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Abstract

In the past 20 years, research in brain functionality has substantially increased. Tools
such as the electroencephalogram (EEG) and functional magnetic resonance imaging
(FMRI) have made it possible to non-invasively measure brain function. The tempo-
ral resolution of EEG is superior to that of FMRI, and it is generally believed that
the spatial resolution of FMRI is superior to that of the EEG. The combination of
these two modalities in neuroimaging studies is therefore important, as it may pro-
vide complimentary information regarding brain function. Although EEG and FMRI
are sensitive to very different physiological phenomena (synaptic and hemodynamic
events, respectively) the exact relationship between the sources of EEG and FMRI
remains unknown. This raises an important question: is EEG blind to events de-
tected by FMRI or vice-versa? It is anticipated that a better understanding of this
relationship will lend additional insight into brain function.

The focus of this thesis is to study the relationship between the sources of EEG and
FMRI. This was done by making two sets of visual evoked potential (VEP) and FMRI
measurements on healthy participants, and one set of VEP/FMRI measurements on
patients with uni-lateral glaucoma. The results from the first set of VEP/FMRI
measurements show that the location of the N75 VEP source is near the positive
FMRI response (+BOLD), while the P100 source is near the negative FMRI response
(-BOLD). In the second set of VEP measurements, we show that the location of the
N75 and +BOLD source are more sensitive to changes in stimulus position than the
P100 and -BOLD source. In the final set of measurements, the results show that
both VEP & FMRI are sensitive to visual field impairment brought on by glaucoma.
It is also shown that the N75 component of the VEP and the +BOLD response
of FMRI are the best markers for identifying the effects of glaucoma in the visual
cortex. Taken together, the results from this thesis show that there exists a strong

relationship between the sources that elicit the VEP and FMRI responses.
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Chapter 1

Introduction

Since its discovery in the early 1990’s, Functional Magnetic Resonance Imaging (FMRI)
has dramatically changed the way in which the human brain is studied. Its non-
invasive nature has made it possible to localize centers of brain function without the
need of surgery. FMRI has therefore become one of the more frequently used func-
tional neuroimaging tools, leaving behind other modalities such as Positron Emission
Tomography (PET) and Electroencephalography (EEG). However, there remain lim-
itations to FMRI that reduce its role as a routine clinical tool. The temporal resolu-
tion of FMRI is low compared to that of the EEG, and therefore makes it difficult for
FMRI to capture fast transient neural activity (such as interictal spikes associated
with Epilepsy). It is reasonable to assume that with increasing technical advances,
the temporal resolution of FMRI may improve and perhaps become comparable to
EEG. However, there are several questions regarding FMRI that still remain elusive.
One fundamental question is: What precisely does the FMRI signal reflect? Even
with the recent surge in integrative EEG/FMRI studies, the manner in which the
sources detected by these two modalities are related remains unknown. Moreover,
it may be possible that activity measured by one modality is not detectable by the
other. The purpose of this work is to address the sensitivity of these two modalities
to brain activity, and to show that both FMRI and EEG are needed to accurately
study brain dynamics.

This thesis begins by comparing the locations of the N75 and P100 VEP compo-
nents with the locations of the peak positive and negative FMRI responses. From
there, we study how these VEP and FMRI sources respond under different visual
stimulus conditions. We then implement VEP and FMRI measurements in a clinical
setting by observing whether or not these modalities are sensitive to visual impair-

ment in four patients with uni-lateral glaucoma.



Chapter 2

Theory

2.1 Imntroduction

Electroencephalography (EEG) and Functional Magnetic Resonance Imaging (FMRI)
are two commonly used methods for indirectly studying neural activity in the brain.
These modalities are sensitive to different physiological processes, and the exact na-
ture of how their calculated sources of activity are related remains unknown. In
order to fully explore this so-called neurovascular relationship, it is necessary to re-
view the general mechanisms from which these two signals originate. An overview of
the literature devoted to the relationship between neural and hemodynamic activity

is presented at the end of the chapter.

2.2 Origin of electrical activity in the human brain

The human brain contains about 10'° nerve cells or neurons that are interconnected
by numerous nerve fibers that form an extremely complicated network. Each neuron
consists of a cell body (soma), many small extensions of the soma (dendrites), and
a long nerve fiber (axon). The axon makes contacts with neighboring nerve cells via
specialized junctions called synapses.

Like any other biological cell, the soma is surrounded by a membrane, which is se-
lectively permeable for ions. When the cell is at rest, the concentration of potassium
(K™") and sodium (Na*) ions is different inside the cell from that of the outside. This
unequal distribution of charge results in an approximate -70 mV potential difference
between the inside and outside of the cell. This is referred to as the resting poten-
tial. If the resting potential is reduced beyond a certain threshold, the voltage-gated
ion channels will open, allowing the membrane to become permeable to Nat. The
influx of Na™ ions will result in a sudden change in membrane potential, otherwise

known as the action potential (or spike). The action potential is conducted down the
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presynaptic cell’s axon to the axon’s terminals, where the action potential initiates
communication with the postsynaptic cell at the synaptic junction (fig 2.1). This
communication is achieved by the release of neurotransmitters to the ligand-gated
channels of the postsynaptic neuron. This once again changes the permeability for
certain ions, resulting in a change in the postsynaptic membrane potential (PSP).
Whether this potential will add to or subtract from the existing postsynaptic mem-
brane potential depends on the nature of the synapse. In the excitatory synapse, an
input action potential propagating down an axon branch of the presynaptic cell will
induce a small depolarization across the membrane of the postsynaptic cell. In the
inhibitory synapse, the action potential induces a postsynaptic membrane hyperpolar-
ization. If, as a result of the cumulative addition of synaptic activity, the cell becomes
sufficiently depolarized, it will generate it’s own action potential. The elicited action

potential will travel along the postsynaptic axon until it reaches a nearby synapse,

where neural transmission is once again attempted.

Dendrite

Nucleus

Synapse junction

Presynaptic terminal

<4— Postsynaptic Cells —b'{- Presynaptic Cell —»

Figure 2.1: As an action potential from the presynaptic cell reaches a synapse junction
in the postsynaptic cells, it provokes the release of neurotransmitters which cause
ion channels in the postsynaptic membrane to open. The degree with which the

postsynaptic potential is altered depends on the nature of the synapse (see text for
details).
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Postsynaptic depolarizations and hyperpolarizations, while of smaller magnitude,
are much longer lasting (10-200 ms) than the propagating action potentials (1-2 ms)
[1]. The longer lasting postsynaptic currents produce net effects if a large number of
dendrites are arranged in a parallel fashion such as, e.g., the pyramidal cells of the
cortex. In fact, approximately 75-85% of the neurons in the cortex are pyramidal
cells, characterized by a broad base at the bottom, and an apex that points upwards
to the cortical surface. The neurotransmitter of pyramidal neurons is glutamate,
which is excitatory. Non-pyramidal neurons in the cortex are referred to collectively
as interneurons. Most of these interneurons (smooth stellate, basket cells, chandelier
cells and double bouquet cells) use the inhibitory neurotransmitter gamma-amino
butyric acid (GABA).

Since it is not very likely for action potentials to occur synchronously in large
numbers as PSPs, it has been suggested that action potentials contribute little to the
extracranial magnetic fields or surface potentials recorded at the scalp [2, 3]. Instead,
studies correlating surface potentials and intracellular potentials in cortical neurons
have shown a direct relationship of PSPs and EEG [4]. Other studies have confirmed
this, and it is generally believed that the potentials measured at the scalp via the
EEG are mainly attributed to extracellular currents from summed PSPs [5, 6, 7, 2, 8].

The source of the PSP can be modelled as a current dipole [9, 10]. Dipole gen-
erators do not only impress a current at the source location, but also cause currents
to flow through the surrounding tissue, so-called volume currents. Consequently,
the currents can be separated into two components, the primary current term j?(r),
representing the impressed neural activity from microscopic cellular events, and a
secondary volume-current term j¥(r) representing the macroscopic events. Assuming
an infinite and homogeneous volume conductor, the total current density J(r) is given

by
J(r)=g7(r) + 7°(r) = j°(r) + o E(r) = j°(r) — c AD (2.1)

where E(r) is the electric field, o is the conductivity and & is the electric potential.
The PSP from one activated neuron does not render a measurable electric potential
or magnetic field at the surface of the scalp. However, the postsynaptic volume
currents of a large number (~ 1 million) of active synapses will generate a measurable

potential at the scalp [11]. This region of synaptic activation usually covers a small



area (~ 1 mm) and is excited almost synchronously [8].

2.2.1 Solving the bioelectric inverse problem

Dipole models, which are frequently used in attempts to solve the bioelectric inverse
problem (see [12] for a detailed review of factors affecting the accuracy of the inverse
solution), require explicit a priori assumptions about the cerebral current sources.
That is, a single dipole model is only applicable when one assumes that only a small
portion of the cortex is activated so that a single, point-like source can describe it.
In cases where the number of active cortical areas are small (such as in a motor task
or in the analysis of epileptic spikes), the single dipole approach has been shown
to be an accurate representation of cortical activity [13, 14]. If this assumption is
uncertain, there is no guarantee of the reliability of the solution. For example, it
has been shown that a single dipole analysis of binaural auditory evoked potential
(AEP) data can converge on a solution which is found in the middle of the brain,
which is physiologically incorrect [15]. It has therefore been suggested that incorrectly
identifying the number of active sources is perhaps the most serious of all dangers
with the single dipole model [16].

In view of the intrinsic problem that it is often difficult to determine the exact
number of dipole sources a priori, methods that do not need this a priori assumption
have received increased attention. These methods are generally referred to as distrib-
uted source models, and they do not require a-priori knowledge regarding the number
of active sources. Several approaches can be used such as Minimum norm (MN) [17],
Laplacian weighted minimum norm (LORETA) [15] and Local autoregressive average
(LAURA) [18]. Distributed models are advantageous for the localization of poorly

known activity distributions [16].

2.3 Visual Evoked Potentials

Generally, EEG signals are analyzed by identifying their different frequency com-
ponents, or rhythms. The alpha rhythm for example is one of the most prominent
normal brain rhythms in humans. It is defined by its frequency range of 8 to 13 Hz.
Gamuma activity on the other hand is defined as a much faster rhythm (40 Hz). While

the analysis of brain rhythms make it possible for clinicians to observe the rate of
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brain activity in different conditions (i.e. eyes opened vs. eyes closed), it is difficult
to monitor the brain’s response to a particular stimulus from these recordings. This
is because the neuroelectric signal changes associated with the presentation of stimuli
are not readily apparent in the ongoing scalp EEG. Instead, it is more favourable
to extract signal changes in the EEG that are time-locked to the presentation of a
stimulus, or, event related potentials (ERPs). Examples of such stimuli, or ‘events’
may be a series of sensory stimuli (such as a visual flash or an auditory sound) or
mental events (such as recognition of a specified target stimulus). The brain’s re-
sponse to these stimuli are extracted from the EEG by recording temporal windows,
or ‘epochs’ of EEG activity that is time-locked to the presentation of each stimuli. All
epochs from the same stimuli are averaged together, creating a single epoch reflecting
the brain’s response to that particular stimulus. The spontaneous background EEG
fluctuations, which are random relative to when the stimuli occurred, are therefore
averaged out, resulting in a signal with a relatively high signal-to-noise ratio (SNR).
The ERP thus reflects, with high temporal resolution, the patterns of neuronal ac-

tivity evoked by a stimulus.

Visual evoked potentials (VEPs) are ERPs in response to visual stimuli. Two
general classes of visual stimuli are typically used: flashes and patterns. Pattern
stimulation is generally obtained using a checkerboard pattern of black and white
squares that periodically contrast-reverse without a change in the overall luminance.
Several factors affect the pattern-reversal VEP such as gender [19], rate of reversal
[20], check size [21], luminance [22] and check contrast [23]. A pattern-reversal rate of
1 to 2 Hz is useful for recording the transient VEP, while reversal rates greater than
10Hz are useful for eliciting steady-state signals that are most appropriately analyzed
in the frequency domain. The transient VEP evoked by pattern stimulus typically
has three components: a ncgative going deflection at 75ms (N75), a positive going

deflection at 100ms (P100) and a negative going component at around 150ms (N150).

It is generally believed that the N75 generator is located in the primary visual
cortex, or V1 (the neuroanatomy of the visual cortex is described in more detail in
chapter 3) [24, 25, 26]. The location of the P100 generator remains debatable. Several
VEP reports have indicated that the P100 generator is located in area V1 [25, 26,
but other VEP studies have argued that it may also originate in area V2/V3 [27],
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V3/V4 [28] and V5 [29]. Invasive studies using subdural electrodes by Noachtar et al.
[30] reported that the P100 is most probably generated by a dipole source localized in
close proximity of the calcarine fissure. The study by Bonmasser et al. [31] localized
the N75 and P100 within close proximity of one another using an inverse solution
whose solution space spanned a 10mm? grid (each grid point served as a test site for
a possible dipole solution). It is possible the spatial resolution of this dipole solution
is unable to account for the relatively small distance that may exist between the N75
and P100 sources. Bonmasser et al. [31] also reported a low VEP SNR, which can
affect the accuracy of the inverse solution. Lastly, this study used a 32 electrode
montage, which may not be sufficient in sampling the potential distribution, and thus
lead to dipole localization errors [32, 33]. Invasive recordings in humans have shown
that the N75 and P100 have distinct physiological structures [34]: the N75 is driven
by EPSP and the P100 is driven by IPSP [35]. An excellent review of VEPs can be
found in [36].

2.4 Functional Magnetic Resonance Imaging (FMRI)

Although a thorough explanation of the events that shape the FMRI signal is beyond
the scope of this thesis, the fundamental basics of the FMRI signal can be sufficiently
described without an in-depth analysis of biological systems/events. Generally, the
basic principles of the FMRI signal can be explained by directly examining the fun-

damental properties of the nuclear magnetic resonance phenomena (NMR).

2.4.1 Semi-classical Description of Nuclear Magnetic Resonance

To maintain consistency, the term NMR will be used instead of MRI throughout this
section since this chapter will focus on the physical phenomena of NMR. The theory
of NMR begins with a quantum analysis of the magnetic dipole moments of the nuclei
within atoms. The Hydrogen atom (*H) for example, contains a positively charged
nucleus (made up of one proton, p*) with a single orbiting electron, e~. Aside from
their orbital motion, electrons posses their own intrinsic angular momentum (or spin)

S, which is characterized by the spin quantum number I. The magnitude of the spin



angular momentum is given by

S| = /I(I+1) R (2.2)

where h is Planks constant divided by 27. Protons in the nucleus also have this
property. In fact it is the net spin of the nuclei that is of interest in NMR studies.
As far as medical applications are concerned, the 'H proton is the nucleus of most
interest because of both its high natural abundance and large concentration in human

tissue (table 2.1).

Table 2.1: Nuclear Spin Quantum number of biologic nuclei (natural abundance values
are given in percentages of an element occurring on earth in its specified isotopic form)

Nucleus Spin Quantum number / Natural Abundance (% )

("H) 1/2 99.9
(*C) 1/2 1.1
(23Na) 3/2 100.0
(3C1) 3/2 75.4

A particles spin S results in a tiny magnetic moment p,, and is given by
s = 'YS (23)

where -« is the gyromagnetic ratio. This proportionality constant is a property of the
particular nucleus and has a value of 42.58 MHz /T for protons. The energy associated

with the magnetic moment p, in a magnetic field By is
E=—us- By (2.4)

In the classical description, the magnetic moment can assume any orientation
with respect to the direction of the applied magnetic field. Quantum mechanics on
the other hand dictates that the projection of u, is limited to a finite set of values m.

A general expression for the permitted values of S is
S =mh (2.5)

where

m=IT—-1,T-2..,~I+1—I (2.6)
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In general, a nucleus with spin quantum number I can have 21 + 1 energy levels (one
for each value of m ). In the case of the proton, which has been found experimentally
to have I = %, there will only be two allowed states identified by m = i%. The

energies associated with these two states are given by
E = —m~hB, (2.7)

Thus, the energy of the 'H nuclei will consist of two levels (E, _ 1, E

=—3 m

- ). If we
assume the field is applied in the 4z direction (Bjy, ), then these distinct energy levels
may be thought of as representing the two possible orientations the magnetic moment
s can take on in the static magnetic field By,. This is referred to as Zeeman splitting,

and is shown in figure 2.2. In NMR, we are primarily concerned with the net magnetic

E m=-1/2

[}
i AE = YhB,, sz
:
1

Figure 2.2: In the lower energy state (m = +%), the magnetic moment is aligned
parallel to the applied field. In the higher state (m = —3), the magnetic moment is
aligned anti-parallel to the applied field. Quantum mechanics dictates the 'H nucleus
is limited to the parallel or anti-parallel state in the presence of a magnetic field.

moment of a large number of nuclei. In normal conditions, the net magnetization is
effectively zcro since all nuclei are directed in a random fashion. In the presence of
a magnetic field, the nuclei will orient themselves either parallel or anti-parallel to
the applied field. The ratio of the population of the two states (m = =£3) can be
calculated from Boltzmann statistics. Consider a sample with N number of nuclei in
a static field. The ratio of nuclei N in each state is
N(m = +3) —AE
Nim=-1) =~ “PgT

(2.8)
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where AFE = YhBy is the energy difference between the two allowed states, K is
Boltzmans constant and T is temperature in degrees Kelvin. At room temperature,
it can be shown that at in a 1.5 T field, there are only approximately 10 extra protons
per million in the lower parallel energy state than there are in the higher antiparrallel
energy state. At first glance, this may seem quite small for NMR detection, however,
given Avogadro’s number (6.023 x 10?%), it can be shown that in one gram of water,
there are approximately 6.688 x 10'7 excess spins in the parallel state. It is this
excess that serves as the net magnetization and is what is measured in NMR. Since
the net magnetization increases as the population difference between the energy levels
increases, the NMR signal will strengthen with increasing field strength [37].

Aside from the two distinct orientations the 'H nucleus spin can take on in an

applied magnetic field, its magnetic moment will also experience a torque
T=ps XB (2.9)

A classical treatment shows that the time rate of change of angular momentum %
is equal to the torque. Hence, from eq.2.9 and eq.2.3, it is found that the magnetic
moment in a magnetic field will experience a time rate of change of angular momentum
given by
dpes
dt

= v(us X B) (2.10)

The resulting motion is a precession of u, about the magnetic field B (figurc 2.3).
The angular frequency of this precession can be found by examining the difference in

energy between lower and higher states.
AE = vhBy = hv wherev = 2130 (2.11)
T

Expressing this frequency v in angular terms give what is known as the Larmor

frequency, which is the single most fundamental expression in NMR (eqn. 2.12).
Wy — "/BO (212)

In a 1.5T field for example, a proton will precess at a rate of 63.9 MHz.
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Figure 2.3: Clockwisc precession of a proton’s spin about an applied magnetic field
B

2.5 Measuring the FMRI signal

2.5.1 Image contrast

In humans, the MR-sensitive hydrogen atom, as a constituent of the water molecule

H,0, can virtually be found in every form of tissue (table 2.2). This varying range of

Table 2.2: Water content of tissue in the human body

Tissue Water content(% ) Fat content (% )
Brain-gray matter 84-86 5.3
Brain-white matter 68-77 18

CSF 99 -

Fat - 99

water concentration within the brain allows NMR to use the 'H proton as a contrast
agent for different tissues. Another form of image contrast lies in the exploitation of

the relaxation time differences between tissue types.

2.5.2 T1 weighted contrast

Following the application of a static field By, a second field B; can be applied to

displace the magnetic moment of the nuclei. If B; is set to the same frequency with
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which the nuclei are precessing (eq. 2.12), an efficient transfer of energy will occur
and the net nuclear magnetic moment will flip into the direction of B;. In a 1.5T
field, the frequency required by the excitation pulse Bj is usually in the MHz range,
and therefore usually referred to as a radio frequency (RF) pulse. The flip angle is
directly proportional to the applied field B;

Af = Bt (2.13)

where Af is the change in the net magnetic moment angle over ¢ seconds. For example,
the strength of B; required for a 90° flip angle over 1 ms is 5.9 p7T". For similar imaging
experiments using electrons instead of protons, a B; field in the microwave spectrum
is required, which would deposit too much energy, and thus can not used for human
studies. Upon termination of the RF pulse (but with the static field By still active),
the nuclei will begin to relax back to their original equilibrium position M, (figure
2.4).

The manner in which this restoration of equilibrium manifests itself is called T1

relaxation

M, = My(1 — e~(71)) (2.14)

where M, is the magnitude of the magnetization vector at time ¢. Upon investigation
of eqn. 2.14, one can see that it takes approximately ¢ = 57'1 for the magnetization
vector to restore 99% of its original position. The spin’s return to equilibrium is
characterized by the T1 relaxation parameter. That is, upon termination of the
RF pulse, the spins will dissipate their newly acquired energy throughout their local
environment, or lattice. T1 relaxation is therefore often referred to as spin-lattice
relaxation. There are some factors that can alter this relaxation process. As molecules
tumble and move around throughout the lattice (due to thermal vibrations), their
local magnetic environment is always changing. If these fluctuating fields are in close
proximity of the spin of interest, a transfer of energy between the molecule and nuclei
of interest can occur. The probability of such energetic transfers happening depends
on the correlation time. The correlation time 7., is the time it takes a molecule to
rotate by 1 rad. If Tlc, the frequency of the rotation, is close to the Larmor frequency
wp of the nucleus of interest, then the probability of a energetic transition is increased

[38]. Hence, a favorable energetic pathway is created, leading to a faster return to the
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Figure 2.4: (a) In a static field, the magnetization vector is M, = M. (b) At t =0,
an RF pulse is applied. The maguetization vector is tipped in the direction of Bj
(M, =0). (c) After some time following the RF pulse (¢ ~ 5T1), the magnetization
vector returns to its original equilibrium position.
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equilibrium state. The correlation time of a molecule depends on its size - mid-sized
molecules such as fat move slowly, while small molecules such as water vibrate quickly.
For example, the correlation time of a water molecule is 7. ~ 1071%s [38]. Therefore,
since T% >> wp, there is a poor efficiency at stimulating transitions, resulting in a
long T1. The motional frequency of fat molecules are very close to that of the Larmor
frequency for the 'H nuclei, which results in an efficient transfer of energy and a faster

restoration of equilibrium (i.e. short T1, (table 2.3)). This variation of T1 across the

Table 2.3: T1 tissue constants at 1.5T

Tissue T1(ms)
Fat 259
Brain-white matter 786
Brain-gray matter 921
CSF 3000

brain assists in creating excellent contrast between tissue such as fat and cerebral
spinal fluid (CSF, fig. 2.5).

Figure 2.5: In T1 weighed images, regions of significant fat content (white matter)
appear bright, while regions of low fat content (CSF) appear dark.
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2.5.3 T2 weighted contrast

The preceding section dealt with interactions between the system of nuclear spins
and its lattice. In addition, each individual precessing spin interacts with neighboring
spins through their respective magnetic fields. The total magnctic field at any single
nucleus consists not only of the applied field By, but also the resultant local fields
produced by neighboring magnetic dipoles. This is referred to as spin-spin interaction.
The additional field ‘felt’ by a local spin will vary depending on its position in the
lattice. At a distance of 1 angstrom, the field is approximately 1 gauss. According to
the Larmor relation (eq. 2.12), this will lead to a spread of values of the precession
frequency at different nuclei throughout the sample. Following an RF pulse, the
magnetization vector among different nuclei in a sample will become out of phase with
one another (figure 2.6). The rate of the M,, decay is referred to as T2 relaxation.

It can be expressed as:

My = My(e™ (7)) (2.15)

where My, is the net magnetization in the transverse plane. In most cases, spin-spin

relaxation occurs faster than spin-lattice relaxation (72 < T'1, table 2.4).

Table 2.4: T2 tissue constants at 1.5 T

Tissue T2(ms)
Fat 85
Brain-white matter 90
Brain-gray matter 100
CSF 1400

2.5.4 T2* weighted contrast

Perhaps of more significance to FMRI is T2* relaxation. Consider a group of nuclei
in a sample where a static field B = By is applied. Assuming an ideal system, all
nuclei will rotate at the same Larmor frequency w = wy. In addition to the applied

field, a linear field gradient G, is applied along the z axis, such that

B(z) = By + G, (2.16)
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+Z

Figure 2.6: (Top) At time ¢ = 0 after a RF pulse, all spins are in phase. (Middle)
Soon after, random field fluctuations cause some spins to lag behind or ahead of the
resonant frequency wy. (Bottom) Eventually, the majority of phase coherence among
nuclei is lost, resulting in a zero net magnetization in the transverse plane.
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The nuclei will thus precess at a different rates depending on their position within

the sample (fig. 2.7). In general, this spread of Larmor frequencies across the sample

Figure 2.7: Larmor frequency as a function of linear field gradient G,. Field strength
is minimal at z = 0 (clear region), and maximal at # = x (shaded region). The
Larmor frequency is thus w,,, w,, and w,, at points x;, x2 and x3, respectively.

will be
w(z) = vB(z) = v(Bo + Go) (2.17)

This field variation will also result in the nuclei losing phase coherence with one an-
other, and lead to an additional decay rate termed T2*. T2* relaxation is considered
to be a secondary form of T2 relaxation. As discussed previously, the T2 relaxation
time depends primarily on spin-spin interactions, which are random and therefore
non-reversible: we have no control over them. T2* depends on both spin-spin in-
teractions and the homogeneity of the external magnetic field, which can in part be
controlled externally. For example, T2* processes can be refocused using a 180° RF

pulse, while T2 processes cannot. T2* can be written as
1/T2" =1/T2 + yrABy (2.18)

where ABy is the magnetic field variation across the sample (or voxel). Thus, if the

field variations across the voxel approaches zero, the value of T2* approaches T2. We

can express the R2* (R2* = T12) process as the sum of these effects:

R2?* = R2+ R2' (2.19)
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where R2 reflects the T2 decay rate and R2' is the secondary dephasing term due to
field inhomogeneity effects. There are several sources of R2' that can affect the R2*
decay rate. First, the magnet may not be completely uniform due to imperfections
in the windings of the superconducting coils. This effect is usually minimal due to
routine maintenance and shimming. For FMRI studies, a more pertinent source of

the R2* decay rate is due to the magnetic properties of blood.

2.5.5 Spatial encoding of the MR signal

Just as the images we view in MR are two-dimensional arrays or matrices of intensities,
the coil voltages collected from the scanner are stored in two-dimensional arrays, or
k-space (k; and k, in 2D):

ko (t) = 2myGyt (2.20)
ky(t) = 279Gt (2.21)

The application of a G, gradient for a time ¢ moves the k-space coordinate along
the k, direction by an amount 27vG,t. If no gradients are applied, then the k-space
coordinate remains stationary. An example of how k-space is filled in a routinely used
high-resolution anatomical scan (such as a Spoiled Grass (SPGR) sequence) is shown
in figure 2.8. Only when all the lines of k-space have been sampled can an image be
reconstructed. So, for an N x N image, NG, steps must be performed, resulting in a
total image time of NTR seconds. For high-resolution images, N is usually 256 and
TR is typically between 10-50ms, resulting in an imaging time of 2.6-13.0 seconds per
slice. As it will be shown in the next section, functional imaging generally requires
that an entire brain volume is acquired within 2-5 seconds. This can be achieved
by using fast echo-planar imaging (EPI) pulse sequences (figure 2.9). In EPI each
line of k-space is acquired by using short ‘blips’ of the G, gradient to bump the k-
space coordinate up a line, followed by a positive or negative GG, gradient to drive the
trajectory forewords or backwards along £, until all the points in k-space have been
collected. In EPI, the entire brain volume is acquired following a single RF excitation
pulse (Bj). Since the MR signal is decaying with T2 (and T2*), there generally are
only a certain number of k-space lines that can be acquired before the signal vanishes.

This means that only a limited image resolution is possible. Typically, a 64 x 64 pixel
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Figure 2.8: Pulse sequences (left) and their accompanying k-space navigation (right)
for a general SPGR pulse sequence. Positive G, and G, gradients moves the k-space
coordinate in the positive k, and k, direction, respectively. (a) Initially, the k-space
coordinate moves from the origin to —k, and —k, (dashed arrow). After this, Gy is
set to zero and +G, is applied, resulting in the encoding from —k, to +k, after a
time TRy. In (b), the G gradient is reduced, thus filling a different line of k-space
after a time TRy. In (c), the G, is zero throughout (T'R) and is positive in (d).
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Figure 2.9: Pulse sequences (left) and the accompanying k-space navigation (right)
of an echo-planar imaging sequence (EPI). EPI sequences only require one excitation
pulse (B;) and use short G, gradients to bump the k-space coordinate after each
acquisition along +k,.
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image using EP1 can be acquired in about 80ms, or 2 seconds for a 24-slice full brain
volume.

The coordinates of k-space are referred to as spatial frequencies. Spatial frequency
describes the rate at which image features change as a function of position. The MR
image signals from a large, fairly uniform object essentially do not change over a
long range of spatial positions. Such objects are said to produce an abundance of
low-spatial-frequency signals. However, when the edge of the object is encountered,
image signal changes rapidly as a function of position. Edges are represented by high
spatial frequencies. Low amplitude and/or short-duration gradient events encode
low-spatial-frequency information; these data are mapped to the center of k-space.
Conversely, high-amplitude and /or long-duration gradient events encode high-spatial-
frequency information; this information is mapped to the periphery of k-space. In
fact, most image information, including contrast and general shape, is contained
in the low-spatial-frequency data mapped to the center of k-space. Spiral imaging
sequences take advantage of this by heavily sampling the center of k-space relative to
the periphery. Spiral trajectories typically either start or end at the origin of k-space
and trace out a spiral path as shown in figure 2.10. This early sampling of the center

of k-space minimizes several significant artifacts such as those due to flow and motion

[39].

2.6 BOLD contrast

The fundamental factor giving rise to the FMRI signal has to do with the intrin-
sic properties of the two main constituents of human blood; Hemoglobin (Hb) and
De-oxyhemoglobin (dHb.) Hemoglobin, the predominant macromolecule in blood, is
the main carrier of oxygen throughout the body. It consists of two pairs of polypep-
tide chains, each of which is attached to a heme group, which is a complex form
of iron and protoporphyrin. It has been shown by magnetic measurements that the
deoxyhemoglobin molecule consists of four unpaired electrons per heme. Molecules
with unpaired electrons have relatively large magnetic moments, and are referred to
as being paramagnetic. FExperimental studies have found the magnetic moment of
deoxyhemoglobin to be approximately 5.46 Bohr magnetons per heme [40, 41]. Oxy-

hemoglobin on the other hand, does not contain any unpaired electrons (diamagnetic)
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Figure 2.10: Pulse sequence (left) and the accompanying k-space navigation (right)
of a spiral imaging sequence. In spiral sequences, the gradients are changed in a
sinusoidal fashion, thus putting less strain on the MR hardware compared to the
quickly changing gradients in the rectilinear sequence shown in figure 2.9. Spiral
trajectories heavily sample the center of k-space where the low-spatial frequency
data, encoding general shape and contrast, is mapped.
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and has no significant net magnetic moment. An NMR sample rich in oxyhemoglobin
in the presence of an external field will experience a field at the nucleus different than a
sample rich in deoxyhemoglobin. This is characterized by the sample’s magnetization

M in response to a magnetic field H
M =xn.H (2.22)

where

H= (2.23)

B
m
and p is the permeability of the material. The magnetic susceptibility x., is a dimen-
sionless quantity that varies from one substance to another - positive for paramagnets
and negative for diamagnets. That is, the applied magnetic field is opposed in dia-
magnets, but is reinforced in paramagnetic materials. M in part, determines the
effective magnetic field at a nucleus. Therefore, even in a perfectly uniform static
magnetic field, nuclei in regions with different magnetic susceptibilities will react
differently. The human head for example consists of regions with greatly varying
magnetic susceptibility. This variation is particularly steep at the boundaries such as
the air/tissue interfaces. These boundaries can lead to rapid dephasing of the nuclear
spins, resulting in a rapid T2* relaxation. These magnetic susceptibility differences
are not only found at air/tissue interfaces, but also in blood. FMRI is a modality that
is sensitive to the changes in the ratio of oxyhemoglobin to deoxyhemoglobin within
a sample. The paramagnetic deoxyhemoglobin molecule can distort a local magnetic
field on a microscopic scale causing neighboring spins within this region to experience
different Larmor frequencies. The variation in precessional frequencies among the
excited nuclei results in a loss of phase coherence which results in shortening of the
T2* relaxation parameter. Generally, a short relaxation parameter results in quick
signal decay, resulting in a smaller detected NMR signal. The differences in relaxation
times can be used to identify regions with high and low oxy-deoxyhemoglobin concen-
trations. The imaging of these differences is often referred to as blood-oxygenation

level-dependent (BOLD) imaging [42, 43, 44].
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2.6.1 Metabolic demands of neural activity

The amounts of oxy-deoxy hemoglobin throughout the brain are dependant on its
energetic demands. The activation of neurons through establishment of PSPs and
action potentials all require energy. Since the bulk of this activity occurs in the
cortical layers, the gray matter consumes approximately 4 times more energy than
the white matter. Energy is supplied in the form of adenosine tri-phosphate (ATP)
generated in the mitochondria within cells. Under normal conditions, the formation
of ATP requires glucose and oxygen for metabolism. The results of a large number of
experiments have in fact revealed a clear relationship between local brain activation
and glucose consumption [45, 46] and oxygen uptake [47]. Shulman et al. showed
a linear relationship between brain metabolism and glutamate cycling [48]. The
relationship between the change in blood flow and the change in ATP generation
on the other hand appears to be highly variable, with some studies reporting a 1:1
ratio [49] and others reporting a 20:1 ratio [50]. Interestingly, the increased blood
flow to activated brain regions supply an amount of oxygen that exceeds the amount
necessary for local consumption [51, 52]. This increased supply of fresh blood leads
to an increase in the % concentration. This change in concentration results in a
change in the local magnetic properties of the surrounding tissue, thus locally altering
the image intensity on the MR image (figure 2.11). It has been since shown that the
BOLD contrast depends not only on blood oxygenation but also on cerebral blood
flow and volume [53, 54, 55|. The BOLD signal can be elicited with the onset of
various external stimuli (visual, somatosensory etc.). The onset of a stimulus-induced
hemodynamic response is typically delayed by approximately 2 seconds [44], reaches
a plateau after 6-12 seconds and returns to baseline after a prolonged post-stimulus
undershoot [56, 57, 58]. The main drawback of BOLD-based neuroimaging is its

temporal resolution (the temporal resolution of EEG is on the order of ms).

2.6.2 Neural basis of +BOLD and -BOLD

Generally speaking, the areas of the brain showing significant BOLD effects can be
found by comparing the signal in a voxel to a model of the stimulus profile. In its
most simplistic form, this model takes the shape of a square wave consisting of ‘on’

and ‘off’ periods. Areas of the brain that correlate with this model can be referred to
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as +BOLD; the measured signal goes above baseline during the stimulus period, and
returns to baseline during the rest period. However, it has also been shown that some
areas of the brain will do the opposite; the signal will peak below baseline during
stimulation. This can be referred to as -BOLD. Studies have indicated that the
+BOLD response is largely due to excitatory synaptic activity [59, 60, 61]. Initial
studies argued that the -BOLD response was be due to ‘vascular stealing’. This
theory suggests the elevation of blood flow at the activated location causes reductions
in blood supply in nearby areas sharing the same blood vasculature, suggesting that
negative hemodynamic changes have no neural correlate [62, 63]. More recent studies
have provided evidence against this hypothesis [64], suggesting it is mostly due to

neuronal inhibition [65, 66].

2.6.3 Effects of venous blood flow on BOLD contrast

Approximately 75% of the cerebral blood volume is contained in venous vessels and
only 5% in the capillary bed [67, 3]. Aside from blood oxygention, flow and volume
within intracortical veins, the MR signal from within the larger vessels is also affected
by the paramagnetic properties of deoxygenated hemoglobin. Hence venous drainage
can be a dominant component of the BOLD signal, particularly at low field strength
[68]. Consequently, the true site showing increased neuronal activity is likely to
be contaminated by the downstream effects of these draining veins. For example,
using high resolution FMRI, Lai et al. [69] found that activation induced by finger
movements precisely matched the vein in the central sulcus, rather than the gray
matter tissue of the precentral gyrus. Similiar vascular artifacts have also been shown
at field strengths up to 4 Tesla [70, 71].

One method of suppressing vasculature effects is by using a cross-correlational
analysis to determine differences in the delay of the signal between activated venous
and gray matter tissue. The delay of the response may reflect the transit time through
the vasculature, with voxels overlying draining veins having longer delays. Lee et al.
[67] reported that the signal in voxels anatomically associated with gray matter was
delayed between 4 and 8 s compared with the stimulus, whereas the signal in voxels
correlated with visible vessels was generally delayed from 8 to 14 s. This larger delay

is consistent with the longer time required for blood to reach the larger vessels. Since
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the correlation-coefficient is sensitive to temporal differences between two datasets,
the vasculature effects may be suppressed by limiting the analysis to voxels with a
relatively high correlation coefficient. Another method of suppressing this effect is to
make use of pulse sequences that are relatively insensitive to blood flow all together,

such as spiral sequences.

@ Deoxyhemoglobin
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Figure 2.11: Top: In the unstimulated condition, there is little activation of neurons;
blood flow is not increased and a rclatively large portion of the hemoglobin is in deoxy
form. Since deoxyhemoglobin is a paramagnetic substance, it creates a local field
inhomogeneity which results in rapid dephasing among nuclei. The T2* curve is thus
steep and at ¢ = 7, the ratio of the net and transverse magnetization vector ([J]MMM—}) is
relatively small. Bottom: In the stimulated condition, neurons become active; blood
flow increases and the proportion of deoxyhemoglobin within the sample decreases.
As a result, the dephasing of the nuclei is slower; the T2* curve is less steep and

%is large at ¢t = 7 (adapted from [72]).
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2.7 Neurovascular coupling

The interpretation of BOLD-based functional imaging of the brain is critically de-
pendent on understanding the relationship between observed hemodynamic responses
and the underlying neural changes. MR imaging is able to identify the magnetic
susceptibility differences between the paramagnetic deoxyhemoglobin and diamag-
netic oxyhemoglobin. That is, FMRI does not directly reflect neural activity as the
EEG does. In fact, the exact nature of the neural-hemodynamic relationship re-
mains largely unknown. A recent study by Kim et al. [73] showed that at the scale
of several mm (3-5mm?), the BOLD signal correlates linearly with the underlying
neuronal activity. However, at the level of smaller recording sites (sub-millimeter),
the correlation between the two signals varied substantially. The study suggested
that FMRI activation resulting from large voxels (as routinely used in human stud-
ies) may indeed accurately reflect the underlying neuronal activity. However, this
study did not explicitly address what constituents of total neural activation (such
as action potentials or synaptic activity) correlated better with the BOLD signal.
To address this aspect of the neuro-vascular relationship, single unit recordings can
be made if a microelectrode is placed close to the soma or axon of a neuron. The
measured extracellular field potential (EFP) will dircctly report the spiking of action
potentials of that neuron [74]. If the microelectrode is placed further away from the
spike-generating sources so that local action potentials do not dominate the measured
signal, then the measurement is referred to as the mean EFP (mEFP). The mEFP is
therefore related to both synaptic events and to spikes generated by neurons. The two
different signal types can be segregated by frequency band separation. A high-pass
filter cutoff of 300Hz is used in most recordings to obtain spiking activity, and a low-
pass filter cutoff of 300Hz is used to obtain the so-called local field potentials (LFPs).
Studies have shown that such a band separation does indeed measure different neural
events [75].

The LFPs, the low-frequency range of the mEFP signal, represent mostly slow
events reflecting synchronous activity in neural populations. Until recently, these sig-
nals were thought to represent exclusively excitatory and inhibitory synaptic events.
Evidence for this came from combined (EEG) and intracortical recordings showing

that the slow wave activity in the EEG is largely independent of neuronal spiking
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[76, 77, 78]. Later studies however provided evidence of the existence of other types
of slow activity unrelated to synaptic events, including voltage-dependent membrane

oscillations and spike afterpotentials [79)].

Studies using invasive recording techniques in animals have suggested that ar-
eas of increased blood flow found in FMRI represent neuronal populations with in-
creased synaptic input as opposed to increased axonal output [80]. This has also
been reported at the single-unit level [81, 82] as well as regionally in the visual and
somatosensory cortices [83, 84]. More specifically, a recent study based on theoretical
interpretation of the BOLD signal has suggested that the activation seen in func-
tional imaging studies probably results from excitatory synaptic activity rather than
inhibitory synaptic activity [59]. Using Transcranial Magnetic Stimulation (TMS),
Waldvogel et al. [60] reported a similar finding, stating that inhibitory synapses, be-
ing less numerous and strategically better located than excitatory synapses, may be
more efficient, and therefore less energy-consuming, than excitation. Taken together,
the majority of these results suggest that the BOLD signal is correlated to neural
activation, and that it is the changes in the LFPs that are more closely related to the
evolution of the BOLD signal than changes in the spiking activity of neurons. As
discussed before, the EEG signal is also due to synaptic events, and not spiking. In
theory, it may therefore be reasonable to assume that changes in the measured EEG

may also be observed in the measured FMRI.

2.8 Combined FMRI/EEG studies

The majority of the studies described in the previous section are based on invasive
recordings of cortical activity. While the results shed some light on the microscopic
relationship between neuron and vasculature, the relationship between macroscopic
measures of cortical neural and hemodynamic activity (as measured by EEG and

FMRI, respectively) remains unknown.

One method of estimating the spatial locations of EEG and FMRI sources is to
merge the two datasets together. Ideally, this approach would take advantage of the
varying temporal and spatial resolutions of the two modalities. The most common

approach to combine hemodynamic and electromagnetic data is to constrain EEG
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dipole solutions to the area of activity obtained by FMRI [85, 86]. This is advanta-
geous from an inverse solution vantage point as it imposes limits on possible dipole
solution sites and may also aid in better estimating the number of dipolar sources.
This approach has been used in several VEP/FMRI studies [87, 24, 29]. However,
this method strongly relies on the assumption that dipolar sources of EEG activity
are indeed located within regions exhibiting a +BOLD response. Such a finding was
reported by DiRusso et al. [24], who, through VEP and FMRI measurements, found
a better correspondence between the location of the N75 dipole and the +BOLD
compared to the correspondence of the P100 and the +BOLD location [24]. A re-
cent study by Vitacco et al ([88]) attempted this sort of data fusion by comparing
unconstrained EEG inverse solutions (using the LORETA algorithm [89]) with the
+BOLD response. They found a significant correspondence between FMRI activity
and the LORETA maps in only half of the subjects, suggesting that a correspon-
dence between EEG and FMRI cannot always be assumed. It should be noted that
all of these studies did not take into account the -BOLD response, which may be be
initially driven by the same sources of that of the EEG.



Chapter 3

Physiology of the Human Visual Cortex

3.1 Introduction

The steps leading to the formation of images in humans is a complex path begin-
ning at the eye and ending in the brain. The human eye and its relationship to
cortical activity has been studied extensively in the past and therefore has a well
established physiological basis. The research in this thesis is largely dependent on
cortical responses to visual stimulation, and therefore a brief review of the anatomy

and physiology of human vision is presented.

3.2 Visual pathway

The human eye is a slightly asymmetrical sphere with a volume of about 6.5 cc. The
very back of the eye is lined with a membrane containing photoreceptor nerve cells,
or, the retina. Figure 3.1 shows a cross-section of the human eye, as well as the
anatomical terms used in this section. The retina contains millions of light sensitive
cells, called rods and cones. The center of the retina is called the macula. The area
within the macula, the fovea, is the region of highest visual acuity and cone cell
density. Despite its small size relative to the rest of the retina, the fovea is very
important for our ability to see fine detail and color.

When light hits rods or cones, a biochemical reaction occurs, which initiates the
transmission of signals to the ganglion cells, which then in turn signal to the brain.
There are about 1.2-1.5 million retinal ganglion cells in the human retina. A re-
markable difference between foveal and peripheral retina can be seen in its increased
packing-density of ganglion cells in the cone-dominant foveal retina as compared the
rod-dominant peripheral retina. The ganglion cells are the final output of the retina.
The portion of retinal ganglion cells axons that are outside the eye form the optic

nerve.

30
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Figure 3.1: A cross-sectional view of the eye shows three different layers: The external
layer, formed by the cornea. The intermediate layer, divided into two parts: anterior
(iris) and posterior (choroid). The internal layer, or the sensory part of the eye, is
called the retina

The region of the retina from which the ganglion cell axons exit, the optic disc,
contains no photoreceptor cells and therefore is insensitive to light. The pathway
from optic disc to brain is achieved via the optic nerve. The nerve fibers from both
eyes stay intact until they reach the optic chiasm; a partial crossing of the ganglion

cell axons from both eyes.

Here, the left and right visual worlds are separated. After the chiasm, the fibers are
referred to as the optic tract. While each optic nerve carries all the visual information
from one eye, the optic tract carries a complete representation of one half of the visual
field. Therefore, if one of these tracts is damaged, vision will be lost in one side of
each eye. The optic tract wraps around the midbrain to get to the lateral geniculate
nucleus (LGN), where all the ganglion cell axons must synapse. From there, the
neurons in the LGN send their axons directly to the primary visual cortex. These are

called optic radiations (figure 3.2).
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Figure 3.2: The left and right visual field is processed in opposite cortical areas based
on the pathway of the nerve fibres leaving the retina. All of the visual information is
initially carricd via the optic nerve. The visual fields are independently segregated at
the optic chiasm, and it is this information that is directly sent to the primary visual
cortex via optic radiations (dashed arrows).
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3.3 Visual cortex

All visual information that the eye receives is processed by a part of the brain known
as the visual cortex. The visual cortex is located at the very back of the occipital
lobe. The visual cortex consists of six layers of cells (layers 1-6) between the cortical
surface (layer 1) and the underlying white matter (layer 6). These six cortical layers
introduced by Brodmann [90] have been subdivided time and time again as new

information regarding the neural networks of the visual cortex have been revealed.

Layer 1 is nearly aneuronal, composed mainly of dendritic and axonal connections
of pyramidal cells from the lower layers. Even though it contains almost no neuron
cell bodies, it is a networking layer that has a direct affect on the firing properties of
pyramidal cells in deeper layers [91]. Layers 2 & 3 contain many small and medium
sized, densely-packed pyramidal neurons, respectively. They receive output from
other cortical layers and can either connect with deeper cortical layers or send their
outputs to other cortical areas. The principle layer for inputs from the LGN is layer
4, which is so thick and specialized that it is further subdivided into into three sub-
layers: 4A, B and 4C. The input into layer 4 propagate the excitement up to layers 2
and 3, and from there either down to layers 5 and 6 or to other cortical areas. Layers
5 & 6 contain the largest pyramidal neurons, which send outputs to the brain stem,

thalamus and spinal cord.

These division of cortical layers are not specific to the visual cortex. All cortical
areas in the brain are composed of six basic layers, but different areas of cortex may
contain modifications of layers to best serve its function. It was on the basis of layer
appearance and cell types alone that Brodmann first subdivided the cortex into over
50 functionally distinct areas. The visual cortex is broken down into five functionally
distinct areas, labeled V1, V2, V3, V4, and MT. The latter is on occasion is referred
to as V5. The primary visual cortex (or V1, area 17) is often referred to as the striate

cortex. The other areas of the visual cortex are referred to as being extrastriate (figure
3.3).
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Figure 3.3: The division of neurological functioning based on anatomical regions of
the brain. (a) Lateral and (b) medial views are shown. Area 17 is the primary visual
cortex (V1). Area 18 is V2, 19 is V3. The motor cortex is in area 1-5. Taken from
[90].

3.3.1 Striate cortex

V1 (striate cortex, area 17) is one of the most extensively studied and understood
areas of the human brain. V1 lies in the fold of the calcarine fissure (figure 3.4).
Although a small part of V1 is located on the lateral surface, most of it occurs on
the medial surface of the occipital lobe. There is a point-to-point representation of
the retina onto V1. This is called the retinotopic organization of the primary visual
cortex. The fovea is represented at the posterior end of the calcarine fissure. The
fovea has an expanded representation, which occupies about half of the primary visual
cortex. This is due to the high density of ganglion cells in the retinas fovea relative to
its periphery, and is referred to as cortical scaling. The most anterior portion of V1,
on the medial surface of the occipital lobe, represents the peripheral portion of the
visual field. Objects above the line of sight arc represented on the lower half of the
calcarine sulcus. The lower visual field is represented on the upper half of the calcarine
fissure (figure 3.5 & 3.6). Cell density is also very high in V1: 250,000 neurons per
square millimeter, versus 100,000 in the rest of the cortex. In primates, area V1
plays a critical role in visual information processing, since most visual information

ultimately reaching the rest of visual cortex is first funneled through V1 [92].
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Figure 3.4: The black arrow points to a portion of the calcarine fissure in an axial
(left), sagittal (middle) and coronal MRI slice (right).

Fovea

A B

Figure 3.5: Retinotopic mapping of V1. (a) Objects viewed in the upper or lower
portions of the visual field are mapped on the lower and upper banks of the calcarine
fissure, respectively. (b) Objects viewed in the central and peripheral portions of the
visual field are mapped onto the more posterior and anterior regions of the calcarine
fissure, respectively. The visual angle is displayed below the calcarine fissurc to show
how visual eccentricity maps onto to the calcarine fissure. Taken from [93] with
permission of the author.
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Figure 3.6: Retinotopic mapping of visual cortex through FMRI measurements. The
image on the left shows how stimulus in the fovea (blue) is activated near the occip-
ital pole and extends anteriorly along the calcarine fissure with increasing stimulus
eccentricity (green). The image on the right shows the upper and lower banks of the
calcarine fissure being activated given the position of the stimulus wedge. Taken from
[94] with permission of the author.

3.3.2 Extrastriate cortex

Adjacent to V1 are the visual association cortical areas V2, V3, V4 and V5 (MT).
These areas are modulated by different effects such as motion [95], attention [96] and
working memory [97]. Injury to the extrastriate area does not necessarily disturb the
visual field, that is visual sensation remains intact, though it can impair higher forms

of visual perception, such as hue perception and visual attention [98].



Chapter 4

Spatial Relationship of ERP and FMRI Sources-1

4.1 Abstract

The integration of EEG and FMRI can provide considerable insight in brain function-
ality. However, the direct relationship between neural and hemodynamic activity is
still poorly understood. Of particular interest is the sensitivity of FMRI to different
event related potential (ERP) components. In the current study, we localize sources
generated by a checkerboard stimulus presented to eight subjects using both EEG
and FMRI. The location of the sources of the visual evoked potential (VEP) are esti-
mated at each VEP time point and compared to the location of peak FMRI activity.
In the majority of participants, we found a direct correspondence between the N75
source location and positive BOLD activation (4+-BOLD), and a direct correspon-
dence between the P100 and negative BOLD activation (-BOLD). These findings
suggest that both the positive and negative FMRI response need to be considered
when comparing FMRI to the different VEP components.

4.2 Introduction

Two commonly used modalities for the non-invasive study of human brain function
are the electroencephalogram (EEG) and Functional Magnetic Resonance Imaging
(FMRI). The EEG is sensitive to neural activity in the brain, and can measure changes
in electric potential at the surface of the scalp with a time resolution of milliseconds.
In order to estimate the source location of event related potentials (ERP), one must
solve the so-called inverse problem. However, only by introducing assumptions about
the sources and volume conductor can accurate solutions to the inverse problem be
attained. An example of such constraint is to limit the spatial extent of the solutions
to a particular region of the volume conductor, the brain. The simplest way to model

the human head is by using a spherical model. Although commonly used, the spherical
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model can lead to source localization errors as its geometry is a poor representation
of actual head geometry [99, 100, 101, 102, 103]. For a more accurate approximation,
a realistically shaped head model can be constructed via MRI [104, 105]. Lastly, to
obtain realistic results, the solution space is often constrained to broad regions where

neurophysiologic activity is expected or areas where FMRI activation is detected [87].

The most commonly used method to image brain function using magnetic reso-
nance imaging (MRI) is by using the Blood-Oxygenation-Level-Dependence (BOLD)
contrast [42]. Here, signals are acquired based on the magnetic susceptibility differ-
ences in the brain caused by the change in oxy and deoxy hemoglobin. Such changes

generally occur with a time resolution of seconds.

Several studies have probed the neuro-vascular relationship using similar experi-
mental tasks across subjects undergoing sequential or simultaneous EEG/FMRI mea-
surements. Correspondence of EEG-FMRI sources has been reported in auditory
[106, 107, 108], visual [24, 109, 87], somatosensory [110] and visual language tasks
[88]. Despite the large number of these studies, many questions remain about the na-
ture of the sources responsible for specific ERP components and FMRI activation. It
is possible that the straight forward localization of a particular ERP component may
correspond well to an active FMRI site, while others may not. A recent study inves-
tigating language processing by Vitacco et al. [88], studying the +BOLD response
only, reported a direct correspondence of ERP-FMRI sources in only half of the sub-
jects, concluding that ERP and FMRI source correspondence cannot be assumed in

all cases.

In this study, we employ a pattern reversal stimulus that elicits robust ERP sig-
nals with a high signal to noise ratio (SNR). This is doubly advantageous since the
inverse problem has been shown to be sensitive to signal quality[111, 112]. It has
been suggested that the first thrce major visual evoked potential (VEP) components
(N75, P100 & N150) are not only localized in different areas of the visual cortex
[113, 24, 29], but are also physiologically distinct [113, 114, 25, 115]. We report
the correspondence between the location of specific VEP components with positive
and negative FMRI responses in order to further evaluate the relationship between

neurological and vascular sources.
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4.3 Methods

4.3.1 Subjects and stimulus

Eight healthy subjects with no history of neurological impairment were recruited
for both EEG and FMRI recording sessions (mean age 20.3, range 20-28 years, 5
males). All subjects where right handed and had normal vision. Subjects were
instructed to fixate on a red fixation point located in the center of a black screen.
The experimental task was a block design, consisting of 3 ‘on’ and 4 ‘off’ periods
(figure 4.1). During the ‘on’ block, a checker board was presented in either right or
left hemifield and reversed at a rate of 2Hz. The visual stimulus was developed using
the STIM software (Neuroscan(C)) for EEG recordings and Presentation (Behavioral
Systems(©)) for FMRI recordings. For FMRI, the stimulus was projected onto a screen
and viewed via a mirror placed approximately 2-3 cm from the subjects eyes (Avotec
©). This reversal rate was chosen in order to allow for sufficient time for VEP
components to fully return to baseline. The checkerboard subtended approximately
6° x 6° of the visual field. This stimulus size and spatial frequency has been shown to
result in robust VEP components [116] that elicit VEP and FMRI activation within
area V1 [31]. The ‘off” block consisted of a black screen with fixation point. The block
design was presented twice and averaged for each participant. FMRI and EEG data
were acquired in separate sessions using the same experimental task. The sessions
were balanced such that four subjects completed the FMRI first, while the remaining
completed the EEG first. Sessions were no more than one week apart. Ethics approval

was granted by the local regional ethics board.

4.3.2 ERP Measurements

The EEG was acquired using a 64 channel Ag/AgCl electrode cap (Neuroscan(C)).
Electrode placement followed the International 10-20 System [117], and were all ref-
erenced to a frontal central electrode (FCz). An electrode placed at AFz was used
as a common ground. Inter-electrode impedances were kept below 10k{2. Horizontal
and vertical eye movements were recorded using an elector-oculogram (EOG) with
electrodes placed over the outer canthus of the right and left eye as well as above

and below the right eye. Subjects were comfortably seated in a soundproof, dimly lit
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Figure 4.1: Experimental setup used for both EEG and FMRI recording sessions.
Stimulus consisted of a 2Hz pattern-reversal checkerboard in either right or left visual
field. Subjects were instructed to maintain fixation on a small point in the center of
the screen.

room. EEG recordings were digitally recorded at 500Hz with a bandpass of 0.1-100
Hz together with a 60Hz notch filter and stored for off-line analysis. The recording
session was repeated for all subjects. Post-processing was performed using the SCAN
analysis software (Neuroscan(C)). EEG epochs (-10-300ms temporal range) were cre-
ated based on the onset of triggers recorded during the recording session. The data
was bandpass filtered within 1-35Hz. An EOG artifact correction algorithm was used
to remove all trials with amplitudes that exceed 75mV. The trials were de-trended
using a 2nd order polynomial correction and then averaged for right and left stimulus
conditions. This resulted in two VEP datasets (left hemifield and right hemifield) per
participant. Each dataset consisted of at least 250 sweeps out of a maximum of 360,
which has been shown to be an appropriate number of sweeps for VEP analysis [118].

Subsequently, each dataset had a relatively large SNR (>20 in all subjects).

4.3.3 VEP source analysis

Source analysis of VEP data was carried out using the CURRY V4.5 software (Neu-

roscan(C)). Individually shaped realistic head models were created for each subject
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using a semi-automated boundary element algorithm [104]. These head models were
tessellated with approximately 3000 triangles per compartment with a triangle edge
length of 8, 7 and 6 mm and conductivities of 0.33, 0.0042 and 0.33 S/m for the scalp,
skull and brain regions, respectively. Electrode positions were determined by locat-
ing fiducial landmarks placed on the subject prior to FMRI scanning. A coordinate
system using the vectors joining the right and left pre-auricular points (PAL, PAR)
and Nasion (NAS) landmarks was created. In order to localize the generators of the
pattern-reversal stimulus, a single current dipole was used as a source model. This
has been shown to be an appropriate source model for similar VEP studies [119, 120].
A single current dipole was fitted at every time instant between 0-200ms. The dipole
position was initially seeded at the origin of the brain model (where the PAL/PAR
and NAS vectors meet). The best-fit dipole position and residual variance (RV) was
calculated, as was its distance from the center of the FMRI cluster for each time
instant. To determine how robust the inverse solution was, the inverse procedure
was repeated by constraining dipole solutions to the visual cortex. This was done
by segmenting the visual cortex with voxels that matched those used during FMRI
recordings (figure 4.2). This resulted in approximately 2000 elements per segmented
volume. A dipole was placed at the center of each voxel, and the best-fit magnitude
and orientation together with the residual variance was recorded. The center of VEP
activity was calculated by retaining 1% of the solutions with the least variance and
implementing a center of mass algorithm, using the location of each solution weighted
by its explained variance. The z,y, &z component of the N75 and P100 dipole solu-
tions from each subject in the left visual field stimulus condition was compared to the
x,y, 2z components of the dipole solutions obtained in the right visual field stimulus

condition. A Student’s t-test was used to test for differences.

4.3.4 FMRI measurements & analysis

Anatomical scans

FMRI recording sessions were made on a 1.5T unit (GE Healthcare, Milwaukee WI.,
Signa) using a quadrature head coil. Prior to FMRI scanning, 120 high resolution
axial images were taken using an Inversion Recovery (IR) prepped fast spoiled grass

(SPGR) sequence. The field of view was 24cm resulting in slices with a 256 x 256 x
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Figure 4.2: Segmentation of visual cortex (magnification shown on right). The seg-
mented volume was divided into a 3D grid of voxels with dimensions matching those
used during FMRI recordings. Each voxel served as a testing site for possible VEP
solutions.

120 pixel dimension (pixel dimension = 0.937 x 0.937 x 1mm) with a 0.5mm gap in
between axial slices.

Functional scans

A fast gradient echo imaging sequence with a spiral readout [121] was employed for
functional scans. The field of view was 24 c¢cm, with a 64 x 64 pixel dimension along
with a 5 mm gap between axial slices (24 slices in total). Imaging parameters were
as follows: TR/TE: 2000/40ms, flip angle: 90, temporal points: 105. Headphones
where placed on the subject to suppress noise from the switching gradients. Head
padding was also used to suppress head movements. Prior to Fourier transformation,
spiral k-space data was re-gridded to Cartesian based coordinates [121] giving a final
voxel size of 3.75 x 3.75 x 5 mm thick. Spiral acquisition was used rather than a
rectilinear trajectory because it is less sensitive to subtle motion and as it acquires
the low spatial frequency information of k-space first, resulting in greater BOLD
contrast, relative to rectilinear (e.g., EPI) methods [122]. FMRI analysis was carried
out using the AFNI software [123]. Motion correction was carried out by registering
all functional volumes to the first collected volume. The raw signal in each voxel was
Fourier filtered with a bandpass of 0.15-2Hz, de-trended using a 2nd order polynomial

and then averaged across both trials. Correlation analysis was carried out using the
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processed FMRI signal with a box-car stimulus profile. Correlation values below + 0.3
(p < 10%) were discarded. These activation maps were smoothed using a Gaussian
filter (FWHM = 5mm). The center of the activated cluster was computed with a
center of mass algorithm, weighed by the correlation coefficient. This coordinate
was ported into EEG source localization software for direct comparison (discussed
below) with VEP source modeling estimates. The group average N75 and P100
dipole positions were averaged over all subjects were overlaid onto the group average
FMRI dataset. Spherical regions of interest (ROI) with a 7mm radius were placed
around these N75 and P100 locations. The FMRI signal over all voxels within these
ROIs was extracted and graphically displayed (see Results section). Similar ROIs
were used to investigate the correlation coefficient of the FMRI signal and stimulus
profile as a function of distance between the N75 and P100 dipole position. ROIs
were placed along the line joining the N75 and P100 locations. Correlation coefficient

values within each ROI were averaged and graphically displayed.

4.4 Results

4.4.1 VEP analysis

The VEP from one subject during left and right field stimulation is shown in figure 4.3.
The average topographic maps over all participants are shown in figure 4.4. The VEP
responses elicited the three main components associated with pattern reversal visual
stimulation [118]: (latency values averaged over all participants and hemifields are
also given): N75 (74.2+2.4ms), P100 (107.8+9.8ms) and N150 (166.7+21.2ms). For
all subjects, the amplitude of the N75 component was highest in electrodes ipsilateral
to the stimulated field. The amplitude of the P100 component was maximal over the
contralateral side of the stimulated field. To detect possible habituation in our data,
the first 15 seconds of the VEP data recorded during stimulation was averaged and
compared to the lasts 15 seconds. No significant difference in latency or amplitude was
detected, indicating that neural habituation was not a factor in our measurements.

These habituation results are in agreement with a similar study by Singh et al. [124].
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Figure 4.3: VEP waveform measured from electrode site Oz from one participant. The
dark line represents the VEP response obtained during right hemifield stimulation.
The lighter dashed line is the VEP response obtained during left hemifield stimulation.
The three main VEP components are seen at 75ms (N75), 100ms (P100) and 150ms
(N150). The peak SNR exceeded a value of 20 in each participant.
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Figure 4.4: Occipital view of group average potential maps of N75 and P100 VEP
components. Blue indicates negative potential, red indicates positive potential. Top
row: N75 potential map during left and right hemifield stimulation. Bottom row:
P100 potential map during left and right hemifield stimulation.
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4.4.2 VEP and FMRI source analysis

Results showing the VEP dipole localization and FMRI results from one participant
are displayed in figures 4.5-4.9. Dipole localization of left and right hemifield VEP
from one participant is shown in figure 4.5 and figure 4.6, respectively. The calculated
topographical maps from the N75 and P100 dipole solutions (fitted maps) from the
same participant are shown in figure 4.7 and figure 4.8. The difference between the
fitted maps and the raw maps is also shown (residual maps). The FMRI response

from this participant is shown in figure 4.9.

Figure 4.5: Dipole localization of N75 (orange dipole) and P100 (yellow dipole) from
one participant during left hemifield stimulation.

The N75 and P100 dipole localization results from all subjects shown in figure
4.10. Group average FMRI maps showing the peak positive and negative response
are shown in figure 4.11 and figure 4.12. Dipole locations and FMRI centers of activity
(COA) averaged over all subjects are displayed in figure 4.13. Details are listed in
Table 4.1. For display purposes only, results are superimposed on the MRI of one of
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Figure 4.6: Dipole localization of N75 (orange dipole) and P100 (yellow dipole) from
one participant during right hemifield stimulation.
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Figure 4.7: Overhead view of raw, fitted and residual potential maps of the N75 and
P100 after dipole localization from one participant during left hemifield stimulation.
The raw potentials are shown on the left, the fitted potentials arc shown in the middle
and the residual potentials are shown on the right. For this participant, the fitted
maps of the N75 and P100 explained 94% and 96% of the raw maps, respectively.
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Figure 4.8: Overhead view of raw, fitted and residual potential maps of the N75 and
P100 after dipole localization from one participant during right hemifield stimulation.
The raw potentials arc shown on the left, the fitted potentials are shown in the middle
and the residual potentials are shown on the right. For this participant, the fitted
maps of the N75 and P100 explained 96% and 97% of the raw maps, respectively.
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Figure 4.9: FMRI response showing the positive BOLD (red) and negative BOLD
(blue) from one participant during left hemifield stimulation. Results are similar for
right hemifield stimulation (not shown). The FMRI map is thresholded to p < 107*

the participants. The generator(s) representing the N150 component is not displayed

(see discussion).

Left Hemifield | Right Hemifield

Stimulation Stimulation

(Xv ¥y Z) (X7 Y Z)

N75 -26.4, 61.3, 44.2 7.5, 65.7, 49.6
(11.7,12.3, 18.5) | (11.7,11.3, 17.1)

P100 -25.6, 52.0, 62.4 9.5, 55.0, 53.1
(7.5,14.7, 11.3) | (12.5, 17.2, 22.5)

+BOLD | -17.1, 69.3, 49.0 23.3, 69.4, 46.6

(11.7, 6.8, 5.5) (9.1, 11.6, 8.8)

-BOLD | -9.0, 54.9, 54.6 6.5, 56.1, 48.1

(5.9, 7.2, 7.6) (6.1, 8.7, 6.6)

Table 4.1: Locations (mm) of N75 and P100 VEP components and positive and
negative FMRI COA averaged over all subjects. Standard deviations are shown in
parenthesis below each mean.

In all participants, the voxels with the highest positive correlation cocfficients
were found near the most posterior portion of the calcarine fissure, contralateral
to the stimulated visual field. Negative correlation values were also greatest on the
contralateral side, anterior to the positive correlation values. We also investigated the
possibility of FMRI signal habituation due to sustained prolonged visual stimulation.

These effects were found to be minimal, and are consistent with previous studies
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Figure 4.10: Dipole localization of the N75 (green cubes) and P100 (red cubes) VEP
components (results from both left and right visual hemifield stimulation are shown).
Results are superimposed on a reconstructed brain model. Axial (a), sagittal (b) and
coronal (c) views are shown.



52

(©)

Figure 4.11: Axial views of group average FMRI maps. The peak positive response
during left and right hemifield stimulation is shown in (a) & (b), respectively. The
peak negative response during left and right hemifield stimulation is shown in (c) &
(d), respectively. Maps are thresholded to p < 107°.
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Figure 4.12: Sagittal view of group average FMRI maps showing the peak (a) posi-
tive and (b) negative response during left field stimulation (results during right field
stimulation are similar, and are not displayed). Maps are thresholded to p < 107°.
The mean FMRI signals (£BOLD response vs. time) extracted from the (c¢) posi-
tive and (d) negative ROI areas are also shown. Gray bars indicate periods of visual
stimulation.
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Figure 4.13: Mean localization over all subjects of N75 and P100 dipoles when using
a realistic head model (white and black squares, respectively). Mean FMRI center
of activity (COA) is shown for positive correlation (square with star) and negative
correlation (square with circle). For display purposes only, results are superimposed
on a mid-sagittal MRI from one participant.
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using a reversing checkerboard stimulus [125, 126]. For the VEP, the y (running from
anterior to posterior) and z (running from inferior to superior) coordinates of the
N75 and P100 dipole positions were similar for left and right visual field stimulation,
while the x (running from right to left) coordinate was significantly closer to midline
during right visual field stimulation (p < 0.01). These VEP results were similar
for both when the seed point was in the center of the brain and when limiting the
inverse algorithm to the visual cortex. The sources of the VEP were localized in the
primary visual cortex (V1), contralateral to visual stimulus field. The N75 component
was localized near the most posterior portion of the calcarine fissure. The P100
component was also localized near the calcarine fissure, though significantly more
anterior to the N75 source (p < 0.05). The average explained variance between the
forward calculation and measured potentials of the N75 and P100 source was 91% and
94% respectively. The mean distance between the N75 and P100 was approximately
2.5£0.9cm. For comparison with previous VEP localization studies, we also used a
spherical head model for localizing the N75 and P100. Here, the N75 source location
was comparable to that obtained when using a realistic model. The P100 location
obtained by the spherical model however was localized well outside V1, near V2/V3
(results not shown). This differecnce between results for spherical and realistic head
models is not unexpected since spherical models perform worse for sources deeper in
the brain [102, 127]. The mean FMRI signal extracted from the ROI surrounding
the N75 dipole location is displayed in figure 4.14. Mean FMRI correlation values
as a function of distance between N75 and P100 dipole positions are displayed in
figure 4.15. The mean distance between the positive FMRI COA and negative FMRI
COA was approximately 2.1+1.3cm. The location of positive and negative FMRI
COA falls within the standard deviations of the mean N75 and P100 dipole position,
respectively. Moreover, in seven of the eight subjects, the N75 was closest to the
positive FMRI COA, while the P100 was closest to the negative FMRI COA in five
subjects. Overall, the mean distance between the N75 and positive FMRI COA
was approximately 2.0+£1.0cm, while the mean distance between the P100 and the
negative FMRI COA was approximately 3.0+1.6cm.
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Figure 4.14: MR signal averaged over voxels in the positive FMRI COA (dark line)
and N75 dipole ROI (light, dashed line). The ROI was modeled as a sphere with
7mm radius, and consisted of approximately 7 voxels each. Black rectangles indicate
periods of visual stimulation. The smaller amplitude of the signal extracted from the
N75 ROl is expected as is was not directly overlaid on the peak FMRI response area.
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Figure 4.15: Mean correlation coefficient values from within ROI placed along the line
joining N75 and P100 dipole position with an average separation of about 2cm. Values
are averaged over left and right field stimulation. This mean correlation coefficient is
positive for N75, negative for P100.
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4.5 Discussion

Despite the large number of integrated ERP/FMRI studies, the spatial relationship
of ERP and FMRI sources is still poorly understood. A recent animal study by Kim
et al. [73] showed that, for relatively large voxels, the measured FMRI signal may
accurately reflect the underlying neuronal activity. The measured ERP more directly
reflects neuronal activity, but suffers from its limited spatial rcsolution, partly due to
possible localization errors. In this study, localization errors are minimized by using
subject specific VEP recordings with a high SNR, in conjunction with individually
constructed realistic head models for dipole source modeling.

The results from this study provides strong support that the N75 generator is
localized in area V1 of the visual cortex, confirming previous results [24, 25, 26]. In
particular, our results indicate that for a pattern-reversal stimulus spanning 6° of the
visual angle, the N75 source is located near the posterior portion of the calcarine
fissure.

Several VEP reports have indicated that the P100 generator is located in area V1
[25, 26], but other VEP studies have argued that it may also originate in area V2/V3
[27], V3/V4 [28] and V5 [29]. Invasive studies using subdural electrodes by Noachtar
et al. [30] reported that the P100 is most probably generated by a dipole source
localized in close proximity of the calcarine fissure. Our results also indicate that
the P100 dipolar source is near the calcarine fissure, but significantly anterior and
slightly superior to the N75 generator (p < 0.1). The consistency of these findings
across all subjects supports the evidence that the N75 and P100 sources are located in
V1, though in substantially different locations within the calcarine fissure [128, 129)].

Localizing the N150 component has proven to be difficult in the past. Some
reports suggest that there may be up to two pairs of dipoles needed to correctly
model this source [24, 29]. Our study was limited to a sole dipole source model only,
and consequently localization of the N150 component is left for further study.

Our FMRI results showed areas in the visual cortex consisting of significant posi-
tive and -BOLD responses. The peak +BOLD response was in the posterior portion
of the calcarine fissure, contralateral to the stimulus field. This is consistent with sim-
ilar studies [130, 131]. A portion of the -BOLD response was found on the ipsilateral
side, but peaked on the contralateral side. This is similar to the findings of Smith et
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al. [64].

In seven of the eight subjects, it was found that the dipole source in the 65-85ms
time range (N75) was localized closest to the peak positive FMRI activity. In the ROI
surrounding the N75, we found voxels with a highly significant +BOLD response.
The correlation coefficient of the positive FMRI signal quickly decreased as it ap-
proached the more anterior P100 dipole position, which is consistent with previous
FMRI studies using checkerboard stimuli [131]. The correlation begins to turn nega-
tive approximately at the halfway point between N75 and P100 dipole locations. The
area surrounding the P100 generator did not show any significant +BOLD activity,
but contained voxels that exhibited a -BOLD response.

The results presented here suggest a strong correspondence between the location of
the N75 generator and the +BOLD response, but not for the P100 and the +BOLD
response which was also reported by Di Russso et al. [24]. In this study, we found
that in the majority of subjects, the location of the P100 generator corresponded
better to the location of the peak -BOLD response.

Studies have indicated that the positive FMRI activity seen in BOLD based
experiments is largely due to excitatory synaptic activity [59, 60, 61]. Initial studies
argued that the -BOLD response was be due to ‘vascular stealing’. This theory
suggests the elevation of blood flow at the activated location causcs reductions in
blood supply in nearby areas sharing the same blood vasculature, suggesting that
negative hemodynamic changes have no neural correlate [62, 63]. More recent studies
have provided evidence against this hypothesis [64], suggesting it is mostly due to
neuronal inhibition [65, 66]. Our study is consistent with this suggestion, as it has
been suggested that the N75 and P100 represent excitatory and inhibitory processes,
respectively [115].

4.6 Conclusion

The generators of the pattern-reversal visual stimulus were studied using VEP and
FMRI measurements. With subject specific data and realistic head models, we were
able to reliably separate the generators of the N75 and P100 components in distinct
areas of the primary visual cortex. In the majority of subjects, we observed a cor-

respondence between the peak +BOLD response and the N75 dipole location. The
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location of the P100 on the other hand corresponded to an area in the brain containing
a significant -BOLD response. The results from this study indicate that the negative
BOLD response should be included when comparing ERP and FMRI sources.



Chapter 5

Spatial Relationship of ERP and FMRI Sources-II

5.1 Abstract

Together, Functional magnetic resonance imaging (FMRI) and event related poten-
tials (ERPs) are tools that can be used to study brain activity with relatively good
spatial and temporal resolution, respectively. However, the conditions under which
the sources obtained by these modalities overlap is still poorly understood. Of partic-
ular interest is how a change in the source of a particular ERP component is reflected
in the FMRI activation map. In this study, we use a pattern-reversal stimulus pre-
sented in the central (0-2°) and peripheral (2-8°) visual field. Dipole localization on
the first two visual evoked potential (VEP) components (N75 & P100) is carried out
using individually constructed realistic head models. FMRI recordings are carried
out as well, and the position of the peak positive and negative response is recorded
for both stimulus conditions. The position of the N75 dipole followed retinotopic
mapping, as did the positive FMRI response. The P100 dipole position on the other
hand, along with the location of the negative FMRI response remained relatively
unchanged. These results are consistent with the results of the previous chapter,
suggesting that the positive and negative FMRI responses may be linked to N75 and
P100 VEP components, respectively.

5.2 Introduction

In the previous chapter, the correlation between the location of the VEP and FMRI
sources were investigated. Overall, it was shown that the location of the N75 VEP
component correlated well the location of the positive FMRI response, while the
location of P100 correlated well with the location of the negative FMRI response.
However, it should be noted that the calculated locations of the VEP sources are not

without error. Even with the usage of highly refined realistic head models and subject
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specific datasets with a high SNR, there still exists sources of error. One of the more
dominant sources of error not addressed in the previous chapter is the effect of volume
conduction on the inverse problem. It has been shown that dipole localization errors
of up to lem can be expected if the conductivity and shape of the skull is not properly
modeled [132]. This limitation in EEG source accuracy therefore makes it difficult to
make definite conclusions about the neuro-vascular relationship through EEG/FMRI
measurements, based on the location of such sources. The current study was therefore
designed to investigate not only the overlap of the EEG/FMRI source locations ,
but also investigate the correlation between their respective source sensitivities to
different stimulus conditions. It has been shown that the location of the N75 and
P100 components respond differently under different stimulus conditions [133]. There
have also been studies showing the sensitivity of the location of the positive BOLD
response under different stimulus condition, yet little work to date has investigated
such sensitivity profiles of the negative BOLD response. It is therefore of interest to
examine how the change in the location of a particular VEP component is reflected in
the location of both the positive and negative FMRI response. Based on the findings
from the previous chapter, it is hypothesized the N75 and +BOLD source will be
behave in a similiar fashion (the same is hypothesized for the P100 and the -BOLD
source).

In this study, we use a pattern-reversal stimulus placed in the foveal and periph-
eral regions of the visual field. The position of the N75 and P100 VEP sources are
estimated in both stimulus conditions, as is the location of the peak positive and
negative FMRI responses. The observed displacements in the location of the VEP
sources are then compared to the displacement in the positions of the positive and

negative BOLD responses.

5.3 Methods

5.3.1 Subjects and stimulus

Ten healthy subjects with no history of neurological impairment were recruited for
both EEG and FMRI recording sessions (mean age 23, range 20-28 years, 5 males).

All subjects where right handed and had normal vision. Subjects were instructed to
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fixate on a red fixation point located in the center of a black screen. The experimental
task was a block design, consisting of 4 ‘on’ and 5 ‘off” periods (figure 5.1). This task
was used in order to have more statistical power in the analysis. During the ‘on’
block, a checker board was presented in the left hemifield and reversed at a rate of
2Hz. The checkerboard stimulus subtended either 2° x 2° (for foveal viewing) or 8°
x 8° (for peripheral viewing) of the visual field. The peripheral stimulus was scaled
larger than the foveal stimulus in order to target a similar cortical area elicited in the
foveal condition [134]. The ‘off’ block consisted of a black screen with fixation point.
The experimental task was repeated for both foveal and peripheral stimulus. FMRI
and EEG data were acquired in separate sessions using the same experimental task.
The sessions were balanced such that five subjects completed the FMRI first, while
the remaining completed the EEG first. Sessions were no more than one week apart.

Ethics approval was granted by the local regional ethics board.

Foveal Stimulation Peripheral Stimulation

|

-—>
2°

Figure 5.1: Experimental setup used for both EEG and FMRI recording sessions.
Stimulus consisted of a 2Hz pattern-reversal checkerboard positioned in the foveal
(left) and peripheral (right) regions of the left visual field. Subjects werc instructed
to maintain fixation on a cross in the center of the screen.

5.3.2 VEP Measurements, analysis and source localization

The VEP data were acquired and analyzed in the same manner as described section

4.3.2. Dipole localization was carried out in the same manner as described in section
4.3.3.
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5.3.3 FMRI Measurements & analysis

FMRI measurements and analysis followed the same sequence as described in section
4.3.4. From this, the distance between FMRI COM in foveal and peripheral stimulus
conditions for both +BOLD and -BOLD were calculated on a subject by subject

basis.

5.4 Results

5.4.1 VEP Measurements

The mean foveal and peripheral VEP over all subjects for at electrode site Oz is
shown in figure 5.2. The latency of the peak N75 was 76.2 + 8.4ms and 69.5 +
9.7ms for foveal and peripheral stimulation, respectively. The latency of the peak
P100 was 104.2 + 12.4ms and 97.3 + 11.4ms for foveal and peripheral stimulation,
respectively. Both N75 and P100 components were significantly shorter (p < 0.005)

during peripheral stimulation, which is consistent with previous findings [21].

5.4.2 VEP source analysis

Dipole locations of the N75 and P100 components during foveal and peripheral stimu-
lus conditions averaged over all subjects are displayed in figure 5.3. Detail are shown
in table 5.1. In both foveal and peripheral stimulus conditions, the average location
of the N75 and P100 sources were found to be in area V1 of the visual cortex. This
is consistent with results from the previous chapter. For foveal stimulation, the N75
dipole was located in the posterior portion of V1, near the calcarine fissure. The P100
was also in V1, though more anterior along the calcarine fissure. In the peripheral
stimulus condition, the N75 source was displaced 4.4 + 1.2cm from its position in the
foveal condition. The bulk of this change was in the anterior and superior directions,
which is in accordance with previous VEP retinotopic mapping studies [119]. The
P100 source on the other hand was less sensitive to stimulus position, moving an

average of 2.4 £+ 1.5cm from its estimated position in the foveal stimulus condition.
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Figure 5.2: Mean VEP over all subjects measured at electrode Oz. The solid line is
the response obtained during foveal stimulation, while the dashed line is the response
obtained during peripheral stimulation.

Foveal Stimulation

A-NT5
0 -P100

Peripheral Stimulation
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Figure 5.3: Mean localization over all subjects of N75 and P100 dipoles during foveal
(white triangle/square) and peripheral (black triangle/square) stimulus conditions.
For display purposes only, results are superimposed on a mid-sagittal MRI from one
participant.



Foveal Peripheral
Stimulation Stimulation
(% . 2) (x, . 7)
N75 | -22.2,54.9, 49.2 | -25.7, 45.9, 64.2
(15.8, 19.1, 18.1) | (16.9, 12.7, 13.8)
P100 | -27.6, 39.9, 60.1 | -22.5, 34.6, 66.4
(15.1, 16.5, 15.7) | (15.5, 10.3, 11.0)
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Table 5.1: Locations (mm) of N75 and P100 VEP components. Standard deviations
are shown in parenthesis below each mean. The coordinate system is the same as
described in section 4.3.3.

5.4.3 FMRI source analysis

In the majority of cases the subjects demonstrated both a significant positive and
-BOLD response (figure 5.4 & figure 5.5). The average FMRI signal obtained from
5mm radius spherical ROI surrounding these regions are shown in figure 5.6. Signifi-
cant +BOLD responses were found in all subjects for both stimulus conditions. In
the foveal stimulation condition, the average location of the peak positive FMRI re-
sponse was located contralaterally, near the posterior portion of the calcarine fissure.
In the peripheral condition, the peak positive response remained in the contralateral
hemisphere, but was displaced 2.3 + 0.8cm from its original location in the foveal
stimulus condition. The bulk of this change was anteriorly, along the calcarine fis-

sure. Detalls are shown in table 5.2.

Foveal Peripheral
Stimulation Stimulation
(X7 Y Z) (X7 Y Z)
+BOLD | -26.2, 54.9, 49.2 | -28.7, 49.9, 64.5
(7.7,7.1,7.1) | (6.9, 6.4, 8.3)
-BOLD | -24.7, 42.4, 57.1 | -29.4, 43.6, 56.4
(5.7, 6.8, 8.4) (9.9, 11.5, 8.9)

Table 5.2: Locations (mm) of positive and negative FMRI COA averaged over all
subjects. Standard deviations are shown in parenthesis below each mean.

Unlike the positive response, the -BOLD response varied a great deal in both
intensity and extent between subjects. In some cases the negative response was vir-

tually nonexistent while in others it was far more intense and encompassed a larger
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Foveal Stimulation Peripheral Stimulation

Figure 5.4: Sagittal views of negative (blue) and positive (red) BOLD responses
averaged over all subjects. Maps on the left are from foveal stimulation. Maps on the
right are from the peripheral stimulus condition.

Foveal Stimulation Peripheral Stimulation

Figure 5.5: Axial views of negative (blue) and positive (red) BOLD responses av-
eraged over all subjects. Maps on the left are from foveal stimulation. Maps on the
right are from the peripheral stimulus condition.
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Figure 5.6: Mean FMRI signal extracted from ROIs placed around areas reflecting
the positive (solid line) and negative (dashed line) BOLD response during foveal
stimulation. Results are similar for peripheral stimulation. Black rectangles indicate
periods of visual stimulation.
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region than the positive response. The majority of subjects displayed a strong -
BOLD response within the ipsilateral visual cortex during foveal stimulation. Dur-
ing peripheral stimulation, this large ipsilateral activation was greatly reduced, and
vanished altogether in some subjects (figure 5.7). For both foveal and peripheral
stimulus conditions, a region of activation was observed on the contralateral side of
the brain, anterior to the positive activation though still in the V1. Two locations
for this activation were generally observed, the first at the Parietal-occipital /calcarine
fissure juncture, and the second directly inferior to this, slightly above the cerebellum.
During the peripheral stimulus condition, the contralateral activation was reduced,
but not to the same extent as the ipsilateral response. The average difference in the
location of the contralateral negative response between the two stimulus conditions
was 1.0 £ 0.6cm mm. Details of the magnitude of the distance for both VEP and
FMRI sources are listed in Table 5.3.

Figure 5.7: -BOLD response measured in one subject during foveal (left) and pe-
ripheral (right) visual stimulation. The ipsilateral response is dramatically reduced
in the peripheral stimulus condition.

5.5 Discussion

The aim of this study was to observe how changes in the VEP are reflected in the
FMRI response. Dipole localization of the first two VEP components (N75 & P100)

was carried out for foveal and peripheral stimulus conditions. The location of the peak
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N75 | P100 | +BOLD | -BOLD

Subject 1 | 34.8 | 16.5 26.6 12.4
Subject 2 | 58.6 | 31.8 33.1 4.6
Subject 3 | 41.8 | 24.8 17.0 16.4
Subject 4 | 30.8 | 44.8 20.9 6.0
Subject 5 | 41.3 | 34.0 21.7 2.0
Subject 6 | 47.1 | 44.1 20.0 18.1
Subject 7 | 47.3 | 31.9 30.4 7.5
Subject 8 | 49.7 | 4.0 N/A N/A
Subject 9 | 67.7 | 7.2 8.5 4.7
Subject 10 | 30.4 | 10.6 13.9 16.0
Average | 45.0 | 25.0 21.3 9.7

S.D 119 | 148 7.8 6.0

Table 5.3: Displacement (mm) of VEP and FMRI sources obtained between foveal
and peripheral stimulus conditions.

positive and -BOLD response was also obtained in similar experimental conditions.
The difference between these VEP and FMRI source locations was noted in each

stimulus condition.

Overall, the results from the VEP source analysis are consistent with those from
the previous chapter. These results indicate that the N75 and P100 generators are
located in the area V1 of the primary visual cortex. In the foveal stimulus condi-
tion, the N75 dipole was posterior to the P100 dipole in eight of the ten subjects.
This was also seen in all subjects in the peripheral stimulus condition. By changing
from foveal to peripheral stimulus conditions, the N75 and P100 moved according to
the retinotopic mapping of the visual cortex, which is consistent with previous VEP
source localization studies [135, 119]. However, the N75 dipole was much more sensi-
tive to stimulus location compared to the P100 (p < 0.001). This reduced sensitivity
of the P100 as compared to N75 has also been reported in previous studies [136]. A
similar study by Brecelj et al. [137] reported that the P100 moved approximately lem
anteriorly during peripheral stimulation as compared to foveal stimulation. Alfors et
al. [138] reported no P100 movement in either stimulus condition. These studies did
not report the location of the N75 source. In our study, the N75 was displaced more
than the P100 in nine of the ten subjects. On average, the N75 source moved approx-

imately twice the distance the P100 moved between foveal and peripheral stimulation
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conditions.

The FMRI results from this study also show a similar finding. In seven subjects,
the +BOLD response was displaced further than the -BOLD response. The loca-
tion of the peak +BOLD response was consistent with retinotopic mapping FMRI
studies [130]. During foveal stimulation, a peak positive and negative response could
be found contralaterally. A larger, more disperse negative response was also found
ipsilaterally. These results are consistent with Smith et al. [64]. During peripheral
stimulation, the peak positive response moved in accordance with retinotopic map-
ping. The contralateral negative response was not significantly displaced, while the
ipsilateral negative response was dramatically reduced, and in some subjects van-
ished all together. This has also been reported by Shmuel et al. [62]. The notion that
the ~-BOLD response is simply a shifted +BOLD response would imply that the
+BOLD is delayed by 1min in some areas of the brain, which is unlikely. Overall,
the peak +BOLD response moved approximately two times as much as the peak
negative response did for the foveal and peripheral stimulus conditions. It should be
noted that since the ipsilateral activation was not seen for both stimulus conditions
in all subjects, this study was limited to observing the effects of stimulus location
solely on the contralateral positive and -BOLD response. Further work is needed to

study the sensitivity of the ipsilateral -BOLD response.

5.6 Conclusions

The source locations of the first two VEP components (N75 & P100) were estimated
during foveal and peripheral stimulation. The location of the peak positive and
negative FMRI response was also investigated under these experimental conditions.
The results indicate that the position of the N75 and +BOLD sources were more
sensitive to stimulus location than the position of the P100 and -BOLD sources,
respectively. By going from foveal to peripheral stimulus conditions, the position of
the N75 and the +BOLD source moved approximately two times as much as the
P100 and -BOLD source. This finding indicates that the source locations of the
N75 and +BOLD response are more sensitive to stimulus location than the source
locations of the P100 and -BOLD response. These results therefore suggest that the
source of the N75 may be better linked to the source of the +BOLD response, while
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the source of the P100 may be better linked to the source of the -BOLD response.



Chapter 6

Integration of ERP and FMRI for analysis of glaucoma

6.1 Physiological causes and effects of glaucoma

Inside the eyeball there are two fluid-filled sections separated by the lens. The larger,
back section contains a clear, gel-like material called the vitreous humor. The smaller,
front compartment contains a clear, watery material called the aqueous humor. The
aqueous humor fills the space between the cornea and the iris. The aqueous humor is
continually produced by the ciliary body, the part of the eye that lies just behind the
iris. It is the pressure of this fluid that maintains the convex shape of the cornea. The
aqueous humour allows nutrients to circulate through the inner layer of the cornea,
and then drains into the blood stream via the canal of Schlemm.

An excess flow of aqueous humor caused by too much fluid entering the eye, or
by the trabecular meshwork (‘drain’) getting clogged up can result in an increased
intraocular pressure (IOP). Raised IOP is a significant risk factor for developing
glaucoma. A normal IOP ranges between 11 and 21 mm Hg. However, there is no
set threshold for IOP that can reliably detect the onset of glaucoma. While one
person may develop glaucoma at a relatively low pressure, another person may have
a high TIOP for years and yet never develop glaucoma. The various types of glaucoma
are categorized into groups based on progressive physiological changes to the eye(s).
The most common types of glaucoma are open and closed angle glaucoma. Unlike
closed angle glaucoma, which is often caused by too small a space between the cornea
and the iris, patients with open angle glaucoma have a gradual blockage of aqueous
outflow despite a seemingly open space (chamber angle) in the front of the eye. If
left untreated, the subsequent increase in pressure can result in: (1) deformation
and death of the ganglion cells, (2) cupping of the optic disc and (3) compression
of the optic nerve [139]. Almost half of the ganglion cells may be lost before any
abnormality shows up on visual field testing [140]. Death to the ganglion cell leads to

permanent damage of the optic disc and resultant permanent visual field loss. Since
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it is the axons of the ganglion cells that make up the optic nerve, their death causes
interruptions in the electrical impulses from eye to visual cortex. This can result in

damage to both the LGN and the visual cortex [141].

6.2 EEG and FMRI in glaucoma patients

Although a raised IOP is the most commonly used marker for monitoring the onset of
glaucoma, it is far from being reliable. This makes it difficult for the ophthalmologist
to make the diagnosis of glaucoma and recommend appropriate treatment. It is
therefore important that methodologies are developed in order to detect the onset
of glaucoma before the onset of significant vision loss. One such methodology is to
observe how visual processing in the visual cortex is affected in glaucomatous eyes.
The investigation of the VEP latency may be useful in detecting changes in optic
nerve brought on by glaucoma. Studies using VEPs in glaucoma patients have shown
that delays in the VEP can be apparent even before visual defects are reported [140].
The point at which the VEP latency becomes abnormal is difficult to define since
there is such a high variability of the VEP signal from person to person [20].

The majority of studies measuring VEPs in glaucoma populations have focused
their attention on the latency of the P100 [142, 143, 140] relative to healthy people.
These latency delays are also influenced by the different stages in the evolution of
glaucoma [144]. The effects of glaucoma on the P100 amplitude on the other hand
seems to be unresolved, with one report finding a significant reduction in P100 am-
plitude in glaucoma patients [145], while another found no noticeable change in P100
amplitude [142].

The reason why the P100 is readily used in glaucoma studies is clear: the P100
component is more often easily identifiable than the N75 [20]. However, the results
from the few studies that have solely investigated the N75 in populations with visual
field defects suggest that the inclusion of the N75 may provide additional information
in the evaluation of visual field defects [146, 147].

To date, few studies have looked at the effects of glaucoma on the FMRI signal.
A study by Miki et al. [148] tested three glaucoma patients with extensive visual field
defects in one eye and normal vision in the other. It was shown that the damaged

eye resulted in lower FMRI activation as compared to the healthy eye.
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In this chapter, we attempt to extend the findings by Miki et al. by incorpo-
rating VEP measurements. Interocular VEP and FMRI measurements are made on
four glaucoma patients and two healthy age-matched controls. Comparisons between
the healthy and damaged eye within patients may remove the variability obtained
through common group comparison studies. The aim is to (1) ascertain that both
VEP and FMRI are sensitive enough to detect visual field defects like glaucoma and
(2) determine whether findings regarding the relationship between VEP and FMRI
sources presented earlier in the thesis are similar to people with glaucoma. Based on
the the findings presented thus far, and those put forth by Miki et al., it is hypoth-
esized that the N75 component will be a better marker than the P100 in identifying

glaucomatous eyes.

6.3 Methods

6.3.1 Subjects, stimulus, measurements & analysis

Subjects were recruited by Dr. Marcelo Nicolela, Department of Ophthalmology &
Visual Sciences, Dalhousie University. Four subjects (mean age 66.3 years) with uni-
lateral glaucoma were included in the study. Only patients whose vision was severely
affected were included in the study. Prior to VEP/FMRI measurements, the patients
vision was tested using the Humphrey 24-2 perimetry field analyzer. This test consists
of showing white flashed in various regions of the patients visual field. The patient
is instructed to press a button each time he/she sees a flash. A computer records
the spot of each flash and if the patient pressed the button when the light flashed
in that spot. The Humphrey 24-2 test point pattern includes 54 test points covering
the central field out to 24 degrees with a grid of points 6 degrees apart. The white
stimuli can be varied in intensity over a range of 51 decibels. The decibel (dB) value
refers to retinal sensitivity, rather than stimulus intensity, with 0 dB corresponding
to the maximum brightness of stimulus that the perimeter can produce, and 51 dB
the minimum brightness the perimeter can produce. The dimmest stimulus that can
be seen foveally by a young, well-trained observer is at most about 38 to 40 dB.
Between 10 and 20 dB is the typical range of abnormal vision. Values below 0 dB
imply that the patient is blind in the tested area of the visual field. These values can
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be presented in numeric and gray-scale form (figure 6.1).

One of the better parameters to quantify visual field loss is the mean deviation
(MD). This number represents an average loss in sensitivity of the visual field com-
pared to that of age-matched controls. Since other diseases (such as cataracts) can
affect the MD, only patients without significant cataracts were selected (usually, MD
values less than 15 dB is considered as significant visual field damage). Three of the
subjects were diagnosed with capsular glaucoma (CG), which is similar to open angle
glaucoma, the other with chronic closed angle glaucoma (CAG). The perimetry maps
from each patient is displayed graphically. Details of their diagnosis are shown in
Table 6.1. Two age matched controls with no history of visual impairment were also
included in the study (mean age 62.5 years). Both subjects were examined and tested
for visual defects one year prior to this study. Perimetry maps from these subjects

are not available.

Patient

Diagnosis

TOP
(R/L)

MD (dB)
(R/L)

Visual field defects
(R/L)

Patient-I

CAG-right eye

42/17

-18.3/+1.13

Superior & inferior ar-

cuate scotomas / Nor-
mal

Normal / Inferior para-
central scotoma & supe-
rior nasal step

Normal / Inferior arcu-
ate scotoma & superior
nasal depression
Normal /  Superior
and inferior arcuate
scotomas

Patient-II | CG-left eye 21/47 +0.15/-14.1

Patient-111 | CG-left eye | 26/43 | +2.51/-5.9

Patient-1V | CG-left 21/37 +0.31/-19.5

Table 6.1: Information regarding the patients visual field decencies in each eye. Inte-
rocular pressure (IOP) values are in millimeters of Mercury (mm Hg).

In order to make inter-occular comparisons, monocular stimulation was used in-
stead of binocular. The stimulus consisted of 5x5 checks that spanned approximately
10°x10° of the left visual field only (resulting in peak activation in the right hemi-
sphere). Each eye was tested independently, with an opaque eye patch placed on the
other. Measurements were made on separate days. EEG measurements were made

and analyzed in the same way as described in section 4.3.2. In each VEP sweep
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Figure 6.1: Perimetry maps that are represented numerically (left) and by grackle
(right) taken from the healthy (a) and damaged (b) eye of one patient in this study.
Dark areas in the grackle figure represent areas of the visual field that did not respond
to the stimulus at that location (indicated as a <0 in the numerical map). The dark
area in the healthy eye (a) is the patients blind spot, which is present in both healthy
and damaged eyes.
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(approximately 200 in total), the N75 and P100 components were identified by lo-
cating the peak negativity and positivity found in the 60-80ms and 90-110ms range,
respectively. The N75 & P100 latency and amplitude were recorded in each sweep
of the two stimulus conditions. For each subject, a Student’s ¢t-test was used to test
whether the N75 & P100 latency and amplitude were significantly different in either
condition (healthy vs. damaged eye). As an overall analysis, an analysis of variance
(ANOV A) was then used to compare the group-average latency of the N75 & P100
components in either condition (healthy vs. damaged eye). In both the ¢-test and
ANOV A, the level of significance was set to « = 0.05. Dipole analysis (as described
in section 4.3.3) was also carried out. These results are shown in the discussion.

FMRI measurements were also the same as described in section 4.3.4, with the
slight exception that only voxels in the contralateral visual cortex with a correlation
cocfficient (CC) exceeding a threshold of +0.2 (p < 0.001) were retained. The total
number and average CC of the positively correlated voxels (+BOLD) and negatively
(-BOLD) correlated voxels that met the threshold criteria were noted. Finally, the
FMRI signal from all the surviving voxels were averaged and the average % signal
change was calculated relative to baseline. For each subject, a Student’s t-test was
once again used to test whether the average C'C was statistically different in healthy
and damaged eye stimulus conditions. The same was done for the % signal change
of the (+BOLD) and (-BOLD) response in healthy and damaged eye stimulus
conditions. As an overall analysis the ANOV A was used to compare the group-
average C'C in either condition (healthy vs. damaged eye). In both the ¢-test and
ANOV A, the level of significance was set to a = 0.05.

The VEP and FMRI results are summarized in a brief subject-specific discussion
and table provided at the end of each subject section. An overall discussion is given

at the end of the chapter.

6.4 Results

6.4.1 Subject-NI

The first normal subject (NI) was a 59 year old female with no history of visual

impairment in both eyes.
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6.4.2 Results

The measured VEP of N75 is shown in figure 6.2. FMRI maps are shown in figure
6.3. The positive and negative FMRI signals averaged over all voxels surviving the

threshold are shown in figure 6.4.

6.4.3 Discussion

Taken together, the VEP and FMRI results suggest that healthy participant NI had
similar vision in both eyes. The latency and amplitude of the N75/P100 VEP compo-
nents for both right and left stimulation are shown in figure 6.5. Statistical analysis
(t-test) indicate that there were no significant differences in the latency and amplitude
of the N75 and P100 components during left and right eye stimulation. Analysis of
the FMRI data revealed an average C'C of positively and negatively correlated voxels
that was statistically identical in both eyes. Moreover, the average % signal change of
the +BOLD signal was also similar in both eyes. These results suggest that similiar
VEP and FMRI findings for both eyes are to be expected from monocular stimula-
tion of subjects with normal vision. These VEP and FMRI results are summarized
in Table 6.2.

Left eye | Right eye
Avg. N75 latency (ms) 70.6 70.4
Avg. N75 amplitude (uV) -1.8 -1.7
Avg. P100 latency (ms) 102.5 102.8
Avg. P100 amplitude(uV) 6.3 6.9
No. of +BOLD voxels 76 148
No. of -BOLD voxels 32 6
Avg. +4BOLD CC 0.29 0.31
Avg. -BOLD CC .07 20.28
Avg. +BOLD signal change (%) 0.59 0.63
Avg. -BOLD signal change (%) -1.46* -0.76

Table 6.2: Summary of VEP and FMRI findings for healthy participant. The *
symbol indicates a significant statistical difference (p < 0.001). No symbol indicates
no statistical difference.
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Figure 6.2: VEPs from the healthy subject-N1 as measured at electrode sites (a) O1,
(b) Oz and (c) O2. Black traces are from left eye stimulation, red traces from right

eye stimulation.
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(©) (d)

Figure 6.3: FMRI activation maps from subject-NI showing the dominant +BOLD
response from the (a) left and (b) right eyes, as well as the dominant -BOLD re-
sponse from the (c) left and (d) right eyes. Visual stimulation was presented in the

left hemifield only, resulting in peak activation in the right hemisphere. Maps are
thresholded to p < 0.001.
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Figure 6.5: (a) The latency of the N75 and P100 components for the healthy partic-
ipant are shown during right and left eye stimulation. (b) The amplitude of the N75
and P100 components during right and left eye stimulation. The standard deviations

are denoted by the black error bars.
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6.4.4 Subject-NII

The second healthy subject (NII) was a 65 year old female with normal vision in both

eyes.

6.4.5 Results

The measured VEP of subject NII is shown in figure 6.6. FMRI maps are shown in
figure 6.7. Due to the low number of voxels that survived the threshold, the mean

FMRI signal is not shown for this subject.

6.4.6 Discussion

The FMRI results from the second healthy subject again show that that the average
CC of +BOLD and -BOLD voxels are statistically identical in both eyes. However,
it should be noted that there were very few +BOLD voxels that survived the modest
threshold. This was expected, since the this subject showed no statistical evidence of
an N75 component. This subject did on the other hand show a relatively robust P100
component and a -BOLD response. The P100 did not show any statistical difference
in latency or amplitude in either eye (figure 6.8). These VEP and FMRI results are

summarized in Table 6.3.

Left eye | Right eye
Avg. N75 latency (ms) N/A N/A
Avg. N75 amplitude (uV) N/A N/A
Avg. P100 latency (ms) 94.4 93.7
Avg. P100 amplitude(pV) 5.9 6.3
No. of +BOLD voxels 5 3
No. of -BOLD voxels 14 14
Ave. +BOLD CC 0.25 0.97
Avg. -BOLD CC 20.29 20.28
Avg. +BOLD signal change (%) N/A N/A
Avg. -BOLD signal change (%) N/A N/A

Table 6.3: Summary of VEP and FMRI findings for the second healthy participant.
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Figure 6.6: VEPs from the second healthy subject-NII as measured at electrode sites
(a) O1, (b) Oz and (c) O2. Black traces are from right eye stimulation, red traces
from left eye stimulation.
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Figure 6.7: FMRI activation maps from healthy subject-NII showing the dominant
+BOLD response from the (a) left and (b) right eyes, as well as the dominant -
BOLD response from the (c) left and (d) right eyes. Visual stimulation was presented
in the left hemifield only, resulting in peak activation in the right hemisphere. Maps
are thresholded to p < 0.001.
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6.4.7 Subject-PI

Patient-I was a 68 year old male. His left eye had a normal visual field, while the

right eye showed considerable glaucomatous visual defects (figure 6.9).

(a) Left eye (b) Right eye

Figure 6.9: Left and right eye perimetry maps obtained for Patient-I (Humphrey
24-2).

6.4.8 Results

The measured VEP of Patient-I is shown in figure 6.10. FMRI maps are shown in
figure 6.11. The positive and negative FMRI signals averaged over all voxels surviving

the threshold are shown in 6.12

6.4.9 Discussion

The VEP results obtained from Patient-I indicate that there was a significant differ-
ence in the healthy and damaged eye measurements. The VEP results from Patient-I
show that the N75 was significantly delayed in the right eye compared to the left. No
such significant delay was found for the P100. These results are shown in figure 6.13.
The FMRI findings also indicate a measurable difference between eyes. When the left
eye was stimulated, there were a total of 128 significantly positively correlated voxels
compared 63 when the right eye was stimulated. The average C'C' of voxels activated

during left eye stimulation was also significantly greater than that observed in the
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Figure 6.10: VEPs from Patient-I as measured at electrode sites (a) O1, (b) Oz and (c)
02. Black traces are from right eye stimulation, red traces from left eye stimulation.
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Figure 6.11: FMRI activation maps from Patient-I showing the dominant +BOLD
response from the (a) left and (b) right eyes, as well as the dominant -BOLD re-
sponse from the (¢) left and (d) right eyes. Visual stimulation was presented in the

left hemifield only, resulting in peak activation in the right hemisphere. Maps are
thresholded to p < 0.001.
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right eye. The % signal change of the +BOLD signal was also significantly greater

in the left eye compared to the right. A summary of these findings is given in Table
6.4.

Left eye | Right eye
Avg. N75 latency (ms) 70.8* 73.9
Avg. N75 amplitude (pV) -3.2* -8.5
Avg. P100 latency (ms) 102.8 104.5
Avg. P100 amplitude(uV) 70 70
No. of +BOLD voxels 128 63
No. of -BOLD voxels 46 66
Avg. $BOLD CC 0.34% 0.29
Avg. -BOLD CC 20.32 031
Avg. +BOLD signal change (%) 1.62* 0.59
Avg. -BOLD signal change (%) -0.64 -0.61

Table 6.4: Summary of VEP and FMRI findings for Patient-1. The * indicates a signif-
icant statistical difference (p < 0.001). No symbol indicates no statistical difference.
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6.4.10 Subject-PII

Patient-II was a 66 year old male. His vision was relatively normal in the right eye,

while the left showed significant visual field loss.

(a) Left eye (b) Right eye

Figure 6.14: Left and right eye perimetry maps obtained from Patient-II (Humphrey
24-2).

6.4.11 Results

The measured VEP of Patient-II is shown in figure 6.15. In this patient, the mean
amplitude of the VEP signal in 60-80ms time range was statistically identical to
that of the mean baseline. Therefore, there is no statistical evidence of the N75
component. FMRI maps are shown in figure 6.16. The positive and negative FMRI

signals averaged over all voxels surviving the threshold are shown in 6.17

6.4.12 Discussion

The VEP measurements from this patient were of particular interest as there was no
statistical evidence of an N75 component, though a relatively strong P100 compo-
nent was present. Based on findings described earlier in the thesis, this would suggest
a smaller +BOLD response compared to the -BOLD response. This was in fact
observed, with the negative response containing more active voxels that were more
highly correlated than the positive. Moreover, this negative response was greater in

the healthy right eye compared to the damaged left eye. The P100 was significantly
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Figure 6.15: VEPs from Patient-II as measured at electrode sites (a) O1, (b) Oz
and (¢) O2. Black traces are from right eye stimulation, red traces from left eye

stimulation.
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() (d)

Figure 6.16: FMRI activation maps from Patient-II showing the dominant +BOLD
response from the (a) left and (b) right eyes, as well as the dominant -BOLD re-
sponse from the (c) left and (d) right eyes. Visual stimulation was presented in the

left hemifield only, resulting in peak activation in the right hemisphere. Maps are
thresholded to p<0.001.
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delayed in the left eye compared to the right (figure 6.18). No significant differ-

ence in P100 amplitude was found. A summary of these these detailed findings are
summarized in Table 6.5.

Left eye | Right eye

Avg. N75 latency (ms) N/A N/A

Avg. N75 amplitude (uV) N/A N/A

Avg. P100 latency (ms) 104.8 102.4*
Avg. P100 amplitude(pV) 8.2 8.9
No. of +BOLD voxels 2 40

No. of -BOLD voxels 22 112

Avg. +4BOLD CC 0.23 0.27*

Avg. -BOLD CC 0.04 20.29

Avg. +BOLD signal change (% ) 0.34 0.44
Avg. -BOLD signal change (% ) -1.64 -1.32

Table 6.5: Summary of VEP and FMRI findings for Patient-II. The * indicates a sig-
nificant statistical difference (p<0.005). No symbol indicates no statistical difference.
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6.4.13 Subject-PIII
Patient-11I was a 69 year old male. His right eye had relatively little visual field loss,

while the left showed significant visual field defects in the macular-nasal and inferior

paramacular temporal area (see figure 6.19).

(a) Left eye (b) Right eye

Figure 6.19: Patient-III right and left eye perimetry maps (Humphrey 24-2).

6.4.14 Results

The measured VEP of patient is shown in figure 6.20. FMRI maps are shown in figure
6.21. The positive and negative FMRI signals averaged over all voxels surviving the

threshold are shown in 6.22
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Figure 6.20: VEPs from Patient-III as measured at electrode sites (a) O1, (b) Oz
and (c) O2. Black traces are from right eye stimulation, red traces from left eye
stimulation.



102

()

Figure 6.21: FMRI activation maps from Patient-III showing the dominant +BOLD
response from the (a) left and (b) right eyes, as well as the dominant -BOLD re-
sponse from the (c) left and (d) right eyes. Visual stimulation was presented in the

left hemifield only, resulting in peak activation in the right hemisphere. Maps are
thresholded to p<0.001.
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Figure 6.22: FMRI signal from Patient-III averaged over all significant voxels
(p<0.001) with (a) positive correlation and (b) negative correlation. Dark lines rep-
resent right eye stimulation, lighter dashed lines represent left eye stimulation. Black
bars at the bottom indicate periods of visual stimulation.
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6.4.15 Discussion

The VEP and FMRI results showed reduced measured activity in the damaged eye
compared to the healthy eyc. The N75 was significantly delayed in the left eye while
the P100 latency was unaffected (figure 6.23). The +BOLD response was clearly
dominant in the right eye, showing more highly correlated voxels with a significantly

higher % signal change relative to the left. A summary of these results are shown in
Table 6.6.

Left eye | Right eye

Avg. N75 latency (ms) 73.1* 69.4
Avg. N75 amplitude (pV) -3.5 -2.8

Avg. P100 latency (ms) 104.0 102.3
Avg. P100 amplitude(uV) 4.4 5.3
No. of +BOLD voxels 34 79

No. of -BOLD voxels 21 37

Avg. +BOLD CC 0.27 0.29

Avg. -BOLD CC 20.25 0.27

Avg. +BOLD signal change (% ) | 0.94* 1.10
Avg. -BOLD signal change (% ) | -0.70* -2.65

Table 6.6: Summary of VEP and FMRI findings for Patient-III. The * indicates a sig-
nificant statistical difference (p<0.05). No symbol indicates no statistical difference.
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6.4.16 Subject-PIV
Patient-IV was a 62 year old female. Her right eye showed little visual field loss while

the left showed significant visual field degradation in the paramacular area, while the

central macula contained less damage ( see figure 6.24).

(a) Left eye (b) Right eye

Figure 6.24: Patient-IV left and right perimetry maps (Humphrey 24-2).

6.4.17 Results

The measured VEP of patient is shown in figure 6.25. FMRI maps are shown in figure
6.26. The positive and negative FMRI signals averaged over all voxels surviving the

threshold are shown in figure 6.27
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Figure 6.25: VEPs from Patient-IV as measured at electrode sites (a) O1, (b) Oz
and (c) O2. Black traces are from right eye stimulation, red traces from left eye
stimulation.
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Figure 6.26: FMRI activation maps from Patient-IV showing the dominant +BOLD
response from the (a) left and (b) right eyes, as well as the dominant -BOLD re-
sponse from the (c) left and (d) right eyes. Visual stimulation was presented in the

left hemifield only, resulting in peak activation in the right hemisphere. Maps are
thresholded to p<0.001.
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6.4.18 Discussion

The VEP and FMRI results diverge on this particular patient. The measured VEP
showed no significant changes in latency of the N75/P100 in cither eye. Their am-
plitudes were also statistically identical, suggesting that both eyes responded in the
same fashion (figure 6.28). The FMRI results on the other hand were consistent
with the previous patients findings. The +BOLD response was clearly stronger and
highly correlated in the healthy eye compared to the damaged eye. These results are
shown in Table 6.7.

Left eye | Right eye
Avg. NT75 latency (ms) 71.7 72.1
Avg. N75 amplitude (uV) -24 -2.6
Avg. P100 latency (ms) 102.7 104.4
Avg. P100 amplitude(pV) 6.3 5.9
No. of +BOLD voxels 86 117
No. of -BOLD voxels 4 13
Ave. TBOLD CC 0.26° 0.31
Avg. -BOLD CC 0.2 027
Avg. +BOLD signal change (% ) | 0.60 0.81
Avg. -BOLD signal change (% ) -1.74* -0.73

Table 6.7: Summary of VEP and FMRI findings for Patient-IV. The * indicates a
significant statistical difference (p<0.001). No symbol indicates no statistical differ-
ence.

6.5 VEP dipole analysis

The mean dipole localization from the healthy subject’s VEP is shown in figure 6.29.
Localization of the N75 was not performed on one of the normal subjects since they
did not show an N75 in the measured VEP. The localization of the N75 component
in the remaining normal subject yielded solutions that explained less the 50% of the
measured data (compared to an average >90% obtained in the previous experiments).
The P100 performed slightly better, with a mean explained variance of 75% in both
healthy subjects. Dipole localization of the N75 in all glaucoma patients once again
yeilded solutions that exlpained less than 50% of the measured data. Localization of

the P100 yeilded solutions with an average explained variance of 78% in three of the



111

120 —

Latency (ms)

o

wvvrrr
LRAKNLLS
SRR
R0
8

X
0

X

;

-
R

s

|[Amplitude] (uV)

SIS

SRS
oo retatoss

o
SRS
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patients (localization of the P100 in the remainng patient also yeilded a solution with

an explained variance of 32% ). These results are shown in figure 6.30.

6.6 Discussion and summary

6.6.1 VEP & FMRI Group analysis

The results from the ANOV A test of the two healthy subjects demonstrate the
symmetry between left and right eye that is to be expected in monocular VEP and
FMRI experiments. In both subjects, the latency and amplitude of the N75 & P100
components were statistically identical in both eyes (p < 0.05). This is consistent
with previous findings [140]. The FMRI results corroborate the VEP findings. There
was no significant differcnce in the average CC and % signal change in the +BOLD

response during stimulation of either eye. These results are summarized in table 6.8

N75 (ms) | P100 (ms) | +BOLD (CC) | -BOLD(CC)
Left eye | 70.6+£10.6 | 98.4+12.4 0.294:0.07 -0.27£0.05
Right eye | 70.4£10.08 | 98.2+12.3 0.30%0.08 -0.28+0.04

Table 6.8: Group average values of N75 & P100 latency and +BOLD & BOLD
correlation-coefficient (CC) in healthy subjects. The results from the ANOV A test
showed no significant difference in VEP latency and FMRI CC between eyes.

It should be noted that subject-I showed a higher number of activated voxels in the
right eye compared to the left. Toosy et al. [149] showed that lateralization of FMRI
activation is to be expected from monocular stimulation in healthy subjects. The
study by Toosy et al. limited the analysis to the volume of FMRI activation, and not
the distribution of mean CC and % signal change as we did. It is therefore suggested
while the volume of activation may differ in monocular stimulation experiments, the
mean CC and % signal change are similar in both hemispheres of subjects with normal
vision.

The results from the glaucoma patients demonstrate what differences are to be
expected in monocular VEP and FMRI recordings. The group average VEP over the
healthy and damaged eyes of all patients is shown in figure 6.31. The group mean
latency of the N75 component when the healthy eye was stimulated was 70.0 £ 9.9ms

and 72.1 4+ 10.8ms when the damaged eye was stimulated. The group mean latency
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Figure 6.29: Dipole localization of the P100 component in healthy participants from
monocular stimulation in the left (red cube) and right (green cube) eye. Localization
of the N75 component is not shown due to its very low explained variance (see text
for details). Axial (a), sagittal (b) and coronal (c) views from a reconstructed cortical
surface are shown.
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Figure 6.30: Dipole localization of the P100 component in healthy participants from
monocular stimulation in the healthy (purple cube) and damaged (yellow cube) eye.
Localization of the N75 component is not shown due to its very low explained variance
(see text for details). Axial (a), sagittal (b) and coronal (c) views from a reconstructed
cortical surface are shown.
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of the P100 component when the healthy eye was stimulated was 102.0 £+ 10.4ms and
104.14+11.1ms when the damaged eye was stimulated. The results from the ANOV A
test show that the N75 component in the damaged eye condition was significantly
delayed relative to the healthy eye condition (p < 0.001). The latency of the P100 on
the other hand was statistically identical in both healthy and damaged eyes.

*healthy_eye.avg—
damaged_eye.avg—

3.89
3.0
2.34
Y, 1.54
0.8+

N \_/_\
0.8
-1.5 1

T T T T T
-10.0 40.0 90.0 140.0 190.0 240.0 290.0
ms

Figure 6.31: Group average of VEP as measured at electrode site Oz. The black trace
represents the average over the healthy eyes and the delayed red trace represents the
average over the damaged eyes of the patients.

For the FMRI, the group average +BOLD CC was 0.33 +0.09 when the healthy
eye was stimulated and 0.28 £0.06 when the damaged eye was stimulated. The group
average -BOLD CC was —0.29 £ 0.08 when the healthy eye was stimulated and
—0.28 4= 0.08 when the damaged eye was simulated. The results from the ANOV A
test show that the +BOLD CC in the healthy eye condition was significantly greater
than the +BOLD CC in the damaged eye condition (p < 107%). The -BOLD CC
on the other hand was statistically identical in both healthy and damaged eyes. The
group average +BOLD signal in healthy and damaged eye conditions is shown in
figure 6.32. Taken together, the VEP and FMRI results show that the N75 VEP
component and the +BOLD FMRI response are better markers (relative to the
P100 VEP component and the -BOLD FMRI response) for correctly identifying

glaucomatous eyes. These results are summarized in table 6.9
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Figure 6.32: Group average of +BOLD signal in healthy and damaged eye stimulus
conditions. The % signal change was significantly greater in the healthy eye condition
compared to the damaged eye condition (see text for details).
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N75 (ms) | P100 (ms) | +BOLD (CC) | -BOLD(CC)
Healthy eyes | 70.0+£9.9 | 1020104 | 033+0.09 | —0.29+0.08
Damaged eyes | 72.1 £10.8* | 1041 +£11.1 | 0.28 £0.06* | —0.28 +0.08

Table 6.9: Group average values of N75 & P100 latency and +BOLD & BOLD
correlation-coefficient (CC) in four glaucoma patients. The ANOV A test revealed
a significant difference (p < 0.01) in the N75 latency and +BOLD CC between
healthy and damaged eyes (denoted by *).

6.6.2 Dipole localization

Overall, the dipole localization results of the N75 in the normal and glaucoma pa-
tients were not conclusive. The P100 dipole solutions were localized near the posterior
portion of the visual cortex in both healthy and glaucoma populations. Due to the
small population size, statistical testing of the P100 dipole position in the two con-
ditions (left vs. right in healthy population )and (healthy eye vs. damaged eye in
glaucoma population)was not carried out. To date, there is no supporting literature
corroborating these results, and thus no significant conclusion can be drawn from the

location of the dipole solutions.

6.6.3 Subject-specific analysis

In two patients, it was the N75 component that was significantly delayed, not the
P100. In one of the remaining two patients, it was the P100 component that was
delayed in the damaged eye, though it should be noted that this patient’s N75 was
absent. The remaining patient showed no significant changes in N75 or P100 latency
between healthy and damaged eye. It has been shown in earlier studies that in some
instances VEP delays may not be observed in damaged eyes caused by glaucoma
[150, 151]. As seen in this patient’s perimetry map, the majority of field defects were
in the peripheral field, outside of the checkerboard stimulus field. It may therefore
be possible that the stimulus was not large enough to encompass the entire damaged
area of the visual field. However, this scenario is unlikely since the same stimulus was
used during FMRI recordings and the results clearly showed a measurable difference
between healthy and damaged eyes. In the majority of patients , the amplitudes of
the N75 and P100 components were statistically identical in both eyes, and thus could

not be used as reliable markers for the identification of visual field defects.
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In all patients, the FMRI measurements correctly differentiated the cortical re-
sponse obtained from the healthy eye relative to the damaged eye. This was charac-
terised by (1) a higher number of statistically significant voxels during stimulation of
the healthy eye, (2) a higher mean CC of these voxels and (3) a greater average %
signal change over these voxels. The -BOLD response on the other hand was more
variable. In three of the four subjects, the -BOLD response showed more activated
voxels when the healthy eye was stimulated, though the mean CC of these voxels was
statistically identical to that of the voxels in the damaged eye.

Of particular interest was the VEP and FMRI results obtained in healthy Subject-
NII and glaucoma Patient-II. In both of these cases, an absence of the N75 component
was observed with a relatively robust P100 component. This has been observed in
healthy subjects [25] as well as in patients with late-stage glaucoma [152]. This
finding provides more evidence that the N75 and P100 are physiologically distinct-
the existence of the P100 may not directly depend on the existence of the N75.
Moreover, the FMRI findings from these participants showed a more dominant and
statistically significant -BOLD response than the +BOLD response. This finding
is consistent with previous findings in this work indicating that the N75 is better
correlated with the +BOLD response, while the P100 is better correlated with the
-BOLD response.

6.7 Summary and Conclusion

In both age-matched healthy subjects, the measured VEP and FMRI showed no
significant difference between eyes. In the majority of patients, both VEP and FMRI
responses clearly demonstrated a difference between healthy and damaged eyes. This
difference was mainly characterized by (1) a delay of the N75 VEP component during
stimulation of the damaged eye, (2) a decrease in the +BOLD % signal change and
(3) a decrease in the number and average correlation coefficient of +BOLD voxels
during stimulation of the damaged eye. A significant delay of the P100 and decrease of
the -BOLD response was only observed in participants whose N75 was absent. Taken
together, the VEP and FMRI results show that the N75 VEP component and the
+BOLD FMRI response are better markers (relative to the P100 VEP component
and the -BOLD FMRI response) for correctly identifying glaucomatous eyes. The



119

findings from this study are consistent with those of the previous chapters-the N75
appears to be better coupled to the +BOLD response, and the P100 appears to be
better coupled to the -BOLD response. Due to the relatively small sample size, more

measurements on uni-lateral glaucoma patients are needed in order to corroborate this

suggestion.



Chapter 7

Future work

A limitation of this study is the omission of the third VEP component (N150). To
our knowledge, the location of this component has not been investigated very well
using VEP and studies using invasive measurements have yielded conflicting results
[30, 153]. This lack of information would have made it difficult to validate the inverse
solution, and was therefore omitted from the thesis. However, seeing as how this
component is often seen in the VEP, it is important to study its relationship with
FMRI. The first step would be to estimate the number of sources responsible for
eliciting the N150. This could be achieved by comparing a single dipole solution
of the N150 component with a distributed inverse solution model. From there, its
location could be compared to the location of the N75/P100 and to the location of the
peak +BOLD & -BOLD response. Since the N150 is a negative going component,
it is hypothesized that it will be better correlated to a +BOLD response. It would
also be advantageous to investigate how the N150 is modulated and if it is affected in
glaucoma populations. Preliminary results show that the N150 is present in glaucoma

populations though delayed relative to healthy people.

In experiment II, it was found that in over half of the subjects measured, the
-BOLD response in the ipsilateral hemisphere seemed to vanish when the stimulus
was in the subjects peripheral visual field. The contralateral response on the other
hand remained relatively unchanged in both position and magnitude. If the sugges-
tions put forth in this thesis are true, then it would follow that a strong ipsilateral
negative FMRI response should be accompanied by a P100 source nearby. However,
in experiment I it was shown that the P100 dipole always converged to a location in
the contralateral visual cortex. It is therefore possible that there may be a second,
though weaker, ipsilateral P100 source [154]. This was briefly investigated early on,
though in most cases, a two dipole inverse solution simply resulted in overlapping

sources in the contralateral hemisphere. Therefore, it may be necessary to perform a
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one dipole inverse solution (which leads to a source in the contralateral hemisphere),
and then perform a second dipole search while keeping the first dipole fixed. This is
essentially the same as fitting a dipole to the residual potentials left unaccounted for
by the first dipole.

The -BOLD FMRI response is relatively new to the neuroimaging community.
This work, as well as others cited in the conclusion show that it does not behave in
the same manner as the +BOLD response. It is therefore important to determine
in what capacity the -BOLD response can be influenced. It has been suggested
that attention plays a crucial role in eliciting the -BOLD response [155], which is
encouraging since the P100 has also been shown to be modulated by attention [133].
This is consistent with the suggestions put forth in this thesis-that the P100 VEP
component is better linked to the -BOLD response.

Lastly, it would be advantageous to pursue studying the effects of visual impair-
ment on the VEP and FMRI response. As this was the first time that VEP and
FMRI measurements were conducted on glaucoma patients, the primary goal was
to investigate whether or not these modalities were sensitive enough to detect the
effects of late-stage, unilateral glaucoma. This is a very specific form of glaucoma,
and thus limited the number of patients (four in total) that could participate in the
study. Out of this patient population, VEP measurements showed a significant effect
in three of the patients, while FMRI showed a significant effect in all four. It would
be advantageous to increase the patient population to determine if one modality is

more sensitive to late-stage, unilateral glaucoma than the other.



Chapter 8

Summary and Conclusion

Since its development in the early 1990’s, FMRI has become a widely used tool in
the neuroimaging community. Recently, there has been a push toward implementing
a combined EEG/FMRI protocol, in the hopes that more information may be made
available by combining these two modalities. This has resulted in a surge of studies
making use of sequential and/or simultaneous EEG/FMRI measurements. Studies
using invasive recording techniques have demonstrated that the hemodynamic activity
routinely seen in FMRI studies is due to synaptic neuronal activity and not spiking
activity [83]. EEG measurements are also thought to be particularly sensitive to
synaptic neuronal activity. This suggests that EEG and FMRI are sensitive to the
same cortical events, though the exact relationship between their sources is still not
fully understood. To further this understanding, the aim of this thesis is to study the

level at which EEG and FMRI measurements complement one another.

In the first experiment of this thesis, we compared the location of VEP and FMRI
sources in response to a basic visual stimulus. In the majority of subjects, it was
found that the location of the N75 VEP component was closest to the peak +BOLD
response. The location of the next VEP component, the P100, was closer to the
peak -BOLD response. This indicates that the N75 may be better correlated to the
+BOLD response, while the P100 is better correlated with the -BOLD response.
However, this result alone does not resolve this particular aspect of the EEG/FMRI
relationship. To further cloud the issue, there are known sources of error in a VEP
inverse solution which could be as large as a few centimeters. We therefore designed
a second experiment that would rely less on the exact location of the VEP/FMRI

sources, and more on their change in location when the stimulus position is changed.

In this second experiment, we studied how the measured VEP and FMRI from
healthy subjects responded to a change in stimulus position from central to peripheral

visual field. In the majority of subjects, the location of the N75 moved according to
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retinotopic mapping, while the location of the P100 remained relatively unchanged.
The FMRI results show a similar effect with the +BOLD response moving in a
retinotopic manner, while the -BOLD response remained in a fairly fixed location.
On average, the location of the N75 and +BOLD moved 2.8 + 0.8 times as much as
the P100 and -BOLD did. The findings from this experiment corroborate the findings
of the previous experiment that there is a possible linkage between the N75/4+BOLD
response and P100/~-BOLD response.

In the third experiment, we sought to implement VEPs and FMRI in a clinical
setting. The goal was to investigate whether or not VEPs and/or FMRI were able to
accurately detect the effects of visual field defects in the brain caused by late-stage
glaucoma. Overall, it was shown in uni-lateral glaucoma patients that both the VEP
and FMRI can reliably detect the effects of visual impairment, though by different
means. In the case of the VEP, it was the delay of the N75 component that was the
most robust marker in identifying glaucomatous eyes. The FMRI results showed that
it was the +BOLD response that was the robust marker for identifying glaucomatous
eyes. These findings indicate that the N75 component of the VEP and the +BOLD
response of FMRI are the more reliable form of measurements that can detect the

effects of glaucoma in the visual cortex.

In the two cases (one healthy subject, one glaucoma patient) where the measured
VEP showed no signs of an N75 component, the P100 was quite robust. The FMRI
findings in these two cases were consistent with our hypothesis as it was shown that the
+BOLD response was for the most part absent, while the -BOLD response appeared
more dominant. In the patient who showed no signs of an N75, it was the P100 that
was able to detect a measurable VEP delay in the damaged eye relative to the healthy
one. In that same patient, it was the -BOLD response that accurately reflected
the effects of the damaged eye relative to healthy one. The +BOLD response did
not show a measurable difference. This suggests that the P100 and the -BOLD
response are only capable of detecting the effects of visual impairment when the N75
and +BOLD response are absent. The overall findings from this experiment not
only demonstrate that the VEP and FMRI modalities are sensitive to the effects of
glaucoma in the visual cortex, but they also reinforce the suggestion that there exists

a link between only certain constituents of the VEP and FMRI, namely between the
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N75/+BOLD and the P100/-BOLD.

The pathway from eye to brain has been extensively studied in the past. Visual
information first flows into layer 4 of the primary visual cortex, and then to layers
2/3. Intracortical recordings in monkeys have demonstrated that the N75 component
reflects excitatory postsynaptic potentials of stellate cells in the primary visual cortex
layer 4C [35]. The same authors postulate that the ensuing P100 component reflects
inhibitory postsynaptic potentials of pyramidal neurons in layers 2 and 3 [35]. There
are a growing number of studies that have suggested that the +BOLD response is
driven by excitatory postsynaptic potentials [59, 60, 61]. The -BOLD response is
thought to be mainly driven by neuronal inhibition [65, 66]. The overall results from
this work are in agreement with this observation. It is therefore suggested that the
FMRI signal may be initially triggered by the same sources that drive the EEG signal
recorded at the scalp. However, this does not necessarily imply that the N75 and P100
(and the +BOLD and -BOLD response for that matter) are directly dependent on
one another. The very fact that one of these two sources can exist without the other
provides strong evidence that the two have distinct physiological structures, which is
in agreement with previous studies [34, 60].

In conclusion, the results from this thesis indicate that there exists a strong re-
lationship between the N75 VEP component and the +BOLD FMRI response and
a strong relationship between the P100 VEP component and the -BOLD FMRI re-
sponse. This relationship between neural and hemodynamic activity in the brain
shows that both EEG and FMRI are capable of reflecting underlying neuronal activa-
tion, even though they are measuring different physiological events. This hypothesis
has been explored here for the visual system, but should also be examined for differ-

ent sensory systems in order to further evaluate the relationship between EEG and
FMRI.



Appendix A

Validation of FMRI source localization-Case Study

A.1 Introduction

A 25-year-old male patient underwent several FMRI scans on the recommendation
of Dr. David Clarke, Division of Neurosurgery, QEII Health Sciences Centre. MR
imaging diagnosed a mass lesion in the vicinity of the motor cortex in the left hemi-
sphere (figure A.1). FMRI measurements were made in order to investigate areas
of functionality surrounding the abnormality. Locations of these particular centers
based on FMRI findings were then verified via electrical stimulation of the cortex

during neurosurgery.

A.2 Methods

FMRI measurements were made three days prior to surgery. In all cases, experi-
ments were conducted using the block paradigm approach described in section 4.3.1.
FMRI acquisition and off-line analysis were the same as described earlier in section
4.3.4. The FMRI images were imported into a surgical neuronavigational system
(Medtronics™). This portable system includes a wireless stylus whose position in 3D
space can be viewed directly on a built-in screen. Usually, the patients anatomical
MRI is displayed on the screen and the stylus is used to help guide the neurosurgeon
during surgery. In this study, the imported FMRI images were overlaid onto the high-
resolution anatomical images, and the two could be simultaneously viewed on screen
during surgery. With the help of the stylus, it was possible to accurately locate the
areas of significant FMRI activation ¢nthe brain during surgery. In order to test the
validity of the FMRI findings, several cortical sites were electrically stimulated and
the patients response was observed. The distance between the areas deemed active

via intraoperative stimulation and those found via FMRI was then calculated.
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Figure A.1: Sagittal (a), axial (b) and coronal (c) MRI slices of a patient diagnosed
with a tumor in and around the motor cortex.
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A.2.1 Experimental tasks

As shown in the patients anatomical MRI (figure A.1), the most inferior portion of
the tumor was near Brodmann's area 44 & 45 (language center). The most superior
portion of the tumor was near Brodmann’s area 1-6 (sensory & motor center). In order
to investigate whether the tumor affected the functionality of these regions, FMRI
using language, motor and sensory tasks were employed. These tasks are described

below.

A.2.2 Speech & Language

As shown in the patient’s anatomical MRI (figure A.1), the anterior portion of the
tumor bordered on Brodmann’s’ area 44 & 45. This is otherwise referred to as Broca’s
area, (figure A.2). This area was first identified by Broca in 1862 [156] when one of his
patients could understand speech but was unable to speak. The approximate location
of Broca’s area is in the inferior frontal gyrus of the frontal lobe of the cortex. Damage
to Broca’s area (Broca’s aphasia) can result in various speech limitations such as
preventing a person from producing speech, words not being properly formed and
speech that is slow and slurred. Prior to surgery, FMRI scans using two language
tasks were employed to chart functional language areas in the vicinity of the tumor.
In the first task, the patient was shown random letters that were displayed on the
screen for 30 seconds. During this time, the subject was instructed to think of words
that started with that letter. The second was a sentence verification task where the

patient was asked to mentally detect sentence anomalies.

A.2.3 Motor & Sensory

The bulk of the tumor was in and around the area of the primary somatosensory cortex
(Brodmann’s areas 1-6) which consists of motor and sensory control. The motor
cortex is defined by the precentral gyrus, which is almost similar to Brodmann’s
areas 4 (figure A.2). The presensory and secondary sensory (sensory association)
areas are located behind the postcentral gyrus (Brodmann area 1). The motor cortex
was found by instructing the patient to make sequential finger tapping movements

in either hand while the other remained stationary. The location of the sensory area
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was found by lightly poking the palms of the patients left and right hands.
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Figure A.2: Both Broca’s area (area 44 & 45) and the primary somatosensory cortex

(area 1, 2 & 3) were stimulated in a patient with a tumor near these regions. Taken
from [90].

A.3 FMRI Results

A.3.1 Speech

All FMRI datasets were fully analyzed for viewing within 4-5 minutes after each
experiment while the patient remained in the MRI scanner. FMRI activation sites in

response to the language tasks are shown in figure A.3. The activation was divided
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into two separate, yet equally active regions. The FMRI response from the first
language task peaked in an area close to to the anterior periphery of the tumor. The
second language task resulted in an activation near the anterior portion of the frontal

lobe, quite removed from the tumor.

Figure A.3: Axial slice showing the most significant FMRI activity (p<10~*) in re-
sponse to two language tasks (see text for description of language tasks). Both areas
of functional activity are in good agreement with the location of Broca’s area

A.3.2 Motor & Sensory

FMRI results to motor and sensory stimulation are shown in figure A.4. In the motor
task involving the right hand, the strongest response was found slightly posterior
and lateral to the tumor. A similar, yet weaker FMRI response was found in the
sensory task. The locations of both the peak motor and sensory responses are slightly
posterior than would be expected in a healthy subject. This indicates that cortical
re-arrangement may have been a factor. During left hand stimulation, the location
of the peak FMRI responses from motor and sensory tasks were highly symmetric
to the peak FMRI response obtained during right hand stimulation. No significant

activation from either task was found inside the tumor.
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Figure A.4: FMRI activation maps showing the dominant +BOLD response during
(a) left and (b) right finger tapping tasks, and (c) left and (d) right sensory tasks (see
text for details). Maps are thresholded to p<10~*.
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A.4 Neurosurgery results
Initial intraoperative mapping of cortical functionality was done on the cortical sur-

face, prior to tumor resection. An example of the cortical surface being stimulated is

shown in figure A.5.

Figure A.5: The cortical surface being electrically stimulated.

With the area surrounding the tumor exposed, the patient was asked to tap his
fingers whilc the cortex was stimulated. When the patient was not able to move
his fingers, the corresponding cortical area was labelled with an ‘M’ (motor). An
‘S’ (sensory) was used to label the area corresponding to when the patient reported
feeling ‘pins and needles’ in this right hand. An ‘L’ (language) was used to identify
the area which, upon stimulation, caused the patient’s speech to become slightly
interrupted and slurred. Once the tumor had been resected, the language area was
again identified by stimulating an area (marked by an ‘T’) that caused the patients
speech to become even more slowed, slurred and interrupted. The motor, sensory and

language areas that responded to electrical stimulation prior to resection are shown
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in figure A.6. A more accurate location of the language area was found after resection

Figure A.6: Cortical areas representing motor (m), sensory (s) and language (1) cen-
ters that responded to electrical stimulation. The black arrow points to the approx-
imate location of the midline (dashed white arrow). Anterior, posterior and right
direction are also shown.

is shown in figure A.7. A more detailed look of how well the FMRI motor, sensory

and language areas correlated with the intraoperative stimulation is shown in figures

A.8, A9 and A.10, respectively.

A.5 Discussion

The language, motor and sensory areas found via FMRI are similar to the FMRI
findings obtained by Hirsch et al. involving a patient with a tumor similar to the
one in this study [157]. However, owing to the differences in the orientations of the
acquired slices, Hirsch et al. were unable to make a precise comparison between FMRI

and intraoperative findings. Instead, the surgeon judged the correspondence between
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Figure A.7: The ‘I’ corresponds to the deeper language area.
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Figure A.8: Axial (a), coronal, (b) and sagittal (c) FMRI images after they have
been imported into the neuronavigational system. The red crosshair points to the
site where, upon electrical stimulation (5.5 mA) the patient experienced arrested
finger tapping. In (a) and (b), the dark spot to the left of the crosshair (in (c), the
dark spot is below the crosshair) represents the peak FMRI response obtained during
the motor task. The distance between the FMRI and crosshair was less than lcm.
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Figure A.9: Axial (a), coronal, (b) and sagittal (¢) FMRI images after they have
been imported into the neuronavigational system. The red crosshair points to the
site where, upon electrical stimulation (5.5 mA) the patient experienced a tingling
sensation in the right hand. In (a), the dark spot to the left of the crosshair represents
the peak FMRI response obtained during the sensory task. The distance between the
FMRI and crosshair was less than lem.
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Figure A.10: Axial (a), coronal, (b) and sagittal (c) FMRI images after they have
been imported into the neuronavigational system. The red crosshair points to the
site where, upon electrical stimulation (6.5 mA) the patient experienced a significant
loss in speech ability (dysphasia). This area was obtained after resection of the tumor
was complete. In (a) and (b), the dark spot to the left of the crosshair represents
the peak FMRI response obtained during the second language task. The distance
between the FMRI and crosshair was less than lcm.
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FMRI and intraoperative stimulation based on photographs taken during surgery.
In our study, the FMRI images were directly imported into the neuronavigational
system used during neurosurgery. We were therefore able to directly identify these
FMRI and intraoperative locations on the patients structural MRI and better evaluate
the correspondence between the two measures.

Overall, the location of the peak FMRI response correlated quite well with cortical
areas responding to electrical stimulation. There seemed to be no difference between
the level of accuracy between the more superficial motor and sensory areas and the
deeper language center. The FMRI COA for motor, sensory and language tasks
were less than 1 cm away from their respective areas found via electrical stimulation.
Seeing as this was the first time FMRI was used as pre-operative mapping at this
institution, this level of accuracy is quite remarkable. In fact, it should be noted that
the patient suffered no significant speech impairment following surgery, concluding
that no surgical damage was done to the important speech areas of the brain. This
verification of FMRI localization significantly increases the reliability of the FMRI
findings presented earlier in the thesis. To assist in further research in this area, we

suggest that the following points are implemented:

e It would be advantageous to more accurately calculate the distance between the
FMRI COA and electrically stimulated site. This could be achieved by noting
the coordinates of the FMRI COA after the images have been loaded into the
neuronavigational system. During neurosurgery, the x, y, & z coordinates of
the cortical region that is stimulated can also be noted, and the distance can

be calculated.

e There may exist a limiting SNR at which an optimal FMRI location accuracy
is achieved. It is possible that this level of accuracy can be attained in a shorter
time than taken in this investigation. It would therefore be advantageous to

observe changes in FMRI COA as a function of the SNR.

¢ Once limiting SNR from the previous point is found, it may be advantageous

to use a smaller voxel size, particularly in the inferior-superior direction.

e The neuronavigational system used during neurosurgery should be capable of

accepting colour images. This way, the FMRI activation spots would appear
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brighter and easier to distinguish from the underlying black and white anatom-

ical structures.

A.6 Conclusion

Since neurosurgery relies on a precise delineation of the structural and functional
aspects of the brain, the role for FMRI in neurosurgical planning is potentially very
significant. The results presented here illustrate the potential advantage of FMRI for
surgical treatment of brain tumors. Moreover, the accuracy achieved with a relatively
short analysis time (4-5 minutes per FMRI experiment) shows the advantage of using
the FMRI protocol developed in this thesis for urgent clinical cases. These findings
also demonstrate the importance of FMRI as a pre-operative tool when the presence
of a tumor alters the expected location of a function, or when the location of the
tumor is in an area with an uncertain function such as various language, motor or

sensory-related processes.
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