experimental variable that is most closely correlated with brain iron,
which has in turn been hindered by uncertainty about the relative importance of the

various mechanisms giving rise to the enhanced relaxation phenomenon (4,10-17).

The largest single fraction of brain iron is stored in ferritin (18), and the strong
transverse relaxation effect of the iron-core of ferritin in aqueous solution was
demonstrated some time ago by Koenig ez al. (19). However, subsequent measurements
of the relaxation time of water protons in excised brain tissue (4,10) showed no

significant correlation with either iron or ferritin concentration, thereby suggesting that

1 A version of this chapter has been submitted for publication. F.Q. Ye, WR.W. Martin, P.S. Allen,
Estimation of the iron concentration in excised grey matter by means of proton relaxation
measurements. Magn Reson Med (1995).
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factors other than iron and/or ferritin played a significant role in determining the water

proton transverse relaxation time andJ its structural variations.

Notwithstanding this lack of success with the observable relaxation time itself as
the experimental variable, recent studies have proposed three other measurable
characteristics of water proton transverse relaxation that could act as specific quantifiers
of the iron concentration. The first of these is the field strength dependence (14-16) of the
relaxation rate. It was found that the transverse relaxation rate increased linearly with
increasing applied magnetic field in ferritin solutions (14). The slope of the experimental
curve of this field strength dependence also correlated fairly well in excised brain tissue
with the iror concentration (15). In the second technique (20), in order to expose that part
of the transverse signal decay due to the local iron alone, the signal loss due to global field
inhomogeneities was removed by means of a protocol involving precisely controlled slice
refocussing gradients and the recombination of a series of images. Although this
technique involves an increase in experimental duration, it does enable the generation of
images from which an iron related relaxation rate may be obtained. The third potential
quantifier is the interecho time dependence of the apparent proton transverse relaxation
rate, Roapp (= 1/T2app), which has bern shown to increase with increasing interecho time
in samples where ferritin is heterogeneously distributed in cell suspensions (21). This
interecho time dependence has also been used to monitor age related variations in brain
iron in-vivo (17). Of the three techniques, the first one undoubtedly requires a significant
additional investment in hardware together with the time commitment of two
examinations. The fastest method is that tested here, namely the third technique.
However, the sensitivity of this method relative to that of Ordidge et al. (20) has not been
determined. While the data presented in reference 20 benefited from a field strength of 3
T, those presented here were obtained at 2.35 T. Moreover, the viability of the third

technique has only been tested in-vivo at 1.5 T (17). Despite the application of these
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techniques, the quantitative validation of neither has been reported in tissue. The purpose
of this communication is to demonstrate with excised grey matter tissue, the empirical
relationship between the interecho time dependence of Raapp and the tissue iron

concentration obtained independently from atomic absorption spectrometry.

3.2 Methodology

Twenty five frozen, unfixed samples of brain tissue were transferred to the
University of Alberta on dry ice from the National Neurological Research Specimen
Bank, VAMC, Los Angeles. The samples were obtained postmortem from five male
donors aged 53, 55, 58, 64, and 68 years. Four donors were classified as normal
controls and the fifth had lung cancer. The twenty-five samples included five from the
globus pallidus (GP), five from the putamen (PM), six from the caudate nucleus (CD),
five from the thalamus (TH), two from the frontal cortex (fCX), and two from the
occipital cortex (0CX). The samples were maintained at -78° C until the day of their
NMR measurement when, on ice, each was sectioned in order to fit into a 5 mm diameter
NMR tube which was sealed airtight until the final atomic absorption spectrometry took
place. During this sectioning care was taken to minimize damage to the tissue integrity
and both visible white matter and blood spots were removed. The NMR samples
averaged a wet weight of ~ 71 mg each. Samples were thawed to roon: temperature
prior to the NMR measurements, but refrozen and maintained at -18° C until submitted
for iron analysis, at which time they were wet weighed, dried, reweighed and analyzed
for iron using a Perkin Elmer Zeeman 5000 automated flame atomic absorption

spectrophotometer.

The proton transverse relaxation decay was measured at a room temperature of 21
+ 1 °C for each of the samples at 2.35 T using a Curr-Purcell-Meiboom-Gill (CPMG)

sequence (22). The interecho time interval, Ajgo, was incremented from 2 to 60 msec in
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the same seven steps for all of the samples, but for eight of the twenty-five samples
seven additional interleaving steps were also employed. The number of echoes at each
value of interecho time, e.g., 1536 echoes for Ajgp = 2 ms, was adjusted to maintain a

total acquisition time of ~ 3 s. Because white matter water proton transverse relaxation

has been shown to have more than one exponential component (23), a non-negative linear
least squares (NNLS) analysis (24) was adopted to safeguard against any multiple
component artifact affecting the transverse decay time measurements. Magnetization
decay curves were truncated at exp(-5) times the first echo amplitude prior to application
of the NNLS routine. From the smooth T2 spectrum that was provided by the NNLS
routine, the mean T of the principal component (>90% of the intensity) was obtained to
represent Taapp for tissue water protons. Minor changes in the shape of this T2 spectrum
occurred in some of the samples as Ajgp was changed. For example, a very short T2
component (a few msec, probably from lipid protons) appeared in some samples at very
short Aigo. Nevertheless such details and their changes were always very small

compared to the principal component and were excluded from the analysis.

3.3 Results and Data Analvsis

Empirically, the increase in R2app with increasing interecho time, A;go, was found
to be similar in formtoa y = log x dependence. It is therefore illustrated in Figure 3.1
as a semi-logarithmic relationship. By means of the dimensionless variables (R2app/p)
and (A1s0/t), where p and t are rate and time constants, respectively, (R2app/p) =

log,(A,g/ 7) can be written as

R2app =€ + plog,, Aiso, [3.1]
where € = plog,, (1/1), and where € and p can be used as empirical fitting parameters in a

regression analysis. The linear regression curves in the illustrative semi-log plot of
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Figure 3.1 are for four samples from a single normal control. Repeating the proceduvre
for all donors, the regression coefficient, p, was determined to be significantly non-zero
(p <0.01) in data from 23 out of the total 25 samples, with a coefficient of determination,

12, ranging from 0.74 to 0.99. The two exceptions were both cortical samples of low iron

concentration.

The strength of the linear association between the iron concentration and the
enhancement of the transverse relaxation of the water protons was evaluated for several
measures of that enhancement, using correlation tests in which those measures were
respectively, (a) the fitting parameter p, (b) the rate difference SR2app, over the interecho
time decade 6 ms to 60 ms, (N.B. according to Eq. [3.1], this particular rate difference,
OR2app, is equivalent to a two-point-fitting estimation of p.) and (c) Roapp itself at the
limiting interecho times of 2 ms and 60 ms. The relaxation measures were also tested
with regard to their correlation with the percentage of dry material in the tissue. The
results are summarized in Table 3.1. From the values of p and € determined for each of
the grey matter samples, two structure-group parameters were calculated, namely, the
mean values of p and a value of Raapp at A0 = 2 ms, for each of the five brain
structures. These group mean values together with that of iron concentration are listed in
Table 3.2. A graphic presentation of part of the data is shown in Figure 3.2. It illustrates
first. the separability of various grey matter structures on the basis of the interecho time
dependence, p, of their water proton transverse relaxation, and, secondly, the correlation

between p and the atomic absorption spectrometer measurement of tissue iron.

3.4 Discussion

The measurement of a single water proton transverse relaxation rate has been
shown previously to correlate rather poorly with the iron content of the tissue in brain

(4,10). The principal reason for this seems to be the dominating influence of relaxation
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mechanisms that do not exploit the iron, but depend instead on the motional modulation
of the various dipole-dipole interactions between water protons and the protons of the
tissue matrix or on compartment-boundary susceptibility differences. The efficiency of
such non-paramagnetic mechanisms is often found to correlate with the relative
proportion of dry material in the tissue. The additive effect of naturally occurring iron
may well be masked by the biological variability of the dominating mechanisms in
correlations involving a single relaxation rate measurement. Separating the iron
contributions to relaxation from those due to other mechanisms is therefore, not only the

goal addressed by the method proposed here, but also those proposed by others

(15,16,20).

The influence of iron on the transverse relaxation of water protons depends quite
critically on the nature of the magnetic interaction between them, which in turn is
governed by the form in which the iron appears. For example, the accumulation and
sequestration of iron, largely in the form of ferritin, in glial cells (25) gives rise to
susceptibility hot spots, which, in the presence of a large magnetic field, produce a
heterogeneous field distribution over distances of the order of a few tens of microns.
This heterogeneity is of such a scale as to be sampled by diffusing water molecules (D ~
10-9 m2 s-1) on the time scale of a CPMG interecho time (from ms to several tens of
ms), thereby producing an irreversible dephasing that is A;go dependent. Such a A;go
dependence is not normally observed in tissue where the mechanisms of transverse decay
are nuclear dipole-dipole or diamagnetic susceptibility differences. That dependence is
however, clearly demonstrated by the results presented here from brain structures in
which iron is known to accumulate. The variation in the A1go dependence between
different brain structures is also demonstrated in these data. In contrast, the iron core of
an individual ferritin molecule, which has itself been shown to be an effective relaxation

enhancer of water in regions containing soluble ferritin (14,19), is three orders of
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magnitude less in scale than a glial cell and one would not therefore expect such
enhancement to be Ajgo dependent. The glial accumulation of iron could, in addition, also
be a potential source of the magnetic field strength dependence of transverse relaxation

observed by others (16) because the local field inhomogeneity will be field dependent.

Although ferritin is likely the largest single component of brain iron (about one-
third over the whole brain) (18), it is not the exclusive component and, moreover, the
mechanisms described above are not thought to be the only iron contributions to water
proton relaxation even in those structures where ferritin accumulates. Some iron is
undoubtedly accessible to water, possibly including the surface iron of ferritin (15,19),
and may interact with water through the hyperfine spin-dipole interaction. Although such
a mechanism could be very effective for relaxing neighbouring water protons, it is not
expected that this mechanism would be either field dependent or dependent on A;go.
Neither is it expected that the proportion of affected water molecules would be very high
and so direct interaction with water accessible iron can be considered as part of the A1go

independent background.

From the statistical analysis (Table 3.1), it is seen that both the fitting parameter,
p, and the relaxation rate difference, 8R2app, each of which measures the enhancement of
relaxation as the diffusion length is extended, correlate well with iron concentration but
poorly with the proportion of dry matter in the tissue. These measures are therefore
thought to be the most selectively sensitive to the tissue iron. The single long interecho
time measurement, R2app (60 ms) also correlates well with iron concentration. However,
it shows a stronger correlation with the proportion of dry matter than either p or 3R 2app,
and as a result appears more prone to the influence of mechanisms other than iron.
Nevertheless, in contrast to the suggestions of Chen ez al. (4), a long interecho time

certainly seems to be the preferred choice to optimize iron sensitivity in those MRI
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sequences that serve only to make regions of high iron concentration visible through their
hypointensity. The single short interecho time measurement, R2app (2 ms), shows the
poorest correlation with iron concentration, but strongest (though not impressively so)
with the proportion of dry matter, and as such is thought to provide the least reliable
measure of tissue iron. This trend was not unexpected since in 2 ms the ability of water

molecules to sample field inhomogeneities due to iron centres is quite restricted.

Because of biological variability, the clinical value of p, or 8R2app, Will possibly
be marginal at 1.5 T. Nevertheless, since the magnitude of the pathologic increase in iron
(4) can be comparable to, or even a factor of two or three in excess, of the structure-
dependent differences of normal brain shown in Figure 2, the interecho time dependence
of R2app should provide a discrimination that is clinically valuable at higher field

strengths (e.g. 3 T) where the magnitude of the effect is that much greater.
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Table 3.1.
The correlation (n= 25) between the various experimental measures of the transverse

relaxation of water protons and (i) the iron concentration and (ii) the proportion of dry

matter in the tissue .

Iron concenu-aﬁon Ir= 0.78 r= 0.81 r= 0.81 Ir= 0.66
in pmol per p=00001* p=00001* p=00001"  p=0.0003*
gram wet tissue

Pcrccntage of dry Ir= 0.25 r=0.34 r=0.52 r= 0.56
matter p=0.23"5  p=0.098"S p =0.007* p = 0.004*

*; significant at 99% confidence level.
ns: not significant at 99% confidence level.

Table 3.2.

The structure-group mean values for the iron concentration, the fitting parameter p, and
the shortest interecho time Raapp calculated from the fitting parameters p and €. All
values are (mean £ std. dev.).

Tissue Iron Concentration p Calculated Roapp
(umol Fe/g wet sY) at A1go =2 ms
weight) (s1)
Globus Pallidus (n=5) 35212 3015 18522
Putamen (n=5) 20t1.2 22108 14223
Caudate (n=6; 1.0 0.6 1.6+0.7 108+ 1.4
Thalamus (n=5) 1.0+ 0.8 1.31+1.1 15715
Cortex* (n=4) 0.6+0.3 0.8+0.4 10.2+£0.9

# includes two frontal cortex and two occipital cortex samples.
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Figure 3.1.  Typical regression curves for the interecho time (A;g0) dependence of the
apparent transverse relaxation rate, Roapp, determined in four excised brain samples from
a 58 year old normal donor. The coefficients of determination for the four samples are
equal or greater than 0.96.
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Figure 3.2.  An illustration of first, the separability of various grey matter structures
on the basis of the interecho time dependence, p, of their water proton transverse
relaxation, and, secondly, the correlation between 'p’ and the atomic absorption
spectrometer measurement of tissue iron. The data are taken from Table 3.2, all values
are (mean = std. dev.).
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CHAPTER 4!

Quantification of Brain Iron In Vivo by Means of the Interecho Time Dependence

of Image Contrast

4.1 Introduction

The clinical potential of a non-invasive quantification of brain iron, in, for
example, the evaluation of Parkinson's disease (PD) or Huntington's disease (HD), has
encouraged several efforts to find an iron-specific measure related to brain iron-based
relaxation in MRI. The grey matter hypointensity which delineates the globus pallidus
(GP), the red nucleus, and the substantia nigra in T2-weighted images has been attributed
for some considerable time to the anatomic localization of brain iron (1,2). Despite the
supportive nature of the evidence for iron involvement in the hypointensity (3), the
correlation between brain iron concentration and the actual water proton transverse
relaxation rate has not been good (4,5). The reason for this appears to be the significant
role played by mechanisms of relaxation that are independent of iron and by the
biological variability of the iron-dependent relative to the iron-independent relaxation. Ta-
weighted and T, calculated images, therefore, provide only a coarse measure of the brain
iron concentration, though they continue to be a valuable tool for the visualization of
regions of iron accumulation in the brain. To quantify brain iron, a technique must be
able to separate iron-dependent relaxation from that of iron-independent mechanisms.
One such technique has been implemented by Ordidge et al. (6) in which a multiecho
sequence enables concurrent measurements of Tz and T2* to be made so that T,', a
measure of the local line broadening could be extracted. An alternative method is

proposed in this paper. It follows directly from a model of the mechanism (to be

1 A version of this chapter has been submitted for publication. F.Q. Ye, W.R.W. Martin, P.S. Allen,
Quantification of brain iron in vivo by means of the inierecho time dependence of image contrast.
Magn Reson Med (1995).
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described below) by means of which accumulated iron acts on mobile water protons,

which in turn follows from the form in which iron accumulates in brain .

The most abundant accumulations of brain iron occur in the grey matter nuclei
which belong to the so-called extrapyramidal system, which includes not only the GP, the
red nucleus, and the substantia nigra, but also the putamen (PM), dentate nucleus, and
caudate nucleus. Although various macromolecules, including many iron-enzymes, can
bind iron in the brain, by far the most abundant form of brain iron is as ferritin iron,
which accounts for about one-third of the iron in the whole brain (7). Moreover, the
cellular distribution of brain iron is not uniform, it being found predominantly in glial
cells (1, 8-10). Based on our previous work (11-12), in which it was shown that cellular
compartmentalization of large paramagnetic susceptibility differences can promote large
increases in relaxation rates that are in turn highly sensitive to the interecho time (A150) of
CPMG sequences (13), this paper proposes and evaluates a quantitative brain iron
imaging method that takes advantage of the regional interecho time dependence of the
tissue relaxation. The hypothesis is that the glial accumulation of iron gives rise to local,
highly non-uniform, concentrations of paramagnetic susceptibility which, in the presence
of a large static magnetic field, produce field gradients over dimensions of the order of
tens of microns. Diffusing water molecules (D ~ 10-° m?s-!) sample such a field
heterogeneity over the same time scale as is typical for interecho times of CPMG
sequences and the apparent relaxation rate becomes interecho time dependent. In an in-
vitro study, such an interecho time dependence has been shown to correlate with
independent atomic absorption measurements of brain iron in excised normal human
grey matter samples (Chapter 3). In this paper, we report an imaging sequence from
which the interecho time dependence of the transverse relaxation rate, first, of various
phantoms and, secondly, brain structures in a group of healthy volunteers, were

subsequently obtained.
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4.2 Methods
4.2.1 Quantitative Imaging Sequences

A composite of three imaging sequences is illustrated in Figure 4.1, the objective
of which is to provide a spatial map of the interecho-time-dependent relaxation rate
enhancement, 8R2qpp, due to the diffusion of water through ficld gradients close to glial
localized brain iron. Each of the sequences combines two functional parts, namely, a
relaxation preparation and a spatial encoding. However, the relaxation preparation,
shown as a, b, and ¢ in Figure 4.1 is unique to each sequence. In a, the preparation is
simply a 90° excitation without relaxation delay. In b and c, composite 180° pulses
follow the 90° excitation and are used to distinguish the interecho time dependence from
two well separated interecho time preparations, namely, Ajgo = 60 ms for b and Ajgo =6
ms for ¢. The 8Rzapp information is derived from combinations of the images from this
group of three uniquely prepared sequences. All the 180° refocussing pulses are phase
shifted by ©t/2 from the excitation pulse. The composite pulses used here are in the form
of (90°),(180°),(90°), to give an equivalent refocussing pulse of (180°), whose phase is
n/2-shifted from the (90°), excitation pulse (14). Use of composite pulses can
compensate experimental imperfections such as RF field inhomogeneities, and hence
increase the reliability of transverse relaxation measurements (15). For sequences b and ¢
a spoiler gradient, whose purpose is to diminish the imaging artifacts from unwanted

stimulated echoes, is turned on during the refocussing intervals.

Two Raapp images are obtained (at interecho times 6 ms and 60 ms) by
combining on a pixel by pixel basis, sequences a and b, and a and ¢ respectively, and by
using simpie two-point fitting. The 8R2spp image matrix is then obtained from the
difference between the two Raapp images. The choice of interecho times was made to

maximize OR2q4pp, While at the same time maintaining a measurable signal from regions
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richest in iron, e.g. GP with T2 ~ 60 ms.

All the imaging was performed on a Philips GYROSCAN 1.5 T system using a
standard head coil. The slice thickness was 5 mm with 128 phase-encoding steps. The
repetition time, TR, was 2200 ms and the constant echo time in the imaging part of the

sequence was 25 ms.
4.2.2 Model Phantom Demonstration

Although a similar interecho time dependence of Roapp has been previously
demonstrated in-vitro using red blood cell suspensions (see Chapter 2), and in excised
tissues (Chapter 3), and the postulated mechanism successfully simulated from a
computer model (Chapter 2), the efficacy of the imaging protocol was nevertheless first
established using the model phantom shown in Figure 4.2 and a series of interecho times
between 6 ms and 80 ms. The phantom was a 1% agarose gel into which were
interspersed seven other 1% gel compartments, each containing 5% by volume 15 um
(in diameter) styrene micro-spheres (Bangs Laboratory, Carmel, IN). The microspheres
were introduced into the gel to provide a matrix of surfaces that could produce
inhomogeneities in magnetic field by separating regions of different susceptibility. A
paramagnetic susceptibility difference between the microspheres and the gel was brought
about by introducing DyDTPA inio the gel. The concentration of DyDTPA was
incremented between 0 and 10 mM over the seven phantoms, thus giving rise to a
magnetization difference, AM, between gel and microspheres that ranged between 0 and
6.4 A/m at 1.5 T. The size of the microspheres and their density in the sample were

chosen so that they would be representative of the iron-rich glia in the brain tissue.
4.2.3 In-Vivo Demonstration

A group of healthy volunteers was evaluated, whose age range was limited to 24
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to 44 years (n = 11, mean age = 33 7 yr), in order to minimize variations in brain iron
accumulation due to aging or to pathology. For each individual, 2 single slice containing
the basal ganglia was imaged using the sequences shown in Figure 4.1. Region of
interest (ROI) data for Raapp, and 8R24pp Were obtained for the four brain structures GP,
PM, thalamus (TH), and the frontal white matter tract (fWM). Delineation of those
structures was facilitated by T)-weighted and T2-weighted images of the same slice, an

example of which is shown in Figure 4.3. No ROI had less than 14 pixels.

4.3 Results and Discussion
4.3.1 Model Phantom Demonstration

A 8R2app image of the gel-microsphere phantom is shown in Figure 4.4,
demonstrating the 8Rzapp differences between the phantom compartments. The image
quantification of the interecho time dependence of dR2app Of the gel-microsphere
phantom is shown in Figure 4.5, and the corresponding quantification of the 8R2app
dependence on the magnetization difference AM, that was brought about by the DyDTPA
inside gel matrix, is shown in Figure 4.6. Although several relaxation mechanisms are
undoubtedly active in the phantom, those that are not interecho time dependent will be
absent from the 8Rz4pp image. Data from the compartment containing both the
microsphere and gel but devoid of DyDTPA and AM, see Figure 4.5, show that the
mechanisms active in the agar gel will not affect the 6R24pp image, and it also reflacts the
fluctuations in R2app meaurements from the images. The increasing interecho time
enhancement of the relaxation with increasing AM, shown in Figures. 4.5 and 4.6,
demonstrates the ability of the 6R2qpp image to detect changes in AM. In the phantom,
magnetization differences are measurable to within about 10.5 A/m from a graph such as
that shown in Figure 4.6. Any direct DyDTPA relaxation effects that are not interecho

time dependent, and which may be apparent in the baseline Ajgo = 6 ms data of the



112

imaging protocol, will also be removed by taking the 8R2gpp difference image. The
dependence of SRz2app on AM illustrated in Figure 4.6 indicates that one might anticipate

changes of a factor of ~ 2.5 in 8R24pp from PM between the normal early adult brain and

a more severe case of HD (5).
4.3.2 In-Vivo Demonstration

Typical images from one of the volunteers are shown in Figure 4.7. The degree
of hypointensity of the iron-rich GP seen in the T2-weighted images clearly depends on
the choice of interecho time in the preparation period. When these images form the basis
of the calculated 8R2app image, the difference in hypointensity translates into a greater

8R2app for the GP.

The numerical results of Student's 't' tests of the data from the eleven normal
volunteers are shown in Tables 4.1 and 4.2. 8Rzapp Was detectable from all four brain
regions (GP, PM, TH and fWM). The paired t test in Table 4.2 shows that GP and PM
could be significantly differentiated from the other two regions and from each other by
their SRaapp values (p < 0.01), whereas TH and fWM were not significantly different
from each other (p = 0.17). This result for TH and fWM is not altogether unexpected.
Accepted measurements of the typical iron concentrations in. adult brain (7) indicate that
any accumulation of iron in TH or fWM, over that which is typical in the cortex or in
white matter, is a factor of two or more less than the accumulaticn in GP and PM. Also,
bearing in mind that these measurements were made on brain not subject to either disease
related or appreciable age related accumulations of iron (accumulations that can increase
iron content several fold, (5)), these measurements indicate that this imaging method
could very well provide at 1.5 T a means to monitor iron accumulation in disease, at least
from the GP and PM. At higher field strengths of 3 T for example, where the work of

Ordidge er al. (6) has been carried out, expectations will be correspondingly higher
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because the heterogeneous susceptibility effects will increase linearly with field strength

and give a potential factor of two increase in sensitivity.

The hypothesis which we are making by linking OR2app and the glial
accumulation of iron is itself based on several component assumptions. It is instructive
to review this chain of assumptions to see if it holds together quantitatively. By making a
rough assumption that one-third of the 21 mg Fe/100 g wet wt brain iron is in ferritin (7),
and that the ferritin iron is the overwhelmingly dominant source of paramagnetism, we
only need to consider 7 mg Fe/100 g wet wt as the pool of brain iron. If we further
assume that only half of this ferritin is "stored" in iron-rich glial cells which are assumed
to be evenly distributed and to occupy 5% relative volume, then ~ 12.5 mM ferritin iron
can be considered to actively produce the AM for relaxation enhancement. The other half
is evenly distributed in the tissue at 0.66 mM and will slightly inhibit the microscopic
susceptibility difference. Assuming a susceptibility ratio y>*" 4/ xr™* ™ = (10.6/3.8)2
= 7.8 (11), the concentration difference of ~ 12 mM ferritin-iron can give rise to a AM
due to iron-rich glial cells of 1 A/m in the GP at 1.5 T. Such an estimate is in accord with

the measured SR2app for GP and the relationship between SR24pp and AM for the gel-

microsphere phantom.

4.4 Conclusion

An imaging protocol that provides = nuantitative assessment of the regional
variations in brain iron has been proposed and evaluated on both a phantom and a group
of normal volunteers. This protocol is based on a model of transverse relaxation
enhancement brought about by water diffusion in the field gradients produced by a
heterogeneous distribution of cellular susceptibility. A model similar to this has
previously been evaluated in vitro on a RBC preparation (12) and the identical model has

been used to explain 6Rogpp data from excised human brain tissue (Chapter 3). In vivo,
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the imaging protocol not only enables one to delineate the iron bearing structures from
normal brain, but also to quantify the difference in iron content between GP, PM and the
other iron bearing structures in a manner that is significant at the 99% level. This
sensitivity to sequestered iron is sufficient, in diseases such as HD and PD, to provide a
scale of regional iron content, that, by correlation with established clinical scales, could

provide an alternative measure of disease progression.
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Table 4.1.
Apparent transverse relaxation rate, Ry,p,, and a measure of its interecho time

dependence, 8R2qpp, in various brain structures in age-range-limited healthy volunteers
n=11).

Regions  Ajgo (ms)  Rgypp values (s')mean 8Rpqpp (s) p value
(std. dev.) (paired t test)

GP 60 17.2 (1.1) 24 0.0001
6 14.8 (1.1)

PM 60 14.4 (1.1) 1.3 0.0001
6 13.1 (1.1)

TH 60 13.7 (0.6) 0.6 0.0048
6 13.0 (0.7)

fWwM 60 14.9 (0.7) 0.82 0.0014
6 14.1 (0.8)

Table 4.2.

A comparison of the interecho-time-dependent relaxation enhancement, 6R2,5p, between
various brain structures in age-range-limited healthy volunteers (n = 11).

Brain Structure Compared Mean 8Rz.pp  Paired t value p value
with difference (s
GP
PM 1.2 13.8 0.0001
TH 1.8 184 0.0001
fWwM 1.6 11.6 0.0001
PM
TH 0.6 5.6 0.0002
fWM 0.4 4.2 0.0019
TH

fWM -0.2 -1.5 0.17
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Figure 4.1. An illustration of the imaging sequences used in measuring the interecho
time dependent transverse relaxation enhancement.
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Figure 4.2. An illustration of the gel-microsphere model phantom. All of the
compartments are made of a 1% agarose gel, with 5% (by volume) microspheres
suspended in the cylinders A to G before gelation. The concentrations of DyDTPA in the
cylinders are respectively, A: 0 mM; B: 1 mM; C: 6 mM; D: 4 mM; E: 8 mM; F: 2 mM,
and G: 10 mM. The gel in the background compartment contains neither microspheres
nor DyDTPA.

Figure 4.3. A Tj-weighted brain image illustrating the slice of interest. The four brain
structures studied, namely, the globus pallidus (GP), the putamen (PM), the thalamus
(TH), and a frontal white matter tract (fWM) are delineated.
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Figure 4.5. The dependence of the relaxation rate R2app on the CPMG interecho time,
A1g0, in the gel-microsphere phantoms.
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Figure 4.6. The dependence of 8R2app on the internal magnetization difference, AM, in
the gel-microsphere phantom. The values of 8R2wp (mean * std. dev.) were determined

in three repeated measurements.

Figure 4.7. Two typical T,-weighted brain images acquired using the different interecho
time values in their preparatory sub-sequence plus the corresponding calculated 8Rz4pp
image, where A, is a To-weighted image acquired with Ajgo = 60 ms, and one
refocussing pulse in the preparatory period; B, is a T,-weighted image acquired with
A0 = 6 ms, and ten refocussing pulses in the preparatory period; and C, is the Rzapp
image derived from the difference between the two images in A and B.
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CHAPTER §'

Increasing Striatal Iron Content With Aging: A Risk F~~tor for Free Radical

Mediated Neuronal Damage

5.1 Introduction

Free radical mediated mechanisms have been postulated as one of the factors
which may contribute to neuronal damage in Parkinson's disease (PD) and other
neurodegenerative conditions associated with aging, as well as in the aging process
itself. Cytotoxic free radicals can be generated in the brain by the oxidation/reduction
reactions which produce the high-energy compounds required by cellular metabolic
processes. These reactions are catalyzed by transition metals and are more likely to
occur in brain regions which contain a high concentration of these elements. Hence,
any regional increase in brain iron concentration may increase the potential for local

free radical formation and for free radical-mediated lipid peroxidation.

The brain is known to have an extremely high iron content. Cerebral iron
distribution is heterogeneous with concentrations as high as 200 pg/g wet weight in
regions of highest iron content (1) in contrast to the normal liver concentration of about
150 pg/g. It was established initially by Spatz in 1924 and subsequently confirmed by
others (2-4) that brain iron concentration is highest primarily in the basal ganglia. The
relationship between aging and basal ganglia iron content, however, has not received
major attention. With direct post-mortem measurements, Hallgren and Sourander (2)
observed brain iron in general to be very low at birth, but to gradually increase during

the first two decades of life. They observed, in addition, that pallidal iron content did

1 A version of this chapter has been submitted for publication. W.R.W. Martin, F.Q. Ye, P.S. Allen,
Increasing striatal iron content with aging: a risk factor for free radical mediated neuronal damage.
Neurology (1995).
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not change after 30 years of age, whereas putamen and caudate iron content continued
to increase very gradually. Little is known about the functional importance of iron in
the basal ganglia except that its concentration exceeds by about 90% the requirements

of iron-dependent enzymes, membrane structural proteins, iron-sulfur proteins, etc. (5).

A number of studies have suggested increased iron accumulation in the basal
ganglia in various neurodegenerative disorders, including Parkinson's disease.
Although the role played by excess iron in these conditions is unknown, one possibility
relates to the ability of iron to promote the formation of toxic oxygen free radicals,
particularly in parts of the brain which contain a high dopamine concentration. If basal
ganglia iron content increases as part of the normal aging process, it could represent a
risk factor for the development of progressive neurodegenerative disorders affecting
these structures in the elderly population via the mechanism of increased oxidant stress.
The purpose of the present study was to determine the relationship between age and an
in vivo measurement of basal gangliz iron cortent in normal subjects by using a
magnetic resonance (MR) method developed in our laboratory. Our methodology
quantifies the effects of paramagnetic centres sequestered inside cellular membranes

thereby enabling the determination of a quantitative index of local brain iron content

(6).
5.2 Methods

§.2.1 Patients

A series of normal, healthy individuals (n = 20) was recruited by adve:tising
within the local university community and through the Edmonton General
Hospital/University of Alberta Movement Disorder Clinic. Subjects ranged in age from

24 t0 79 yr (mean + SD = 46.3 + 16.7 yr). All subjects were neurologically normal and
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without significant medical illnesses. The protocol was approved by the University of

Alberta Research Ethics Board, and all subjects gave informed consent.
5.2.2 Magnetic Resonance Studies

MR studies were performed on a Philips GYROSCAN 1.5 T imaging system.
To quantify the enhanced transverse relaxation of water protons due to the presence of
iron, a spin echo based pulse sequence was used that permitted the initial imaging
magnetization to be sensitized to the interecho time dependence of the apparent
transverse magnetization decay rate Rpgp, (= 1/T2,,,) by means of a preparatory sub-
sequence (A detailed description of the image sequence is presented in Chapter 4). This
sub-sequence consisted of a variable train of hard (non-selective) 180° refocussing
pulses that provided a partially decayed transverse magnetization prior to the image
acquisition part of the overall sequence. The image acquisition part employed a slice-
selective refocussing pulse (slice thickness 5 mm) and a fixed echo time of 25 ms. A
standard head coil and 128 phase-encoding steps were used. Image field of view was
16 cm. T, effects were minimized by using a repetition time (TR) of 2200 ms. The

phases of all 180° refocussing pulses were 7/2 shifted from the excitation pulse.

Three variants of the preparatory sub-sequence were used in combination to
derive the refocussing interval dependence. The first variant provided the full
transverse magnetization by means of a single 90° excitation pulse and no relaxation
delay prior to the image acquisition sub-sequence. In the second variant, a single 180°
pulse in a delay period of 60 ms followed the excitation pulse to provide a refocused,
but partially decayed transverse magnetization. The third variant employed a train of
ten 180° pulses, separated by an interecho time of 6 ms, to replace that single 180° pulse
in the second variant but maintained the total decay time of 60 ms. From the data sets

obtained with these three sequence variants, two separate Ry, images were derived,
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each one reflecting a two point fit to Ry, at every pixel and using the first variant to

provide the initial point in each case. By subtracting the two Ry, images, a 8Ry,,

difference image was obtained.

Initially, a sagittal T,-weighted image was employed to facilitate the selection of
a single transverse slice parallel to and 5 mm above the line drawn from the anterior to
the posterior commissure (the AC-PC line). Data was then acquired from this single
slice using the methodclogy described above. The entire patient procedure took

between 50 and 90 min.

5.2.3 Data Analysis

Numerical values were obtained from regions-of-interest (ROIs} which were
initially located manually by means of T,-weighted images. Irregular ROIs were fitted
to the structures in question to maximize the number of pixels (pixel size 1.25 mm x
1.25 mm) for each ROIL. The average ROI sizes + 1 SD were 36 * 10 pixels for globus
pallidus (GP), 61 % 13 for putamen (PM), and 12 % 4 for the caudate head (CD). A
circular ROI (18 * 5 pixels) was placed near the center of the thalamus (TH). These
ROIs were then automatically transposed to the 3Ry, difference images. A large ROI
(~ 2000 pixels) was defined that encompassed most of the slice but excluded the
ventricles and basal ganglia to provide a reference in each individual studied. From this
RO], an average background SRZBpp value was obtained. This background reflects any
interecho time dependence of the magnetization decay due to mechanisms other than
accumulated iron. (It should be noted that the effects of accumulated iron are an order
of magnitude greater than those of other mechanisms which show an interecho time
dependence.) The background average also allows for standardization against interscan
variability. The numerical values of a regional AR;,, which are quoted below are the

difference of the regional 8R,,,,, from the average background vaiue. Regional ARy,



126

provides an index of local tissue iron content. The relationship betweer: age and ARy,
was assessed by a correlation analysis. Calculations from regions with very low iron

content occasionally yielded small negative values for ARy,,,. For purposes of

correlation analysis, these were equated to zero.

5.3 Results

In this group of normal subjects, we observed the following regional AR,
means and standard deviations: globus pallidus, 2.00 £ 0.37 s’1; putamen, 0.99 + 0.44
s1: caudate, 0.42 £ 0.32 s°; and thalamus, 0.25 £ 0.20 s”!. There was a strong direct
relationship between age and our measurements of regional iron content (ARj,p,) in
both the putamen (r = 0.76, p < 0.001) and the caudate (r = 0.69, p < 0.001, Figures 5.1
and 5.2). Although pallidal AR, values were higher than striatal values, there was no
significant relationship between pallidal AR, and age (r = 0.32, p = 0.17, Figure 5.3).
The lowest values observed were in the thalamus and were unrelated to age (r=0.13, p

= 0.58, Figure 5.4).

5.4 Discussion

Our results indicate that the normal aging process is associated with a
progressive increase of iron content in the striatum, particularly in the putamen, but not
in the pallidum or thalamus. This incease in local brain iron content may increase the
probability of the formation of neurotoxic free radicals in the striatum therefore
representing a risk factor for the development of progressive neurodegenerative
disorders associated with aging, such as Parkinson's disease, which may affect

nigrostriatal nerve endings by the mechanism of increased oxidant stress.

Iron is not present in the brain at birth, but becomes detectable during the first

decade of life, reaching adult levels by about 20 years of age (2,7). Iron is thought to
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enter the brain bound to transferrin by way of transferrin receptors (8). Once in the
brain, it is stored primarily in glial cells (oligodendrocytes and microglia) where it is
bound to the storage protein ferritin (3,9). In adults, changes in the peripheral
pharmacokinetics of iron have little influence on brain iron concentrations. It is not
clear how much of the iron increase associated with aging is in a reactive form. If
bound to a protein such as ferritin so that it is unable to participate in

oxidation/reduction reactions, its accumulation may not be associated with increased

free radical production or oxidant stress.

A free radical is any species which is capable of independent existence that
contains an orbital with one or more unpaired electrons. Most free radicals are unstable
and highly reactive by virtue of their tendency to extract an electron from neighbouring
molecules to complete their own orbital. Oxygen-based free radicals, particularly the
hydroxyl radical (OH’), are of particular interest in neurological disorders because of
their high reactivity with virtually all biological molecules and their tendency to initiate
destructive chain reactions (10,11). In the brain, hydroxyl radicals can react with lipids
contained in cellular membranes and start the chain reaction of lipid peroxidation
resulting in extensive membrane damage and ultimately in cell degeneration. The
hydroxyl radical is continuously produced in the human body in large part by the
reaction of transition metal ions with H,O,. The superoxide radical (O;), although
much less reactive than OH’, is also of biological significance, in part because of its
capability of inactivating Complex I of the mitochondrial electron transport chain (12).
O, 's produced by the autooxidation of catecholamines, by leakage of electrons frocm
the electron transport chains, and by vanous cell types including activated phagocytes

(13), fibroblasts (14,15) endothelial cells (16) and lymphocytes (17). A major defense

mechanism against excess O, production is the enzyme superoxide dismutase (SOD).
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However, SOD accelerates the conversion of O," to HyO, and can therefore potentially

increase production of the highly reactive OH’ species.

Transition metals, such as iron, copper, and manganese, have a loosely bound
electron and are therefore able to either accept or donate an electron thereby promoting
oxidation/reduction reactions and the formation of reactive oxygen species. An increase
in local free iron concentration is associated with an increased prcability that oxidation

reactions will occur and that free radicals will be formed (18,19).

The brain is thought to be particulariy vulnerable to the effects of cytotoxic free
radicals generated as a result of oxidant stress for several reasons (20). First, the brain
is responsible for approximately 20% of total body oxygen consumption while
comprising less than 2% of total body weight, thereby providing the potential for
production of significant quantities of oxygen free radicals by way of the electron
transport chain. Second, the brain contains large amounts of polyunsaturated fatty acids
which are components of cell membrane and substrates for free radical induced lipid
peroxidation. Third, the brain is relatively deficient in mechanisms which are thought
w be protective against the toxic effects of free radicals. Lastly, as discussed above, the
accumulation of iron in specific brain regions increases the potential of local free
radical production. The latter potential is accentuated by a possible relative deficiency

in the brain of iron binding proteins which can trap iron in a non-reactive form (21).

Within the brain, there are several factors which suggest that the striatum may
be particularly vulnerable to oxidative stress in association with aging. First, as
suggested by the present study and supported by previous data (2), there is an age-
related increase in striatal iron content. Second, dopaminergic neurons may be
particularly susceptible to oxidative stress by virtue of the metabolism of dopamine to

H,0, both enzymatically by monoamine oxidase (MAO) (22) and nonenzymatically by
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autooxidation (23). Because striatal MAO activity increases with age (24), increased
H,0, and hence free radical production may also occur with aging. In addition, there
may be also be an increase in autooxidation with age (25). Most of these factors apply
not only to the striatum, but also to the substantia nigra. The application of our MR
methodology at 1.5 T, however, did not allow us to obtain reproducible nigral ARy,
measurements, largely because of the small size of the substantia nigra and because of

artifacts introduced by small head movements.

The majority of previous studies of brain iron content with MR imaging have
employed either T,-weighted images or quantitative local T; measurements. With
conventional T,-weighted imaging at a field sirength of 1.5 T, reduced signal is
normally evident in the globus pallidns, red nucleus, dentate nucleus, and substantia
nigra (26). Olanow er al. have previously reported striatal changes on T,-weighted
images occurring with age, and have suggested that these changes are due to increasing
striatal iron concentration (7). Although these changes are related in part to local
increases in iron concentration, the resultant signal intensity is determined by a
combination of mechanisms depending not only on the iron distribution, but also on the
heterogeneity of magnetic susceptibility in the cellular milieu of individual brain
structures, and on the motional modulation of interproton dipolar interactions. Local
water content is a very important determinant of T,. Separating the effects of iron fromn.
those of other mechanisms is essential for in vivo quantification of regional iron
variations with MR, since previous studies have failed to show a consistent correlation

between the direct measurement of tissue iron content and apparent T, (27,28).

Gur methodology provides a non-invasive measurement of regional brain iron

which is more specific than T,-weighted images or quantitative local T, measurements.

This methods is based on the assumption that the largest single fraction of iron is stored
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as ferritin (2), and that ferritin accumulation within the confines of glial cells (3,10)
gives rise to a heterogeneous distribution of iron. These iron-containing cells become
paramagnetic centers whose magnetic dipole fields eahance the dephasing of transverse

proton magnetization during an MR study.

We have exploited the interecho time dependence of the transverse relaxation
which is evident when ferritin is confined by intact cell membranes thus giving rise to a
heterogeneous magnetic environment (29). We have shown previously that the
interecho time dependence of the transverse decay can be used to provide a specific
index of the tissue concentration of iron which is sequestered within cells (see Chapters
3 and 4). This index, AR 4y, is not subject to the same shortcoming as direct T,-based
methods because it separates the effects of iron from those of other ransverse relaxation
mechanisms. The ability to effect this separation stems from the magnitude and spatial
scale over which the iron-rich glial cells produce field inhomogeneities, as compared
with those which characterize magnet generated inhomogeneities or susceptibility
difference effects between tissue structures. Although ARy, is itself echo time
dependent, our previcus data show that for a fixed difference in refocussing interval, its
value is specifically sensitive to the iron concentration (see Chapters 3 and 4). The
subtraction of the two relaxation rate images isolates the interecho time dependent
relaxation contributions and removes the intrinsic transverse relaxation terms which are
independent of interecho time but vary with local water content. The subtraction of a
background to give ARy, standardizes each result against normal brain variability and
interscan variations, as well as removing the minor refocussing interval dependent

decay terms which arise from susceptibility differences between brain structures.

An experimental shortcoming is noticeable in our in-vivo measurement and it

might have affected the caudate data of AR2,pp. The shortcoming stems from the lack
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of dynamic range that our method has for accommodating the long T of cerebrospinal
fluid (CSF). This range is governed by the fixed 60 ms duration of the preparatory sub-
sequence. Lack of dynamic range might have affected our AR24p, measurements in the
caudate head because of the proximity of the lateral ventricles. This experimental
uncertainty is reflected in the large variation of caudate AR24pp seen in Figure 5.2.

Neither pallidal nor putamen measurements, however, should have been affected by this

shortcoming.

In summary, we have utilized a novel, non-invasive MR tzchnique to quantify
changes in iron content in the basal ganglia occurring with age in normal subjects. We
have demonstrated a significant positive relationship between increasing age and
AR,pp, an index of local iron content, in both the putamen and caudate. These
observations suggest that the probability of striatal free radical production may increase
with age and that striatal iron content may be a risk factor for the development of age-
related damage to nerve endings in the striatum. Future implementation with a higher
magnetic field strength system ( e.g., 3.0 T) should improve the signal to noise ratio,
thereby enabling faster studies to be performed, lessening the artifact induced by patient

movement, and allowing assessment of smaller structures such as the substantia nigra.
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Figure 5.1. The relationship between age and putamen iron content (AR2,pp) in
normal subjects. The line represents the best linear fit of the data (r=0.76, p<0.001).
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Figure 5.2. The relationship between age and caudate iron content (AR:,ppj in
normal subjects. The line represents the best linear fit of the data (r=0.69, p<0.001).
Calculations from regions with very low iron content occasionally yielded small
negative values for AR,,p,. These are equated to zero on the figure.
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CHAPTER ¢!

Basal Ganglia Iron Content in Parkinson's Disease Measured With

Magnetic Pesonance

6.1 Introduction

Parkinson's disease (PD) is characterized by a loss of dopaminergic neurons
projecting from the substantia nigra to the striatum. Clinical rating scales currently
provide the most widely used method to assess the degree of motor dysfunction in PD
and, by assumption, the degree of nigral cell loss (1-4). While these scales provide a
means of assessing clinical severity, they are based on the assessment of deficits which
are subject to both intra-observer and inter-observer variability and are very sensitive to
the treatment status of the individual patient. They provide an indication of the patient's
functional status at a given time but cannot provide an accurate indication of the
severity of the underlying neuronal loss itself unless all anti-parkinsonian medications
are withdrawn long enough for their clinical effects to completely subside before the
patient is assessed. Because this is seldom practical, clinical rating scales only

approximate the severity of the underlying nigral pathology and striatal dopamine

depletion.

An objective and non-invasive method of measuring the severity of the
pathological changes of PD, independently of function, is suggested by the
accumulation of iron in the basal ganglia in PD and by the potential for quantifying this
accumulation with magnetic resonance (MR). It was established by Spatz in 1924 and

subsequently confirmed by others (5-7) that brain iron concentration is maximal in

1 A version of this chapter has been submitted for publication. F.Q. Ye, P.S. Allen, W.R.W. Martin,
Basal ganglia iron content in Parkinson's disease measured with magnetic resonance. Movement
Disorder (1995).
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globus pallidus, substantia nigra, red nucleus, caudate and putamen. Biochemical
studies have reported increased iron content in substantia nigra from patients with PD or
other neurodegenerative disorders affecting the basal ganglia (8-10) although others
have reported :conﬂicting observations (11). The degree of increase may be related to
disease severity as indicated by the observation that there is little difference between
controls and PD patients with mild pathology whereas in severe PD there is a highly

significant increase of iron within the substantia nigra 12).

With conventional T,-weighted magnetic resonance imaging (MRI), performed
at a field strength of 1.5 T, reduced signal is normally evident from the substantia nigra,
dentate nucleus, red nucleus, and globus pallidus (13). This decrease, in part related to
a local increase in iron content, is multi-factorial and only partially separates PD
patients from normal controls (14). To improve the in-vivo measurement of tissue iron
cortent, we have developed an MRI method which quartifies the effects of
paramagnetic centres sequestered inside cellular membranes (15). Because regiona.
brain iron concentration is much greater than that of other paramagnetic ions such as
manganese and copper (11), this method enables an index of tissue iron content to be
calculated for basal ganglia substructures. This method exploits the dependence of the
transverse magnetization decay on the interecho time in a train of 180° radio frequency
pulses. This dependence is dominated by the local field inhomogeneities due to cellular
seq.: ssteation of iron. We report here an application of this method in a series of normal
virols and patients with PD in order to determine the relationship between basal
ganglia iron content and the presence and symptomatic severity of PD. A preliminary

report of this work has appeared previously (16).
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6.2 Methods
6.2.1 Patients

Patients (n=12) were recruited from the Edmonton General Hospital/lTniversity
of Aiberta Movement Disorder Clinic. These patients all had a {linical diagnusis of PD
with at least two of three cardinal manifestations, namely resting tremor, rigicity, and
bradykinesia. None had other significant neurological abnormalities, including postural
hypotension or clinical evidence of cerebellar dysfunction. All of these patients had a
definite and prolonged symptomatic response to levodopa and were receiving
levodopa/carbidopa at the time of this study. Clinical severity was estimated frc  the
motor subscore (section 18-42) of the Unified Parkinson's Disease Ra. ..g Scale
(UPDRS) (4), and functional capacity 1or activities of daily living was rated according
to Schwab and England (2). These clinical assessments were performed while patients
were "on". Patients ranged in age from 43 t0 79 yr (mean+ SD = 539+ i1.2 yr). A

control group (n = {3) of neurologically normal individuals ranged from 40 to 79 yr of
age (mean £ SD =58.0£ 12.5 yr).

One additioral patient, age 54 yr, with a tentative diagnosis of striatonigral
degeneration (SND) was studied. This patient had a history of gradually progressing
bradykinesia, rigidity affecting the trunk and all limbs, and severe gait dysfunction with
start hesitation, festination, and impaired postural reflexes. Thus far, sh2 has not
developed a rest tremor. By about 5 yr after the onset of sy:nptoms, she was almost
completely mute, had a markedly flexed posture with considerable anteropulsion, and
required a walker when standing or walking. She Las not had significant wostural
hypotension, or cerebellar abnormialities and her eve movements have remained normal.
Although there was an initial benefit from levodopa/carbidopa 300/75 mg daily, by 4-5

yr after onset there was virtually no response to a daily dose of 10(:0/100 mg.
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6.2.2 Magnetic Resonance Studies

To quantify the enhanced transverse relaxation of water protons due to !ccal iron
accumulation, a spin echo based sequence was used that permitted the initial imaging
magnetization to be sensitized to the interecho time (or refocusing interval) dependence
of the observable transverse magnetization decay rate Raapp (1/T2app) by means ofa
preparatory suh-sequence {# derailed description of the image sequence is presented in
Chapter 4). This sut-sequence consisted of a vx:- able train of hard (non-selective) 180°
refocusi- , pulses that provided a partiaily decayed transverse magnetization prior to the
;inage acquisition part of the overall sequence. The image acquisition part employed a
slice-szlective refocusing pulse (slice thickness 5 mm) and a fixed echo time of 25 ms.
Measurement were performed on a Philips GYROSCAN 1.5 T system using a standard
read coil and 128 phase-encoding steps. Image field of view was 16 cm. T, effects
were minimized by using a repetition time (TR) of 2200 ms. The phases of all 180°
refocusing pulses were 7/2 shifted from the excitation pulse. Three variants of the
preparatory sub-seqnerce wzre used in combination in order to derive the interecho
time dependence. The first variant provided the full transverse magnetization by means
of a single 90° excitation pulse and no relaxation delay prior to the image acquisition
sub-sequence. In the second variani, a single 180° pulse in a delay period of 60 ms
followed the excitation pulse to provide a refocused, but partially decayed transverse
magnetization. The third variant employed a train of ten 180" pulses, separated by an
interecho time of 6 ms, to replace that single 180° pulse in the second variant but
maintained the total decay time of 60 ms. From the data scts obtained with these
sequence variw..7, two separate Rogpp images were derived, each one reflecting a two
point fit t» Ragapp at every pixcl and using the first vanant to provide the initial point in
each case. By subtracting the two Raapp images, a OR2qapp difference image was

obtained.
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Initially, a sagittal T;-weighted image was employed to facilitate the selection of
a single transverse slice parallel to and 5 mm above the line drawn from the anterior to
the posterior commissure (the AC-PC line). Data were then acquired from this single

slice using the methodology described ahove. The entire patient procedure took

between 50 and 90 minutes.

6.2.3 Data Analysis

Numerical values were obtained from regions-of-interest (ROIs) which were
initially located manually on the globus pallidus (GP), putamen (PM), caudate head
(CD), and thalamus (TH) bilaterally by means of T;-weighted images. These ROIs
were then automatically transposed to the 8Rz.pp images. Irregular ROIs were fitted to
the structures in question to maximize the number of pixels (pixel size 1.25 x 1.25
mm?) for earh ROI. The average ROI sizes (x 1 SD) were 36 + 10 pixels iur GP, 61 %
13 for PM, and 12 %+ 4 for CD. A circular ROI (18 + 5 pixels) was piaced on the
thalamus. To provide a reference in each individual studied, a large ROI (~2000 pixels)
was defined that encompassed most of the slice but excluded the ventricles and basal
ganglia. From this ROI, an average background 8R2app value was obtained. This
background reflects any interecho time depyr.f.nce of the magnetization decay due to
mechanisms other than accumulated iron, and as such it was in iieu of measurements
from basal ganglia structures devoid of iron. It s2nuld be noted that the effects of
accurnulated iron are an order of magnitude greater than those of other mechanisms
showing an interecho time dependence. The background average aliows for
standardization against interscan variability. The numerical values of a regional AR24pp
which are quoted below are the difference between the regional dR2qpp and the average

background value. Regional AR24pp provides an index for local tissue iron content.
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The significance of any AR2qpp difference between the control and PD groups
was assessed with an unpaired t test. Linear regression analysis was used to determined

whether AR 2 correlated with the clinical scores.

6.3 Results

Although the patient group was slightly older than the control group, this
difference was not of statistical significance (p = 0.22). The regional AR2app for the
patient group was significantly elevated in GP (p =0.010), in PM (p = 0.014) and in CD
(p = 0.014). There was, however, no significant difference between the groups in
regional ARypp friimn the thalamus (p = 0.163). The quantitative data arc summarized in
Table 6.1. In controls, there was an increasing trend of AR2gpp With 1i:c32asing age in all
regions examined, but this reached statistical significance only in the putamen (p =

0.012). There was no correlation between AR2app and age in the PD croup.

In the patient with presumed SND, ARzqpp Was substantially higher in both GP
and PM than in either controls or PD. In PD, average putamenal ARjqpp Was increased
over control values by about 42% as compared to almost 300% in the SND patient.
Average pallidal AR2,pp Was increased over controls by about 33% in PD as compared

to slightly over 200% in SND.

There was a significant association between clinical symptomatology and
AR2app in GP and PM. with the most severely affected patients having the highest
regional AR2qpp values. The UPDRS motor subscuze ranged from 21 to 48 and showed
a positive correlation with pallidal ARz,pp values (r = 0.72, p = 0.009) but no significant
correlation with AR2qpp values from PM. Functional ability as indicated by the Schwab
and England activities of daily living scale ranged from 30 to 90% and was inversely

correlated with AR2qpp in both GP (r =-0.64, p = 0.025) and PM (r = -0.76, p = 0.004).
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These correlation relationships are presented in Figure 6.1. On the Schwab and
England scale, lower scores are equated with higher disability whereas on the UPDRS,
higher scores correlate with increased symptomatic severity. This explains the negative
correlation with the Schwab and England scales and the positive correlation with the

UPDRS. Caudate and thalamic ARzqpp values were correlated with neither of the

clinical measures of disease severity.

6.4 Discussion

We found a significan! “..reac: in iron content, as indicated by increased
AR2app, in the globus pallidus and putamen of patients with PD compared with healthy
age-matched controls. In addition, there was a significant correlation between the
increased iron content in globus pallidus and putamen and increased functional
impairment and clinical severity of parkinsonian symptoms. Although we also
observed a statistically significant (at the 95% level) difference in caudate AR2qpp, we
did not feel these measurements to be clinical significance because of methodological

shortcomings applicable to the caudate ROI as discussed below.

6.4.1 MR methodology

The majority of previous MRI studies of brain iron content in patients with PD
have employed T,-weighted imaging or quantitative local T, measurements. With
conventional T-weighted imaging at a field strength of 1.5 T, reduced signal is evident
in the globus pallidus, red nucleus, dentate nucleus, and substantia nigra (13). The
signal loss varies with the concentration of iron, the magnetic field strength, and the
degree of T, weighting in the image. Although this reduction is caused in part by local
increases in 1ron concentration, the resultant signal intensity in a T2-weighted image is

determined by a combination of mechanisms depending not only on the iron
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distribution, but also on the hetcrogene:ty of magnetic susceptibility in the cellular
milieu of individual brain structures, and on the motional modulation of interproton
dipolar interactions. Separating the effects of the iron from those of the other
mechanisms is essential to the quantification of regional iron variations, since both in

vitro and clinica! studies have failed to show a consistent correlation between iron

content and apparent Tz (17-18).

In peripheral tissue, the largest single fraction of iron is stored in ferritin (5), a
complex comprising a protein shell (apoferritin) surrounding a crystalline core of
hydrous ferric oxide. Within the brain, ferritin and iron accumulates largely in glial
cells, particularly in oligodendrocytes and microglia (6, 19), thus giving rise to a
heterogeneous distribution of the iron because it is confined by the membranes of these
cells. The iron-rich cells become paramagnetic centers whose magnetic dipole fields

enhance the dephasing of transverse proton magnetization during an MR study.

There have been two experimentally observed characteristics of ferritin-induced
proton relaxation which have import~: t consequences for the development of a
quantitative method of measuring region2] brain iron content. The first of these is the
field strength dependence of the proton transverse relaxation rate in ferritin solutions
(20). The second is the interecho time dependence of the transverse relaxation when the
ferritin is confined by intact cell membranes thus giving rise to a heterogeneous
magnetic environment on the scale of the water diffusion path (21). The field
dependence has been exploited by Bartzokis ef al. (22), who found that in ferritin
containing phantorns and also in live brain, the change in observed transverse relaxation
rate between 0.5 and 1.5 T may be a specific measure of tissue ferritin. Use of the field

dependence, however, suffers from the significant disadvantage for clinical studies of
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requiring that comparative images be obtained in clinical MRI systems with at least two

different field strengths.

At a single field strength, we have shown that interecho time “ependence of the
transverse decay can be used to provide a specific index of the tissue concentration of
iron sequestered in cells (see Chapters 3 and 4). That index, AR24pp, is not subject to
the same shortcomings as direct T,-based methods because it separates the effects of
iron from those of other transverse relaxation mechanisms. The ability to effect this
separation arises from the magnitude and spatial scale over which the iron-rich glial
cells produce field inhomogeneities, as compared with those which characterize either
magnet generated inhomogeneities or susceptibility difference effects between tissue
structures. These differences translate into temporal sensitivity (resolution) through the
rate at which diffusing water molecules are able to sample the significant variations due
to each inhomogeneity source. Beciuse this diffusional displacement takes time,
interecho time dependence of the magnetization decey results, a decay which is
dominated by the field inhomogeneities due to the iron rich cells. Although AR2app is
itself echo time dependent, previous data show that for a fixed difference in interecho
time, its value is specifically sensitive to the iron concentration (see Chapters 3 and 4).
The subtraction of the two relaxation rate images separates out the interecho time
dependent relaxation contributions and removes the intrinsic transverse relaxation terms
which do not depend on interecho time but vary with local water content. The
subtraction of a background to give ARzapp fulfills the goal of standardizing each result
against normal brain variations and interscan variations, as well as removing the minor

interecho time dependent decay terms arising from susce; .ihility differences between

brain structures.
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Several sources of experimental uncertainty potentially affect our results.
Because our methodology employs subtraction to determine AR2qpp, it is sensitive to
head movement between data sets. This sensitivity is reflected by our inability to obtain
reproducible values from small structures such as the substantia nigra. A second source
of experimental uncertainty stems from the lack of dynamic range that our method has
for accommodating the long T2 of cerebrospinal fluid (CSF). This range is governed by
the fixed 60 ms duration of the preparatory sub-sequence. Lack of dynamic range
might have affected our AR2,pp measurements in the caudate head because of the
proximity of the lateral ventricles. Neither pallidal nor putamen measurements,

however, should have been affected by either of these shortcomings.

An alternative method of separating out the relaxation effects of tissue iron has
been reported recently (23). This employs a pair of multiecho sequences to facilitate

subtraction of Rz and R,*, and expose the iron-dependent component of the relaxation.
6.4.2 Iron in Parkinson's disease

The relevance of basal ganglia iron accumulation to the pathogenesis of PD is
controversial. An early study by Earle, before the introduction of levodopa, -uggested
an increase in iron content in formalin-fixed sections of the r~‘dbrain in PD (8). Others
have confirmed the presence of increased iron levels within the substantia nigra (9, 10)
although this is a controversial finding (11). The degree of increase appears to be
related to disease severity as indicated by the observation that there is no profound
differen-e between controls and PD patients with mild pathology (7) whereas in severe
PD (Hoehn and Yahr stage 4), there is a highly significant increase of iron within the
substantia nigra (12). Ordidge et al. have recently reported increased nigral iron content

in PD, measured with a novel MR technique implemented on a 3.0 Tesla magnet (23).
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We were unable to study nigral iron content at the lower field strength of 1.5 T
because the reduced signal to noise ratio rendered us more sensitive to motion artifacts.
However, our results do suggest increased iron content in basal ganglia structures,
namely the globus pallidus and the putamen, and moreover, suggest that the degree of
increase in these structures is also related to disease severity. We postulate that
increased iron accumulatior. in the putamen is related to pathology affecting
nigrostriatal neurons projecting to this structure. The relationship between iron and
clinical symptomatology suggests increasing iron content with disease progression. We
presume the iron is primarily in glial cells (oligodendrocytes) on the basis of post
postmortem studies in normal individuals (19), but its cellular localization in PD has not
been directly addressed. Glial iron accumulation may be a secondary response to cell
death in the nigrostriatal neuronal system. Increased nigral iron content has been
reported in other basal ganglia diseases with nigral destruction such as progressive
supranuclear palsy and multiple system atrophy (24), indicating that this increase is not
specific to PD. Dexter et al. (24) have suggested the possibility .f increased iron
uptake, via the transferrin receptor, by cells exposed to metabolic stress. This is
supported by work suggesting an upregulation of transferrin receptors on surviving
neurons in MPTP treated mice (25), and by the reported increase in transferrin receptors

and iron uptake associated with regenerating motor neurons (26).

An alternative possibility is that the increased iron is causally related to the
disease process itself. Free iron can be highly damaging to structural membrane
components, possibly by lipid peroxidation secondary to increased production of free
oxygen radicals, and on this basis a role for iron in the etiology of PD has been
proposed (12, 27). As previously noted, the majority of iron in peripheral tissues which
is not involved in biochemical reactions is bound in a non-reactive form of ferritin (5).

It is not known what percentage of basal ganglia iron in the normal or PD brain is
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bound to ferritin or how much is present in a free and reactive form. Our methodology

does not allow us to determine non-invasively in what form the increased basal ganglia

iron exists.

Of interest is our observation of increased pallidal iron in PD. In vitro
measurements of pallic:! iron in PD have produced conflicting results with Dexter et al.
(24) reporting a decrease and Chen er al. (18) reporting an increase. The globus
pallidus is not generally recognized as being involved in the pathology of PD although
there is evidence of some mild neuronal loss in its external segment (28). There is a
sparse plexus of dopamine-containing nerve terminals in the globus pallidus, collateral
from the nigrostriatal pathway (29). Even if there is significant pathology in these few
terminals in PD, it seems unlikely that this could account for the prominent AR2app
abnormaljties which we observed. The pallidal abnormalities were also related to the
severity of clinical symptomatology to an extent which was similar to that of the
putamen changes. This might indicate a more general abnormality related to brain iron
metabolism in PD. The globus pallidus is one of the brain regions which is known to
have a high concentration of iron in normal su™jects. It would be of interest to study
other regions, such as the red nucleus and the dentate nucleus, which are also known to
have a high iron content, but which are not generally associated with the pathology of

PD.

Increased nigrai iron content has also been reported previously in other basal
ganglia diseases associatc. with nigral destruction such as progressive supranuclear
palsy and multiple system atrophy (MSA) (24), indicating that this increase is not
specific to PD. Our observations in a single patient with presumed SND support this
finding and indicate a substantial quantitative difference in basal ganglia iron content

between PD and SND, particularly in the putamen. This is consistent with the reported
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correlation of the changes on T. . . ghted imaging wiilh direct post-mortem

measurements of iron content in SND (30).

Could our results be affected by the inadvertent inclusion of patients with MSA
(and the associated high basal ganglia iron content) in the PD group? The differential
diagnosis of akinetic movement disorders during life can be difficult with the diagnosis
of PD being incorrect in as many as 20% of patients (31). We think this to be an
unlikely source of error in the present study for several reasons. First, none of our
patients had major clinical features (other than parkinsonism) associated with either the
Shy-Drager or olovopontocerebellar atrophy variants of MSA. Second, the two patients
with the highest pallidal iron content, approaching that seen in probable SND, had been
symptomatic and clearly levodcpa-responsive for 11 and 18 years, unlike the history
expected in SND. Lastly, we observed the putamenal iron content in probable SNu to
be much greater than that in any’ of the PD group, supporting our impression that the PD

patients were distinct from the one individual with probable SND.

In summary, we have implemented a novel, non-invasive MRI technique to
quantify changes in iron content in the basal ganglia in PD. We have demonstrated a
significant increase in an index of local iron content, AR24pp, in the striatum and
pallidum of PD patients, snd have shown these changes to correlate with the severity of
clinical symptomatology. Although these changes may not be specific for PD, the
correlation with clinical severity suggests the possibility of applying this method in
serial studies of disease progression. Future implementation with a system of higher
magnetic field strength (e.g., 3.0 T) should improve the signal to noise ratio, thereby
enabling faster studies to be performed, lessening the artifact induced by paiient

movement, and allowing assessment of smaller structures such as the substantia nigra.
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Table 6.1.
Regional ARepp (mean & SD, in s7?) in patients and controls.

Regions Normal controls  Parkinson's disease  Striatonigral degeneration
(n=13) (n=12) (n=1)

Putamen 1.29+£0.59 1.83+0.46 * 3.79

Globus pallidus 2.13£0.48 2.83+0.65"* 433

Caudate 0.60%£0.35 0.91+0.37* 0.80

Thalamug 0.26+0.22 0.49 + 0.38 0.39

* significantly different from normal controls at the 95% level of significance.
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Figure 6.1. The correlation between the regional ARz4pp and the assessment of clinical
symptomatology. a. pallidal ARz4pp versus UPDRS motor score; b. pallidal ARzqpp
versus Schwab and England activities of daily living score; ¢. putamen ARzqpp Versus
Schwab and England activities of daily living score. The regression lines (solid) and
95% confidence limits (dot dashed) are indicated.
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CHAPTER 7

General Discussion and Conclusions

7.1 Genera' Discussion and Conclusions

_ncipal motivation of this work was to develop a non-invasive technique
LUf DEEsL he changes in brain iron due to Parkinson's disease. To do this, it was
ne ssary to investigate the relaxation enhancement effcct of brain iron ou the water
pre. s, so as to develop an MRI method for the non-invasive quantificatior of brain

iron deposition.

At the heginning this study, in late 1991. Tp-shorening seen in the basal ganglia
nuclei on MR images had been interpreted as ihe result of i-or deposition (1,2).
Powever, because no cousistent citelation could be found between the iron
concentration of excised tissue and the transverse reiaxation :ime (3), it was realized that
reliable iron quantification could not be ol:tained with simple T»>-imaging. Moreover, the
mechanism postilated for the transverse relaxation ¢nhancement in brain (1,4,5) was
largely based on the modelling of relzx::.on enhancement in ferrian scluticns (6,7), a
model which :id not take into accenns :me 2nhancement effect of the heterogeneous glial

sequestration of iren and feiritin (8).

Based on previous biomedica! observations of an interecho time dependence of
the transverse magnetization decay, e.g., in deoxygenated blood (9) and in liver injected
with superparamagnetic iron oxide contrast agent (10), we postulated that the
heterogeneous glial sequestration of paramagnetic iron would give rise to local,
microscopic field inhomogeneities over distances of a few tens of microns, that would in
turn produce an interecho time, A;go, dependence of the transverse relaxation of the water

protons in ircn-rich brain. We j{usther postulated that this interecho time dependence of
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thie apparsyt ransverse relaxation rate, Raapp, would provide a quantitative measure of the

seq- estered iron.

The pos:ulated mechanism of the relaxation ¢nhancement was systematically
studied (both experirver:tally and theoretica'i +) using an experimental model system of
paramagnetic suspensions of red biood cells (RBC). This study is <'=scribed in Chapter
2. The mechanism when incorpurated into a computer simulation of the experimental
data reproduced the depedencies of the transverse relaxation enhancement on Ajgp, on
the intrafextrs cellular magnetzation difference AM, and on changes in cell shape
(Figures 2.1, 2.2, and 2.4). The ¢agise of conzistency betweer. theory and experiment
augurs weil for the vaiidity of #* * .- “.wu=m. However, a very recent publication (11)
showing the abilitv of a very different mode. to provide a similar ~onsistensv with one
asg ¢t of the data, namely, the interecho time dependence, means that further experiments
will be required tc clarify the ambiguity between a single cell model and a multicell
model. Notwithstanding the dichotomy over the role of transmemnibrane passag.: when
the cells are far from spherical, the cells which cequester iron in brain tissue, namely
oligndendrocyies, are generally round in shape, and any uncertainties surrounding the

role of shape distcrticns for RBC are far le-~ important in iron-rich brain tissue.

The ability of the Ajgg-depencient enhancement of Raapp to reflect the different
iron . .tent of various brain structures was confirmed next from normai gostmortem
basal ganglia grey matter. The evaluation is reported in Chapter 3, where a correlation
between a rireasure of the relaxation enhancement, 8R28pp, and iron concentration at the
99% level of significance is described. It was clear from this in-vitro study thatat 2.35 T,
see Figure 3.2, the relaxation enhancement was sensitive enough to distinguish the

globus paliidus and possibly the putamen from each other and from the other brain
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structures even with the small sample size of 5 brains and ever w..en the brains had

shown no evidence of iron-accumulating disease.

To implement an imaging method for the in-vivo quantification of iron based on
i~ igo-dependence of Rogpp, 8 spir tio i quence was modified to include a preceding
C®MG stage for the prepa-ation of the transverse magnetization (Figure 4.1). The
efficacy of the imaging sequence at 1.5 T was tesied both on phantoms and on a group of
age-range-limited healthy controls. Over a relevant but limited range of magnetization
difference values, the phantom study demonstrated a linear dependence of OR2app On the
internal magnetization difference with a sensitivity of ~ 2sTA'Im. In the grouy of 11
healthy subjects, &R2app proved capabie of distinguishing quantitatively certain iron-rich
basal gangiia structures. Among four brain structures that were analyzed, the precision
of dRagpp Was sufficient to distinguish the g ~bus pallidus and the putamen from =ach
other and from the two other structures of lesser iron content (i.e., the :aalamus and
frontal white ma+er), at the ©°% level of significance. This study is presented in Chapter

4,

A different imaging protocol for the relative assessment of brain iron
concentrations has recently been presented by Ordidge er al. (12). Their method was
based on a difference between Ro- and R,*- weighted images to derive a regional line
broadeuing effect, Ry'. Because R;* is more sensitive than Rz to the local field
inhomogeneities, so Ry’ might be expected to be more sensitive than GR2app to brain iron
deposition. Our reason for chocsing Ry contrast instead of R,* contrast was to avoid
some significant artifacts on R,*-weighted images that arose from global field
inhomogeneities. Ordidge ef al. (12) overcame this problem with a novel technique of

field inhomogeneity correction which requires for its implementation & series of several

iinages.
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Our second in-vivo application was to a group of normal adult volunteers whose
ages spanned a range of 5 decades. In the putamen and in the caudate head of these
volunteers, significant increases in a second measure of the relaxation enhancement,
AR24pp, were found that correlated with increasing age (AR2app is not quite identical to
SR2app, because it incorporates some background subtraction, see Chapter 5). The
correlation coefficients for the two regions were respectively r = 0.76 and r = 0.69
(Figures 5.1 and 5.2). The possibility of measuring age-related human brain iron
variations raises the intrigui.ig question of whether or not this method can be of value for

«2sting the role of iron in promoting the f.".e radical mediated neuronal damage.

The third in-vivo applica:ion was a preliminzry clinical study of patients with
Parkinson's disease (see Chapter 6). Twelve patients with Parkinson's disease were
compared with age-matched controls. It was observed that the patient group displayed an
average 42% increase over the 1. ..inal group ™ AR24pp in the putamen and a similar 33%
increase in the globus paiidus (Table 6.1). The AR2,pp in these two structures also
correlatcd with the severity of cunical symptomatology and functional impairr.»~ =+t at1 .2
95% leve! of significance, with the more sev:rely affected patients naving t.. nigaer
AR3app values (Figure 6.1). The resulis give us optimism that with a more thorough
testing, and at the higher field strength of 3 T, AR2,,, may provide a quantitative, non-
invasive correlate with the severity of the pathological changes underlying Parkinson's
disease. Ordidge et al. working at 3 T found a more dramatic increase in the relative iron
content in the substantia nigra of a group of patients with Parkinscn's disease (12). The
substantia nigr- was not «xploited in our study because of its small volume and our lack

of an effective means of accommodating small scale motion artifacts.

As a result of the concurrent and independent work on the measurement of brain

iror, there is 2t the present time significant promise that a non-invasive index of brain
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iron is at hand. That is not to say that further improvements could not be made. With
reference to this study, for example, the field calculation of Chapter 2 could be
reprogrammed to handle the non-spherical cell surface numerically. The simulation
would then naturally include all three types of wuter diffusion in the overall relaxation
enhancement evaluation. A snapshot fast imaging sequence should be implemented to
replace the standard s in echo sequence for imaging the pre-prepared transverse
magnetization. It would effectively speed up the imaging acquisition: and make the
method less prone to subject movement. It would be even better if a Ro*-weighted
image could be acquired by simply disabling the hard refocussing pulses in the
preparatory szquence, then both 8R2qpp and Rz’ could be obtained by adding only cne
new image data set. To do this however, the large artifacts from global field

inhomogene;*; on T,*-weighted image would firs\ neec to be removed (12)

Further study is stiil required on the proposed relaxation enhancement model in
jron-ric: brain tissue, and a few fundamental uesticis remain to be answered. For
example, how mach .es brain iron contiibute to K.zspp, and what proportion of that
contribution is inierscho time dependent or field strength dependent? Is there a
significant portion of brain iron in a non-paramagnetic formn and therefore not ~apable of
affecting proton relaxation? To what absolute precision can brain iron be quantified with
MR relaxation methods? Clear answers to these questions would really establish if MRI
can provide a reliable, quantitative measure for iron concentration or only a relative index

of brain iron changes.
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