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ABSTRACT 

Temporal lobe epilepsy (TLE) is the most common form of localization-related 

epilepsy and is generally refractory to medical treatment. The lesion most fre

quently associated with it is unilateral mesial temporal sclerosis (MTS), character

ized by neuronal loss and gliosis of the mesial temporal structures. Despite be

ing a relatively common disorder, its pathogenesis and pathophysiology remain 

largely unknown. In recent years, it has become increasingly recognized that TLE 

is a network disorder that involves the interaction between several temporal and 

extra-temporal structures. 

Diffusion tensor imaging (DTI) is a novel and invaluable tool for the study 

of the brain's connectivity. The directional information on the diffusion of water 

molecules gained by DTI can be exploited to reconstruct the three-dimensional 

structure of white matter tracts (a method known as tractography). Most notably, 

DTI is able to detect (non-invasively and in a short time) the microscopic charac

teristics and integrity of tissue. 

In this dissertation, DTI and tractography were utilized to assess the tissue in

tegrity of several white matter bundles in patients with TLE. Through this method, 

bilateral abnormalities of white matter integrity were found in temporal and extra-

temporal structures (fornix, cingulum, external capsules and corpus callosum) 

in patients with TLE and unilateral MTS. Given the lack of normalization upon 

seizure freedom after surgical resection of the sclerotic structures, these abnormal

ities are likely not due to functional fluid shifts caused by seizures themselves, but 

due to structural changes. While the extra-temporal abnormalities are also seen 

in TLE patients without MTS, the limbic changes (i.e. in the fornix and cingulum) 

appear to be exclusive to the presence of MTS. Electron microscopy examination 



of the fornix resected during TLE surgery reveals that patients with MTS have less 

axons and that they are less tightly packed than those patients without MTS. These 

histological abnormalities likely are the underlying mechanism for the observed 

diffusion abnormalities. 

In conclusion, abnormalities of the brain's connectivity that are specific to TLE 

and MTS have been demonstrated, which may play a crucial role in the mecha

nism of TLE. Future work is needed to estimate the timing of apparition of these 

abnormalities and the genesis of TLE. 
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CHAPTER I 

JUSTIFICATION 

Epilepsy is a diverse and common group of disorders of which temporal lobe 

epilepsy is the most common of the localization-related forms. Furthermore, tem

poral lobe epilepsy is generally very refractory to medical treatment. Since the 

decade of the fifties, however, surgical resection of the temporal structures has 

proven to be a successful treatment for these patients, in particular when they 

have an associated lesion identified on neuroimaging. The presence of a visually 

evident lesion has a tremendous positive impact on the success rate of surgery. 

For this reason, great attempts are made in all neuroimaging fields in order to 

increase the rate of detection of very subtle lesions that are not otherwise visible 

with conventional imaging. 

In the field of magnetic resonance imaging, in particular, several contrast 

mechanisms and post-processing schemes have been proposed. These new tech

niques have certainly increased the diagnostic yield of this form of imaging, al

though an important sub-group of patients with temporal lobe epilepsy remain 

elusive to the demonstration of brain lesions. Nevertheless, based on clinical ob

servation, it is presumed that these so-called non-lesional patients indeed have 

some sort of abnormality that remains to be identified. 

Although epilepsy is unquestionably a disorder of the gray matter, as seizures 

are generated in it, it is the white matter that is responsible for the propagation 

of the abnormal electrical activity. For obvious reasons, most imaging groups 

have focused their efforts on the gray matter and have made considerable ad-
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Chapter i. justification 

vancements in the field. The white matter, however, has apparently been largely 

neglected by many research groups in the study of epilepsy, assumed to play a 

merely passive role in the propagation of seizures. 

In 2003, w e wondered if one could detect the down-stream effects of gray 

matter changes (neuronal death, in particular), in the underlying white matter in 

patients with temporal lobe epilepsy. It has been known for over a century that the 

neuronal axons degenerate following an insult to the soma. It had been previously 

demonstrated that such distant fiber degeneration can be detected by measuring 

the diffusion characteristics of water molecules. Hence, we hypothesized that the 

white matter, extending from a region of gray matter where an important number 

of its neurons were dead, would show the particular pattern of water diffusion 

abnormalities linked to secondary degeneration. At that time, less than a dozen 

peer-reviewed articles had used diffusion tensor imaging in the study of epilepsy, 

and less than a third of those focused on the white matter. Tractography was still 

in its infancy. The idea was to use this technique to show evidence of a lesion in 

the elusive non-lesional temporal lobe epilepsy patients. However, in order to test 

the validity of our assumption, it was first necessary to study a group of patients 

with known and focal neuronal death linked to their epileptic disorder. This is the 

essence of a lesion known as mesial temporal sclerosis, commonly seen in tem

poral lobe epilepsy and typically visible on conventional imaging (Section 3.2.3). 

With these patients, it was not hard to figure out where to look for white matter 

abnormalities, for their disorder is focalized to the temporal lobe and its intercon

nected components, all part of what is called the limbic system. We decided to 

focus on two important temporal lobe white matter structures: the fornix and the 

cingulum. To look for the abnormalities, a novel technique known as tractography 

would be used to virtually dissect these white matter structures and to analyze the 

diffusion properties of the tissue. The patients with mesial temporal sclerosis had 

the added benefit of having such a lesion only on one hemisphere of the brain, 

allowing a direct comparison to the presumed healthy side to be made. Chapter 

4 details the methodology utilized and Chapter 5 the results obtained from this 

experiment. 

3 



Chapter i. Justification 

The information on the white matter was not amenable to pin-point the side 

with mesial temporal sclerosis. This was, however, not due to a lack of abnor

malities on that side. Surprisingly, these patients showed bilateral white matter 

abnormalities, despite having unilateral suspected neuronal death. Although these 

results precluded the use of this particular method for clinical purposes, it was an 

intriguing and novel finding that posed new and exciting questions that needed 

to be resolved. What are these white matter abnormalities? Why are they bilat

eral? Are they related to ongoing seizures? Do they disappear upon cessation of 

seizures? Are they present in patients with non-lesional temporal lobe epilepsy? 

Are they present in other forms of epilepsy? Are they a cause or a consequence of 

epilepsy? 

This dissertation addresses some of these questions and attempts to provide 

some insight into the pathophysiology of temporal lobe epilepsy through the 

study of the interconnecting white matter, which we now believe is more than 

just a bystander. This thesis is organized into three parts: Part I will introduce 

the bio-physical principles of the methodology utilized throughout (Chapter 2) 

and present the important aspects of temporal lobe epilepsy (Chapter 3). Part II 

compiles the experiments performed to address specific questions on the char

acteristics of the identified white matter abnormalities. Finally, Part III brings 

the information gained together and provides concluding remarks on what was 

learned. 

- 4 -



C H A P T E R 2 

DIFFUSION TENSOR IMAGING AND 

TRACTOGRAPHY 

2.1 Diffusion of water molecules 

All molecules with a temperature above absolute zero (i.e., >-273.i5 °C) are in 

constant motion. This phenomenon was first described in 1828 by Robert Brown1, 

based upon the observation of random motion of grains of pollen suspended in 

water. Although grains of pollen are considerably larger than individual molecules, 

the behaviour described by Brown is similar to that seen in molecules a; thus, the 

molecular phenomenon is commonly referred to as Brownian motion. Diffusion 

is thermally driven and in the simplest case is completely stochastic, with each 

molecule describing a "random walk" over time. For example, if a single water 

molecule suspended in an infinite sea of calm water could be followed over time, 

the path would appear to be completely random, with equal probabilities of go

ing anywhere at each time step. The longer we observed, the farther the water 

molecule could be from where it started. However, having equal probabilities of 

moving in any direction, the average displacement over time would be zero. 

Albert Einstein mathematically solved Brown's observations2. Let us consider 

several water molecules diffusing freely, each one with an initial position r at time 

aIn fact, the motion of the grains of pollen was secondary to the diffusion of water molecules in 
which they were suspended in. 
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Chapter 2. Diffusion Tensor Imaging and Tractography 2.1. Diffusion of water molecules 

t = 0. If we allow them to diffuse for a period of time r, each water molecule will 

then be in position r'. The diffusion coefficient D can be found by: 

D = i (RTR) (2„) 

where R = r' — r. The spin displacement in time is considered over the spin 

ensemble (angled brackets). The root mean square displacement over time t is 

given by: 

rmsn = V2nDt (2.2) 

where n is the number of dimensions. The displacement of water molecules in 

one dimension is exemplified in Figure 2.1. 

Displacement (arbitrary units) 

FIGURE 2.1: One-dimensional displacement of water molecules over time. An 
arbitrary number of water molecules with position = 0 at t = 0 diffuse over time. 
The gaussian displacement profile broadens as time passes. 

Recall that diffusion is random (i.e., isotropic) and, therefore, D is directionally 

independent. The magnitude of D is dependent on the viscosity and temperature 

of the medium, and the size of the molecule. D of water at 37 °C is around 3.04 

x io~ 3 mm 2 / s 3. 

For the case of water molecules, the solute and the solvent are the same 

molecule, and the phenomenon is properly termed self-diffusion, for which the 

- 6 -



Chapter 2. Diffusion Tensor Imaging and Tractography 2.1. Diffusion of water molecules 

simple random walk model can appropriately predict its behavior. Examples 

of self-diffusion of water molecules can be seen in Figure 2.2. For the remain

der of this thesis, the term diffusion is used to refer to the self-diffusion of water 

molecules. 

3 molecules 50 molecules 

FIGURE 2.2: Simulation of random walk over 100 time steps of 3 and 50 water 
molecules. The direction of each molecule is randomly defined at each time step. 
Over time, the water molecules have a non-zero probability of visiting any position 
in space but have, on average, moved little (if any) from the origin. 

2.1.1 Measuring diffusion with nuclear magnetic resonance 

The effects of diffusion on the NMR signal have been known since the 1950s, when 

the spin-echo was described by Hahn4 . A few years later, Carr and Purcell pub

lished their paper on quantitative T2 measurements, in which they recognize the 

importance of diffusion and even measure D of a water sample5. In 1956, Torrey 

modified Bloch's equations to include a diffusion term6. These first attempts to 

measure D were based on the use of a constant perturbation of the main magnetic 

field which, among other problems, made the distinction of D-related effects from 

transverse relaxation difficult. 

However, it was the work of Stejskal and Tanner7 in the sixties that facilitated 

the quantitative measurement of molecular diffusion coefficients by the use of a 
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Chapter 2. Diffusion Tensor Imaging and Tractography 2.1. Diffusion of water molecules 

pulsed gradient spin echo sequence (PGSE). The basic idea is to encode the spatial 

position of water molecules (spins) at t — 0, invert the spin phase with a zr-pulse, 

and decode the spin position after time r. The spin position is encoded and re-

coded with the use of magnetic field gradients (Figure 2.3). In more detail: After 

the application of a zr/2 radio-frequency pulse that places the net magnetization 

in the x, y plane with zero-phase, a magnetic field gradient with amplitude G and 

duration 5 is turned on, which imparts a phase to the spins according to their 

spatial position. A n radio-frequency pulse then reverses the spins' phase. A sec

ond magnetic field gradient with the same characteristics as the first one (with a 

separation of time = A) causes non-moving spins to re-gain their original phase. 

The NMR signal (echo) is acquired at this point. If the spins move during the time 

between the two magnetic field gradients (due to diffusion or any other cause), the 

spins will not re-phase completely, which causes less NMR signal to be acquired. 

Note that the field gradients are applied linearly in one dimension, providing dif

fusion sensitization only to spins moving in that particular direction. That is, if a 

spin moves perpendicularly to the field gradient direction, it will not contribute 

to the loss of NMR signal. The signal can be acquired through a spin-echo, as de

scribed above, or through a stimulated echo8. The latter approach, being heavily 

Ti-weighted, minimizes the loss of signal through transverse relaxation, although 

its very nature translates into a 50% reduction of the original available signal. 

By modifying the characteristics of the PGSE sequence, one can increase or 

decrease the sensitivity to diffusion. If the amplitude of the gradients is increased 

(G), spins will require less motion to experience a different magnetic field, thus 

increasing phase change. Alternatively, one can allow the spins to diffuse for a 

longer period of time, increasing the probability of the spins to dephase. The 

diffusion time is expressed as A — S/3), where the 5/3 correction accounts for the 

diffusion which occurs during the time in which the gradients are turned on7. 

The sensitivity to diffusion is expressed as: 

b = 7
2G252 ( A - Q (2.3) 
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FIGURE 2.3: Pulsed gradient spin echo sequence. The spatial position of water 
molecules is encoded as phase by the use of a magnetic field gradient with dura
tion 5 and magnitude G. A n pulse inverts the spin phase. A second magnetic 
field gradient, identical to the first one, refocuses the phase of all stationary spins. 
Moving spins do not experience the same magnetic field before and. after the refo-
cusing pulse and the ensemble is not homogeneously refocused, resulting in loss of 
signal. The modification of this sequence, utilized in this dissertation, is presented 
in Figure 2.20. 

where 7 is the gyromagnetic ratio of hydrogen protons (42.58 MHz/T). Equation 

2.3 assumes that the local field gradients (independent of the diffusion-sensitizing 

gradients) are minimal in the sample. In areas of large magnetic susceptibility 

differences, local magnetic field gradients are induced. Local gradients would 

impart further phase shifts to the spin that would not be fully recovered by the 

second gradient pulse, confounding the measurement of D. Any other magnetic 

field gradients or inhomogeneities present during the PGSE sequence must be 

present and equal during both diffusion sensitizing gradient pulses in order to 

correctly infer D. The tissue boundary between air and tissue is an example of 

this problem. Luckily, these effects are localized (more on this on Section 2.5.2). 

- 9 
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The diffusion-sensitizing gradients need not be rectangular, as is expressed in the 

above equation, in which case the area of the pulse should be equal to that of the 

ideal rectangular pulse. The use of non-rectangular gradient pulses does not affect 

the measurement of D9 . 

The amount of NMR signal available in a diffusion-sensitive experiment decays 

exponentially according to D (Figure 2.4), and is expressed as: 

S_ ,-bD 
(24) 

where S is the signal intensity obtained with the diffusion gradient on, and So is 

the corresponding signal intensity obtained without the use of diffusion sensitiz

ing gradients. This equation can also be written as: 

tals^ -bD (2.5) 
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FIGURE 2.4: NMR signal vs. diffusion sensitization. The NMR signal is plotted as 
a function of b (equations 2.4 and 2.5) for gray matter (D = 0.7 x W~3mnr/s) and 
freely-diffusing water at 37°C (D = 3 x W~3mm2/s). 

While originally developed for measuring D in samples, the PGSE and its 

variants can be used in MRI. In this case, the volume of interest is divided into n 

pixels (picture elements, in the two-dimensional case) or voxels (volume elements, 

in the three-dimensional case), and the diffusion coefficient can be calculated in 

each individual pixel or voxel. This approach is known as diffusion-weighted 

imaging (DWI)10 and is now routinely used in the detection of ischemic brain 

injury11. 
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The diffusion-sensitizing gradients, as well as the radio-frequency pulses, must 

be turned on during a certain time, providing an effective diffusion time A — 6/3) 

that is around 50-100 ms. In biological tissues, the diffusion of water molecules 

depends not only on viscosity and temperature, but also on semi-permeable bar

riers such as cellular membranes. In order to measure viscosity, the diffusion time 

must be very short, limiting the interactions between the water molecules and 

semi-permeable barriers. Such short diffusion times are difficult to attain, as they 

require very strong gradients to be applied for a short period of time (6). Tanner 

and Stejskal recognized the effect of diffusion barriers and were the first to pro

pose the idea of measuring restricted diffusion of water molecules by varying the 

delay between the gradient pulses12. For this reason, the term Apparent Diffusion 

Coefficient (ADC) is used when referring to D in biological tissues, as measured 

with NMR. This is, however, far from being a drawback, as the apparent part of 

ADC is what allows us to make inferences on tissue micro-structure. 

2.1.2 Water diffusion in the brain 

In order to understand the behaviour of water diffusion in the brain, we must 

briefly discuss the basic properties of the four major tissue types that reside in the 

intra-cranial cavity: 

Gray matter (GM) This tissue contains the neuronal bodies and glial cells. It has 

a gray-brown color, hence its name, and is distributed at the surface of the 

cerebral hemispheres and cerebellum, as well as the sub-cortical nuclei (tha

lamus, caudate, etc). It is composed of more than 100 000 million neurons, 

and an even greater number of glial cells. Around 90% of all the neurons in 

the brain reside on the cerebral cortex13, which has a width of around 1-5 

mm and is organized in layers. It makes 45% of the total brain volume in 

young adulthood14. 

White matter (WM) Composed of axons and oligodendrocytes, it provides con

nections between near and distant portions of the brain. Its color is due 

to the myelin content. In young adults, it has an approximate volume of 

- 11 -
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450 cm3 (35% of the brain volume) and the myelinated axons alone account 

for more than 118 000 km15. 

Cerebrospinal fluid (CSF) With a total volume of less than 150 ml, this trans

parent liquid bathes the brain and spinal cord, being completely exchanged 

3-4 times per day. It is 99% water, and has less than 10 cells per mm316 . It 

represents 10% of the total brain volume14. 

Blood The blood flow through the whole brain in a young adult is 15-20% of the 

cardiac output, between 750-1000 ml/min l 6 . It accounts for around 10% of 

the total brain volume14. 

Water diffusion is not completely free in biological systems, due to the pres

ence of cellular membranes and organelles, as well as characteristic tissue architec

ture. These features pose barriers to diffusion and cause anisotropy (i.e., diffusion 

is not equal in all directions). The white matter in the brain, which consists of sev

eral bundles of axons interconnecting distant discrete portions of the brain, shows 

a high degree of architectural coherence. It therefore also shows the highest degree 

of anisotropy in the brain. 

Axons with similar trajectories are bundled together to form fasciculi (also re

ferred to as tracts or fiber bundles, Figure 2.5). Each axon can be surrounded 

several times by lipid-rich myelin sheaths, manufactured by oligodendrocytes. 

The myelin sheaths are periodically interrupted along the axon in the nodes of 

Ranvier, forcing the propagation of action potentials to be saltatory and therefore 

faster. Axons have various diameters that range from <i ^m to approximately 

15 }im. Given the diffusion coefficient of water molecules at body temperature, a 

single water molecule can show a displacement of around 10 ^m in 50-100 ms17 , 

certainly enough for it to encounter several axonal membranes and other barriers. 

Myelin, being a lipid bilayer was wrongly assumed to be the only source of diffu

sion anisotropy. Anisotropy is indeed present in non-myelinated nerves18-20, but 

its presence modulates the degree of anisotropy20-24. The presence of anisotropy 

in non-myelinated nerves points at intact cellular membranes as one of the major 

sources of anisotropy of water molecules18'20. The longitudinally-oriented micro-

- 12 -
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tubules within axons, as well as fast axonal transport, appear to be minimally 

involved in the generation of diffusion anisotropy25. When axons are organized 

coherently and tightly packed, as in fasciculi or bundles, the impermeable effects 

of the myelin sheaths and the axonal membranes combine, causing the overall 

diffusion measurements of white matter to be anisotropic26,27. The biophysical 

mechanisms of diffusion anisotropy have been previously reviewed27. 

FIGURE 2.5: Basic structure of white matter. Some axons are engulfed in a spiral
like fashion by extrusions of the cytoplasm of oligodendrocytes, forming the myelin 
sheaths. The myelin insulation, is interrupted at the nodes of Ranvier. Myelinated 
and non -myelin a ted axons are bundled together to form fasciculi. 

The gray matter, albeit being organized in layers and functional columns, does 

not show the same degree of architectural coherence as the WM. The neuropil 

(the dendrites and axons that interconnect the neuronal bodies within the cortex), 

particularly, is tangled and does not show a coherent architecture. For this reason, 

the diffusion of water in the cortex does not show a high degree of anisotropy. 

The CSF, being essentially water, shows fast diffusion that is virtually isotropic. 

Lastly, diffusion of water in blood is difficult, if not impossible, to measure given 

the fast flow occurring simultaneously. 
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2.2 The diffusion tensor 

Given the anisotropy of diffusion in organized tissues, a scalar measure such as D 

is not enough to represent the three-dimensional profile of the movement of water 

molecules. In the simplest case, in which the orientation of the tissue is known 

a priori, such as peripheral nerve, it is possible to quantify diffusion anisotropy 

by measuring the ADC using diffusion-sensitizing gradients oriented both par

allel and perpendicular to the tissue, and obtaining the ratio between the two 
AJDGw 

(anisotropy = ^ D C ) . The orientation of the tissue, however, is typically not known 

in advance, as is the case of the white matter. Basser and colleagues introduced 

the formalism of the diffusion tensor in 199428,29, which overcomes said prob

lem and permits the quantification of ADC in any direction. Most importantly, 

the diffusion tensor provides important information on the micro-structure and 

orientation of organized tissue. 
The three-dimensional representation of equation 2.5 is: 

ln(l) = -,!|><D" <2-6) 
= - (bxxDxx + 2bxyDxy + 2bxz Dxz + byyDyiJ + 2byz Dyz + bzz Dzz) (2.7) 

in matrix form: 

In ( ^ ~ ) = - trace(bD) (2.8) 

where each element in b and D corresponds to a particular one-dimensional direc

tion of diffusion sensitization. From these equations, the tensor can be constructed 

as matrix of the form: 

D 
Dxx 

DXy 
Dxz 

Dxy 
Dyy 

Dyz 

Dxz 

Dyz 
Dzz 

(2.9) 

Notice that D is a symmetrical matrix, where DXy, Dxz and Dyz are repeated in the 

upper-right and lower-left corners, since Dxy = Dyx, Dxz = Dzx and Dyz = Dzy. 

If the medium is isotropic, then Dxx = Dxjy = Dzz, and the off-diagonal elements, 

Dxy, Dxz and Dyz are zero. 
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Although any number (>6) of diffusion gradient directions can be used, most 

studies utilize the gradient scheme described by Pierpaoli et al.z6 (shown in Figure 

2.6), where x, y and z represent the scanner's gradient coils. These diffusion 

gradients are independent of any other gradients necessary for the creation of the 

image (e.g., phase and frequency encoding gradients). Such a gradient scheme 

(i.e. having multiple gradients on simultaneously) provides resultant gradient 

amplitudes that exceed that obtained along the physical axes and is therefore 

considered "efficient", as it provides high b values in a shorter period of time (i.e. 

the gradient pulse length can be shorter), reducing the echo time and T2 relaxation 

over the read-out period (yielding higher signal-to-noise ratio per unit time)30. 

There has been considerable debate regarding the optimal number of diffusion 

gradient directions, with different conclusions derived on the surrogate marker 

chosen to compare direction schemes. In terms of having a high probability of 

accurately describing the orientation of the tensor, it seems to be advantageous to 

use more than six directions, overestimating the tensor calculation30; contrarily, 

six directions appear to be sufficient to accurately estimate diffusion anisotropy31, 

as long as the diffusion gradient directions point to the vertices of a icosahedron, 

as in Figure 2.6. 

A property of second rank tensors is that they can be diagonalized, leaving 

three non-zero elements along the main diagonal of the matrix, which are called 

eigenvalues. The eigenvalues are ordered according to their magnitude, with Ai 

being the largest and A3 the smallest in magnitude. The mathematic relation

ship between the principal coordinates of the diffusion tensor and the laboratory 

frame is described by the eigenvectors (1/1-3). The eigenvalues reflect the diffusiv-

ity in a given direction, according to their associated eigenvector and have direct 

biological interpretations. For example, in the case of white matter, the longest 

eigenvalue (i.e. Ai) reflects the axonal state, whereas the eigenvalues associated to 

1/2,3 confer information regarding the integrity of myelin sheaths21,32 (Chapter 8). 

It is easier to understand the diffusion tensor when considering its geometri

cal representation, which is an ellipsoid whose axes are determined by the three 

eigenvalues, and its orientation by the eigenvectors (Figure 2.7). The ellipsoid can 
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FIGURE 2.6: Diffusion gradient directions. The diffusion gradient directions are 
plotted in three dimensions. Diffusion-weighted images are aquired in six non-
planar and non-colinear diffusion gradient directions in order to obtain enough 
information to build the diffusion tensor. 

be conceptualized as the surface on which a spin at the origin will diffuse to with 

equal probability if the diffusion is Gaussian. The ellipsoid's surface represents 

the root mean square diffusive displacement of water. The trace of the tensor 

(trace(D) = Ai + A2 + A3) is equivalent to the size of the ellipsoid, while the mean 

bulk diffusivity in all directions (the three-dimensional ADC) is given by: 

ADC = toa;(D) = A l + ^ 2 + A 3
 (2.io) 

The terms Mean Diffusivity (MD), trace/3 and ADC are used interchangeably 

in the literature. Trace ADC is also sometimes used to refer to MD, although it 

formally refers to MDx3. 

In DWI, a pair of diffusion-sensitizing gradients is used before the imaging 

acquisition scheme. Echo-planar imaging (EPI)33"35 is typically the imaging se

quence utilized, as it is one of the fastest imaging schemes available in MRI (alter

native imaging schemes are discussed in page 38). In EPI, a single excitation pulse 

is utilized, and the entire image is formed in less than a quarter of a second. The 

single-shot nature of EPI translates into a single set of gradients being required for 

diffusion sensitization (Figure 2.20). The diffusion gradients are applied in one di-
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FIGURE 2.7: The diffusion tensor. Anisotropic diffusion of water molecules (a) in 
highly organized tissue, such as white matter (b) results in an elongated diffusion 
tensor, visualized as an ellipsoid (c). The largest axis of the ellipsoid corresponds 
to the largest eigenvalue (A1). Thus, the principal diffusivity of water molecules is 
parallel to the eigenvector corresponding to A]. 

mension (Figure 2.6), therefore sensitizing the image to diffusion in one direction 

(in addition to their inherent T2-weighting given by the long echo times typically 

required). Areas of the images containing most of their water molecules diffus

ing in a direction that is parallel with the diffusion gradient direction will show 

a decrease in signal, when compared to the non-diffusion weighted image. Thus, 

the ADC of those regions will be high. Contrarily, regions where diffusion is per

pendicular to the diffusion gradients will not show such a marked drop in signal 

intensity. Having calculated the ADC on a per-pixel basis, one can produce quan

titative maps of diffusivity where the gray scale is related to ADC, as in Figure 2.8. 

It is important to note that areas of hyper-intensity seen on DWI typically appear 

as dark regions on the quantitative ADC maps. The first EPI-DWI images were 

presented in 1988 by Avram and Crooks36. Without a doubt, diffusion-weighted 

imaging has had a tremendous impact in the diagnosis of ischemic brain lesions, 

where it has become a virtually indispensable tool11,37,38. 

DWI is inherently a one-dimensional technique. By obtaining at least six DWI, 

each with a different (non-colinear and non-coplanar) diffusion gradient direction 

(and one image without diffusion sensitization, b = 0 s/mm2), and obtaining 

their respective ADC maps on a pixel-by-pixel basis, we acquire all the necessary 
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FIGURE 2.8: Quantitative apparent diffusion coefficient map. The ADC is cal
culated on a pixel-by-pixel basis from the DWI and the non-diffusion weighted 
images according to equation 2.5. The diffusion gradient is applied in only one 
direction; b = 1000 s/mm2. Notice the fast diffusion of CSF in the ventricles, 
represented as bright pixels in the quantitative ADC map. 

information to build the diffusion tensor. The tensor is computed in a pixel-by-

pixel fashion (Figure 2.9), giving rise to diffusion tensor imaging (DTI). 

Higher moments of the diffusion tensor provide information on the degree of 

diffusion anisotropy, because they characterize different ways in which the diffu

sion tensor deviates from the isotropic case. These scalar measures facilitate the 

interpretation of the tensor and, being derived from the eigenvalues, have the ad

vantage of being rotationally invariant. The simplest case is the ratio of the principal 

diffusivities (A1/A3), or more intuitively, the ratio of the diffusivity parallel to the 

orientation of the tissue (A|| = Ai) vs. the perpendicular diffusivity (A_L = 2\ 3). 

The major drawback of this approach is that it requires sorting of the eigenvalues 

and, as such, is very sensitive to noise contributions39. 

Other scalar measures of anisotropy can be constructed independently of the 

order of magnitude of the eigenvalues. The Volume ratio"'0 is defined as: 

rr T T, A1A2A3 
VolumeRatio = — ~ (2.11) 

(h±h±hi\ 

and represents the volume of an ellipsoid divided by the volume of a sphere 

whose radius is the mean diffusivity. Thus, the values of Volume Ratio range from 
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FIGURE 2.9: Calculation of the diffusion tensor. The diffusion tensor is calculated 
pixel-by-pixel, based on the non-diffusion weighted image (i.e., b = 0 s /mm2 , panel 
a) and six DWI, each one with a different diffusion gradient direction (b = 1000 
s/mm-, panel b). Diffusion gradient directions are expressed as [x y z\. Notice how 
particular brain regions change contrast depending on the direction of the diffu
sion gradient applied. Individual ADC maps (not shown) are computed according 
to equation 2.5 (see Figure 2.8). Upon diagonalization, the resulting diffusion ten
sors are visualized an ellipsoid per pixel (see Figure 2.7), with their color intensity 
related to the degree of anisotropy (c, with zoomed region in d). Notice the orienta
tion of tire ellipsoids resembles the expected white matter orientation, for instance 
the splenium of the corpus callosum in d, interconnecting the two cerebral hemi
spheres. The diffusion tensors in the internal capsules appear smaller because they 
are oriented through the imaging plane, according to the rostro-caudal orientation 
of this white matter bundle (which demonstrates the three-dimensional nature of 
the diffusion tensor). 
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0 to 1, with 0 being the highest anisotropy and 1 being the complete isotropic case. 

Because of this, some authors prefer to use the term 1—Volume Ratio39. 

The Relative Anisotropy ratio (RA) is another measure of anisotropy, which 

represents the coefficient of variation of the eigenvalues. This measure was used 

before in crystallography41, ranges from 0 (isotropic) to \/2 (infinite anisotropy) 

and is expressed as: 

f\ J(Ai - trace(D))2 + (A2 - trace(D))2 + (A3 - trace(D))2 

RA = \ —-r (2.12) 
V 3 trace(D) v ; 

However, perhaps the most widely utilized measure of anisotropy is the Frac

tional Anisotropy index (FA)42, which measures the fraction of the magnitude of 

the tensor that can be ascribed to anisotropic diffusion. It ranges from 0 (isotropic) 

to 1 (infinite anisotropy), thus making FA more intuitive than RA. It is defined as: 

\2 , /•. A r - , ^ 2 
V3 v ( A i - ADCr + (A2 - ADcy + (A3 - ADC)Z 

FA = -j=^ (2.13) 
V2 A / A 2 + A2 + A2 

Visually, FA is represented as ellipsoids with varying degrees of sphericity (given 

by the eigenvalues) as can be seen in Figure 2.10. 
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ADC - 07 
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ADC = 0.37 

X,, --••-- 0 . 2 0 

FA = 0.92 
ADC - 0.27 

X.,"" 0.05 

FA 0 t ! '-> I 
A D C 0.7 < 0.23 

A,j 0.7 < 0 

FIGURE 2.10: Diffusion tensor ellipsoids of varying degrees of anisotropy. Four 
diffusion tensor ellipsoids ranging from pure isotropy to very high anisotropy are 
shown. In all cases A] has been kept constant at 0.7 x i o - 3 mm2/s. A L (i.e., A2 and 
A3) is progressively reduced, increasing the anisotropy and reducing the ADC. FA 
is dimensionless, ADC and eigenvalues have units xio 3 mm2/s. 

- 20 -



Chapter 2. Diffusion Tensor Imaging and Tractography 2.2. The diffusion tensor 

The quantitative anisotropy indices, as well as the eigenvalues and individual 

tensor components can also be displayed as maps relating the gray scale intensity 

to the desired measure on each pixel (Figures 2.11 and 2.12). Indeed, any color-

mapping can be used and is not limited to a gray scale (for examples, see Chapters 

5 and 8). 

FIGURE 2.11: Quantitative diffusion maps. The tensor components, as well as the 
eigenvalues are displayed as maps, where the pixel intensity is related to quantita
tive diffusion parameters. 

FIGURE 2.1.2: Quantitative diffusion anisotropy maps. Three measures of diffusion 
anisotropy are shown. Notice how the white matter shows large values in all three 
quantitative maps, due to its high architectural coherence. 

Lastly, the three-dimensional orientation of the diffusion tensor can also be 

displayed on two-dimensional images (slices) using different approaches. In the 

first approach, exemplified in Figure 2.9, each diffusion ellipsoid is visualized (the 

visualization can be simplified by displaying boxes or lines to represent the ten-
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sor). This approach, albeit being elegant and appealing to the eye, is extremely 

complicated and difficult to interpret. A further reduction of this theme is to dis

play V\ per pixel as a quiver-plot. The main disadvantage of these methods is that 

it becomes difficult to visualize the correct orientation of the arrows/ellipsoids 

when they are oriented orthogonally to the plane being viewed (e.g. the diffu

sion ellipsoids of the internal capsule incorrectly appear to be isotropic and small 

in Figure 2.9, panel d). Other approaches have produced gray scale maps of the 

polar and azimuthal angles of v\, which requires two maps to be viewed simul

taneously43'44. A clever and intuitive approach is to utilize color to represent the 

orientation of the white matter tracts45"49. The most widely utilized method today 

is that proposed by Pajevic and Pierpaoli50. In the latter method the x, y and z 

components of V\ are mapped to the red, green and blue components of a full-

color image, respectively (Figure 2.13). However, doing only this will highlight 

all the tensors in the image, regardless of their anisotropy. Since low anisotropy 

regions can have slightly different eigenvalues just because of noise contributions, 

the largest eigenvalue will be randomly oriented51. Thus, the cortex and CSF-

filled spaces will incorrectly appear to have a preferred direction. In order to 

overcome this problem, the vector components are multiplied by some anisotropy 

index (e.g., FA). This will match the pixel intensity to the degree of anisotropy, and 

the color will reflect the tensor orientation; furthermore, low anisotropy regions 

do not overwhelm the image. Another advantage of this method is that the color 

encoding is independent of the slice orientation. 

The analysis of the diffusion tensor is not restricted to the measures of anisot

ropy outlined above. An intuitive method proposed by Westin52 represents the 

tensor as a combination of its linear (CL), planar (CP) and spherical components 

(CS): 

CI — A l ~ A2 

^\\ + X\ + A§ 

c p 2 ( A 2 - A 3 ) 
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FIGURE 2.13: Color maps of principal diffusivity. The x, y and 2 components of 
the principal eigenvector v\ are mapped to the red, green and blue components of a 
full color image (a). In order to highlight areas of high anisotropy, the color map is 
multiplied by some anisotropy map, in this case FA (b). The resulting color map (c) 
shows the three-dimensional orientation of the tissue, regardless of the orientation 
of the slice (c-e). 

CS = = (2.16) 
\A? + X\ + X\ 

The normalization by the norm of the tensor causes each measure to range be

tween o and 1, and the sum of the three shape measures is unity. Each of these 

components can be easily visualized simultaneously using a barycentric plot53, 

and the overall anisotropy index (CA) is defined as the sum of the linear and 

planar shape measures: 

CA = CL + CP = 1-CS (2.17) 

This method can also be visualized as quantitative maps (Figure 2.14). The main 

disadvantage of the shape component approach is its sensitivity to the ordering of 

the eigenvalues, which is not an issue in anisotropy measures such as FA or RA. 
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linear component spherical component planar component 

FIGURE 2.14: Geometrical components of the diffusion tensor. The diffusion ten
sor visualized as its spherical, linear and planar components, the sum of which is 
unity. 

2.3 Tractography 

As discussed in section 2.2, the diffusion tensor calculated in each pixel of the 

images has an orientation that is parallel to the architecture of highly organized 

and coherent tissues (such as white matter and skeletal muscle). A typical DTI 

data set includes several contiguous slices that form a volume, where the tensor 

is calculated in each voxel. The three-dimensional nature of the tensor and the 

volume of images acquired lend themselves to the visualization of the underlying 

tissue using computer algorithms. 

In the case of the brain, the white matter is distinctly organized into macro

scopic fasciculi that are readily discernable on the color maps (e.g., the corpus cal-

losum is bright red near the midline of panel c in Figure 2.13). The first approach 

to virtually dissect individual fiber bundles used the color maps to segment vox

els of similar characteristics54. Shortly thereafter, a technique previously utilized 

in the visualization of vector fields, called streamlines was adapted for the visual

ization of white matter bundles. Several streamline-tractography algorithms have 

been developed in the past decade55-58, with the first reports published in 1998 

by Basser59 and Jones60. Essentially, all algorithms "seed", or begin, a stream

line in those voxels with anisotropy above a certain threshold. The lines are then 

propagated by a user-defined length according to V\ until they meet a termination 

criterion, which often is reaching a voxel with low anisotropy (in order to avoid 
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continuing into CSF-spaces, cortex or even air), or if the line deviates by an angle 

that is considered biologically implausible. 

Throughout this thesis, the fiber-assignment by continuous tracking (FACT)55 

algorithm was employed (Figure 2.15). In this particular algorithm, all the voxels 

in the data set that show an FA value above a certain threshold (typically in the 

range of 0.25 to 0.30) are "seeded" and each line is propagated according to V\. 

Every time the line meets the boundary between two voxels, it queries the direc

tion of v\ and FA of the voxel being pointed at. If the FA value is below a stopping 

threshold (similar to the starting threshold), or if the angle at which it would turn 

is large and biologically implausible (e.g., >70°) the streamline is truncated. The 

algorithm is run a second time, since V\ is bidirectional. Deciding the direction 

of the tract at voxel intersections as opposed to every fixed-length step (which 

requires interpolation of the tensor) increases the computational efficiency. The 

selection of the anisotropy and curvature thresholds is user dependent and are 

often tailored to the goal at hand (i.e. the tracts of interest). If the FA threshold is 

set too high the chance of erroneous propagation is minimized at the expense of 

obtaining less tracts and making the dissection more difficult. Contrarily, a very 

low FA threshold (e.g. < 0.10) will force the algorithm to initiate the propagation 

in areas where the direction of principal diffusivity could be biologically mean

ingless or determined by noise contributions (e.g. in CSF). The same idea applies 

to the termination FA threshold61'62. The curvature threshold is often made very 

strict when analyzing tracts with minimal curvature, such as the cortico-spinal 

tract. For the analysis of cortico-cortical U-fibers, the threshold must be relaxed, 

as these connections bend sharply within the subcortical white matter. 

The FACT algorithm was chosen given its good performance on curved tracts 

and computational speed as compared to other algorithms63 (calculation of the 

tensor field and generation of the fiber tracts in an entire data set of full brain 

coverage is performed in less than two minutes). DTI-studio64, the software uti

lized to perform tractography, was obtained directly from Drs. Susumu Mori and 

Hangyi Jiang (Johns Hopkins University). This software has the advantage of 

having powerful tools for the virtual dissection of the tracts (see below). 
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FIGURE 2.15: Fiber-assignment by continuous tracking. All the voxels in the data 
set with high diffusion anisotropy are "seeded". In this simplified two-dimensional 
example, two of the resulting tracts are shown. The lines propagate in the same di
rection as the principal diffusivity of the voxel (black bidirectional arrows), chang
ing their course every time they encounter a boundary. The orange tract stopped 
when it reached a voxel with low anisotropy, while the blue tract stopped when it 
attempted to make a sharp turn. 

All the line propagation algorithms can be started from either only specific 

seed regions (determined by the user) or by seeding the entire brain. The problem 

with the first approach is that one can only obtain the same number of tracts as 

the number of seeds, limiting the number of tracts that intersect the area of in

terest. With the second approach, thousands of tracts are obtained, then the user 

selects only those passing through a specific region, generally providing better 

results, particularly in areas of "branching" of the bundles56. With whole-volume 

seeding, it is therefore absolutely necessary to perform virtual dissection of the 

bundles of interest, based on a priori knowledge of their course. The dissection 

is carried out using Boolean operators, excluding all the resulting tracts that do 

not meet the desired criteria. Since the majority of the white matter bundles have 

a unique path not shared by the surrounding fasciculi, the investigator can eas

ily provide landmarks through which the tracts must intersect (Figures 2.16 and 

2.17). The majority of tracts require at least two tract-selection regions to be suc

cessfully dissected. Guidelines have been published for the virtual dissection of 

some tracts 65~67, although it is sometimes necessary to perform some additional 
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adjustments for their accurate depiction, due to differences in image quality, ac

quisition, etc. 

NOT 

AND 

FIGURE 2.16: Virtual dissection in tractography. After seeding all the voxels in 
the volume with high anisotropy, only the tracts of interest are retained for visu
alization and further analysis. This is accomplished by strategically placing areas 
through which the tract of interest must pass. The OR operator selects all the tracts 
going through the region. However, the thin gray tract does not pass through the 
AND operator and is discarded. Finally, the dotted tract, showing a bizarre path, 
is discarded using a NOT operator. 

An important consideration of line-propagation algorithms is that errors ac

cumulate as the lines are propagated. That is, for each voxel there is a certain 

noise contribution to the tensor estimation and, as the lines propagate and visit 

consecutively more voxels, the probability of the tract showing a random devia

tion increases. The amount of uncertainty in the orientation of the tensor can be 

calculated and visualized using the bootstrap procedure68. However, in order to 

do so, it is necessary to obtain the individual images for each gradient direction 

prior to averaging. The DTI protocols used in the present thesis utilized on-line 

image averaging, thereby increasing the signal-to-noise ratio and reducing the to

tal number of images on each data set to one per slice per diffusion direction; thus, 

the estimation of orientation uncertainty using the bootstrap method is precluded. 

Nonetheless, one can use the error accumulation favorably, as tracts with incorrect 

paths (determined by the noise contribution) are clearly visible and can be easily 

deleted using the NOT boolean operator. 

There is another approach to tractography that does not result in synthetic 

tracts representing the maximum likelihood pathway, but in the probability of a 

certain connection residing in each voxel, appropriately termed probabilistic trac

tography69. The method's main advantages are that it inherently characterizes the 

OR 
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FIGURE 2.17: Virtual dissection of the cortico-spinal tract. All the high-anisotropy 
voxels in the data sets are seeded, resulting in over 200,000 tracts, 30% of which are 
visualized in panel a. In order to virtually dissect this particular tract of interest, 
the tracts must pass through three regions (based on a priori anatomical knowledge 
of the trajectory of the bundle) identified in panel d. The resulting tract (b and 
c), is colored according to anisotropy. In panels b-d, the principal diffusivity is de
noted by red, green and blue components, overlaid on high-resolution Ti-weighted 
images for better appreciation of anatomical detail. 

uncertainty of the tensor model, it can be used in areas of low anisotropy (such 

as the cortex and subcortical gray matter) and it is robust to noise. Probabilistic 

tractography has been used to successfully segment the nuclei of the thalamus, 

based on their projections to the cortex70. The disadvantage of this tractography 

method is that it finds all the possible areas of the brain with a non-zero probabil

ity to connect to a "seed" region, which often include more than one white matter 

bundle. Therefore, if the goal is to identify individual fasciculi, the deterministic 

line-propagation methods are preferred. 
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2.4 Methods for the quantitative analysis of the diffusion 
tensor 

As discussed above, the diffusion tensor and its derived measures can be visu

alized as maps, which allows the visual examination of quantitative diffusion 

parameters. Additionally, there are methods to extract these parameters from 

previously calculated maps in one or several subjects. 

Regions of interest The analysis of regions of interest (ROI) is perhaps the eas

iest to understand and perform. In this approach, a two- (or three-) dimensional 

outline is manually drawn around the structure of interest. Alternatively, a fixed-

size geometrical shape (e.g. a box or a circle) can be placed within the structure 

of interest. The voxels included in the region are queried for the desired param

eters and their values are averaged in order to provide a single measurement per 

ROI. Since all the quantitative diffusion maps from the same subject are spatially 

aligned, the same ROI can operate on each of the maps independently. That is, for 

a particular structure in a single subject, the operator needs to outline the struc

ture of interest only once, and obtain the values of ADC, eigenvalues, FA, etc. The 

direct measurement of the quantitative diffusion maps provides a straightforward 

approach for the testing of hypotheses made a priori. The drawback is that ROIs 

are placed manually, making this a time-consuming and user-dependant proce

dure. This method is used in Chapters 6 and 7. 

Tract-based analysis The tract of interest is depicted using tractography on each 

subject, and all the voxels contributing to the tract are treated as a three-dimen

sional ROI. This approach has the advantage of utilizing the semi-automated 

nature of tractography, where the tract-selection regions can be loosely defined 

(Figure 2.17), minimizing the user dependence of the method. That is, the user 

does not have to precisely outline a structure of interest, but merely provide one 

(or more) wide area(s) through which a tract must pass and take advantage of 

Boolean operators (Figure 2.16) and anatomical knowledge of the tract's trajec

tory. Most importantly, certain structures with a thin cross-section and/or curved 
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paths are more easily depicted using tractography than with several ROIs. As 

with ROIs, the investigator must choose the structures to be analyzed in advance. 

This method is used in Chapters 4 through 8. 

Statistical parametric mapping The analysis of each structure on each subject 

can be a cumbersome and lengthy process if the sample size is large. Essentially, 

in statistical parametric mapping (SPM) the brain volumes of the subjects included 

in the study are "morphed" and made to match a template (or atlas) as closely as 

possible, after which statistics are performed on a pixel-by-pixel basis. Significant 

differences are then highlighted on the template, showing the regions of the brain 

that differ between the groups studied. This method was borrowed from voxel-

based morphometry of brain volumes71,72 and, although it is very appealing, it 

suffers from several problems, the biggest of which is the fact that image mor-

phing (normalization) of individual volumes to the template is never perfect. In 

particular, while the general shape, size and position of two different brains can 

be adequately matched, the individual subtle differences of intra-parenchymal 

structures cannot73. In order to overcome this problem (and to satisfy the statis

tical requirements of the method), the normalized images are generally blurred 

using a gaussian kernel. Although it technically is a user-independent analytical 

method, in reality the user must select several different parameters, such as the 

width of the gaussian blurring kernel, that can greatly influence the results and 

the conclusions derived from them74,75. Its biggest advantage (a disadvantage in 

inexperienced hands) is the fact that the investigator need not have a hypothesis 

a priori, which is useful in conditions where there is no knowledge of the location 

of suspected abnormalities. 

Tract-based spatial statistics This is a new approach recently put forth by Smith 

et al.?6, which minimizes the problems of SPM and allows full-brain comparisons 

to be made with no a priori hypothesis. In this method, the FA maps are aligned 

to a template, and from the average of all the FA maps a "skeleton" of the white 

matter tracts is obtained. Then, a skeleton map is created for each subject by 
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projecting his/her FA maps onto the standard space and populating the skeleton 

with the FA values from the nearest relevant tract centre. This attempts to position 

all the subjects in the same space, with every voxel representing exactly the same 

white matter structure. After this is accomplished, voxelwise statistics across sub

jects can be performed. Similarly to SPM, significant differences are highlighted, 

from which probabilistic tractography can optionally be initiated. The disadvan

tage of this method is that it only analyzes a relatively small proportion of all 

the available white matter, namely only those voxels with high anisotropy Valu

able information from a great number of voxels in several white matter structures 

is lost. Furthermore, many white matter tracts (e.g. the cortico-spinal tract) are 

organized somato-topically (i.e. they have an anatomically-defined order within 

them), making the analysis of its central portion a potential bias. 

2.5 Shortcomings of DTI 

2.5.1 The model 

The diffusion tensor model can accurately identify the tissue architecture in cases 

where there is homogeneity of the structure within the voxel sampled. However, 

not all areas of the white matter show homogeneity, particularly in regions where 

two or more fiber populations cross each other. In these cases, the diffusion tensor 

model cannot identify the complex orientation of the tissue. The reason behind 

this failure is that in DTI, a single Gaussian diffusion compartment is assumed to 

exist within each voxel. The addition of two prolate (i.e., Ai > A23) tensors results 

in an oblate tensor (i.e., Ai > A2 = A3) (Figure 2.18). Thus, the problem lies in the 

model itself, and the over-estimation of the diffusion tensor by the acquisition of 

images with multiple diffusion gradient directions is not helpful. 

It is common to find areas of low anisotropy deep within the white matter of 

the brain which one could incorrectly consider lesions. For example, the region 

where the superior longitudinal fasciculus (anterior-posterior orientation) inter

sects the corona radiata (superior-inferior) and the corpus callosum (left-right) 

appears as a black "hole" on FA maps. Furthermore, since most line-propagating 
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FIGURE 2.18: Addition of diffusion tensors. When two fiber populations with 
different orientations occupy the same space, the tensor model is unable to differ
entiate the two orientations, as the addition of two perpendicularly oriented prolate 
diffusion tensors results in an oblate ellipsoid. 

tractography algorithms stop when they reach an area of low anisotropy, these 

tracts are typically truncated at this point. Probabilistic tractography, not be

ing limited by regions of low anisotropy where the orientation is uncertain, will 

progress in many directions. The uncertainty in these areas will be represented by 

voxels farther along the path having lower probabilities associated with them69. 

The true diffusion function in areas of fiber crossings is complex. For this 

reason, model-free descriptions of the diffusion profile have been advanced77-80, 

commonly referred to as Q-space imaging or high-angular resolution diffusion 

imaging. Briefly, the diffusion function is related to the MR signal by the Fourier 

transform with respect to the experimental diffusion wavevector q (the diffusion 

gradient and its direction)7,81. Q-space methods utilize high angular resolution 

at high b values and a great number of diffusion gradient directions (generally 

more than 100). The diffusion sensitivity (b) is increased in order to augment the 

contrast between the fast diffusion component of the two (or more) fiber popula

tions81. The goal is to accurately sample the diffusion profile in each voxel. In the 

case of a single fiber population, the diffusion profile resembles a peanut (diffu

sion is greatest only in the main axis of the peanut), while in the case of two or 

more populations the peanut turns into a symmetric multi-lobed structure similar 

to a flower. Notably, the peaks of the diffusion profile do not correspond to the 

fiber directions. In order to obtain these, the Funk-Radon transform is utilized80. 
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Once the fiber orientation(s) have been found, modified tractography algorithms 

caii depict white matter bundles, even at areas where they intersect. Although 

these model-free diffusion measurements are very useful, they have not received 

as wide attention as DTI has, perhaps due to the very long acquisition times re

quired, the great amount of data needed to recreate the diffusion profile and, most 

importantly, the fact that DTI scalar measures are more easily interpreted from a 

biological point of view. High-angular, model-free diffusion analyses were not 

performed in this dissertation, as the biological correlates of DTI are better known 

than those of these newer methods. 

Both DTI and Q-ball imaging share a drawback, which is their inability to 

discern afferent from efferent fibers. That is, while the connectivity between two 

areas can be inferred and visualized, its directionality remains unknown. 

2.5.2 Imaging artifacts 

Typically, human in-vivo DTI experiments use voxel volumes that range from 6 to 

20 mm3. Given this restriction, only those white matter bundles with dimensions 

considerably larger than the voxel size can be correctly identified and character

ized. Large structures, such as the corpus callosum, the internal capsules or the 

fornix can therefore be adequately depicted, but several small—yet important— 

connections cannot be reliably identified with DTI. 

It is important to remember that the tensor information available on each voxel 

corresponds to the weighted average of all the tissue classes residing within it. 

Thus, if a particular voxel is occupied by CSF and highly coherent WM, the result

ing tensor will not be highly anisotropic, but somewhat isotropic (it is even likely 

that it will tend more towards the isotropic case, given the very fast diffusion of 

CSF and the high signal obtained from it with conventional DTI—the long TE 

utilized favors long T2 species). Indeed, partial volume averaging, as this artifact is 

known as, can be reduced by increasing the resolution of the images (effectually 

reducing the voxel size, minimizing the possibility of having more than one tissue 

type per voxel). An increase in resolution comes at a high price, as it is inversely 

related to the signal-to-noise ratio with fixed acquisition times. The largest source 
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of worrisome partial volume averaging in DTI is signal contamination with CSF, 

particularly in those WM bundles in close proximity of CSF. Fortunately virtually 

all the signal arising from CSF can be specifically nulled, limiting its contribution 

to the resulting tensor in voxels with partial volume. This technique (presented 

in more detail in Chapter 4 and utilized in Chapters 5 to 7) is based on the dif

ferences in longitudinal relaxation of CSF and brain tissue. Briefly, an inversion 

pulse is applied prior to excitation of the sample, by a time calculated from the 

Ti constant of CSF. The sample is then excited precisely when the longitudinal 

magnetization of the CSF passes through zero, but that of other tissues is finite. 

The resolution of current DTI techniques is restricted by the imaging sequence 

used to acquire the data, which is in turn restricted by the hardware (particularly 

the gradient strength). EPI is generally utilized, since it allows very fast imaging, 

which is absolutely necessary given the large number of images needed to con

struct a DTI volume (for example, with six diffusion gradient directions, one non-

diffusion weighted image per slice, eight averages and 60 slices: 7x8x60=3360 

images) and to minimize motion artifacts. The short acquisition time attained 

with EPI is accomplished by using a single spin excitation radio-frequency pulse 

(i.e., a single 900 pulse), after which the entirety of /c-space is filled in by alternating 

between positive and negative frequency-encoding gradients preceded by blips of 

the phase-encoding gradient (Figure 2.19). Patient motion is thus minimized, as 

every image is essentially a "snapshot" of the current position. 

Alas, in MRI speed comes at a price. Two very apparent artifacts seen in DTI 

are caused by the EPI sequence, both of which are even greater at higher field 

strengths. The first potential EPI artifact is called N / 2 or Nyquist ghost. Incon

sistencies of the even and odd echoes cause phase offsets that result in a ghost 

shifted by half of the field-of-view (FOV) pixels in the phase-encode direction, 

relative to the real image. If the FOV is large enough, these ghosts appear outside 

of the real image and are not obtrusive. This, however, is not always the case, for 

which several correction methods have been proposed that either acquire addi

tional reference data82"84 or utilize post-processing schemes85,86. The second EPI 

artifact is due to magnetic field inhomogeneities that alter the phase of the spins, 
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FIGURE 2.19: Acquisition trajectory of EPI in /c-space (frequency domain). After 
a single excitation, alternating lines of /r-space are acquired, preceded by "blips" 
of the phase-encoding gradients. The effective TE (TE(;yy) is determined by the 
acquisition line that traverses the center of Ar-space. The signal available decays 
according to the tissue's T2* constant along the acquisition of /c-space. 

with a subsequent misinterpretation of their location in space. The magnetic sus

ceptibility difference are made more evident by the T2* signal decay that occurs 

during the EPI read-out in the phase-encoding direction (Figure 2.19). Geometric 

distortions, as this second artifact is known as, are most apparent near tissue in

terfaces, particularly if they possess very different magnetic susceptibilities, such 

as air and tissue. Hence, this artifact is evident near the para-nasal sinuses or at 

the base of the skull, where it would seem like the brain has been "squashed" (for 

anterior-posterior phase-encoding) or sheared (in left-right phase-encoding). As 

with N / 2 artifacts, several methods have been published that attempt to minimize 

off-resonance artifacts87""90. The long acquisition times can be reduced by concate

nating the acquisition of /c-space using two or more EPI read-outs (at the expense 

of at least doubling the total image acquisition time)91,92; or by reducing the num

ber of /c-space lines acquired via partial phase Fourier, or parallel imaging93""98. 

Although it is true that motion is minimized in each, of the EPI-DWI acquisi

tion, two special notes must me made. First, motion can occur between successive 

acquisitions, producing a mismatch within different diffusion gradient directions, 
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making the calculation of ADC meaningless (recall that ADC is computed in a 

pixel-by-pixel fashion). Second, subtle, involuntary motion artifacts can arise due 

to physiological phenomena, such as the low amplitude pulsations of the brain 

and CSF". This subtle motion potentially leads to artifactually high estimations 

of ADC100. The acquisition of the images based on the cardiac cycle (i.e. cardiac or 

pulse gating/triggering) has been reported to minimize pulsation artifactsI00'101. 

In this approach, every image is acquired at precisely the same time regarding the 

pulsation wave (e.g. 500 ms following the R wave). This comes at the expense 

of increasing the scan time100. The use of CSF-suppression (Chapter 4) compli

cates the use of cardiac/pulse gating, but also diminishes the effects of pulsation 

artifacts, reasons for which we did not perform any form of gating in the studies 

discussed herein. 

The second source of artifacts in DWI and DTI are the diffusion gradients 

themselves. The fast alternating gradients produce additional eddy currents that 

adversely affect the main magnetic field. Residual magnetic fields caused by the 

eddy currents produce image translations and geometric distortions. The DTI se

quence utilized throughout this thesis is based on a twice-refocused, single-shot 

EPI sequence102 (Figure 2.20). This sequence is a modification of Stejskal and 

Tanner's spin-echo sequence (Figure 2.3) that separates the diffusion-encoding 

gradient pair into two pairs (each pair with its respective refocusing pulse). The 

decomposition of the diffusion gradients minimizes eddy currents prior to the 

EPI readout, producing less geometric distortions and image translations. This 

is of particular importance since the DWI images must spatially match the non 

diffusion-weighted image in order to properly calculate the ADC in each pixel. 

However, as the read-out is based on EPI, the images still suffer from slight geo

metric distortions in the anterior-posterior direction (the phase-encode direction); 

fortunately, these distortions are far away from the white matter bundles of inter

est (see for example the frontal lobes in Figure 2.9, panel a). 

Another effect of the long EPI readout is the susceptibility to chemical shift 

effects. In particular, fat and water have different resonant frequencies (separated 

by 3.3 parts per million, 210 Hz at 1.5T), which result in a fat-derived image ghost 
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FIGURE 2.20: Twice-refocused, CSF-suppressed, EPI-based DTI sequence dia
gram. A slice-selective inversion pulse is applied before the excitation pulse, sepa
rated by an inversion time (TI) of around 2200 ms (see Chapter 4). This selectively 
suppresses signal from CSF, based on its long Ti. Spectral fat suppression is uti
lized prior to excitation. A set of four diffusion-sensitizing alternating gradients 
is utilized, which compensate for their induced eddy-currents, minimizing image 
distortions. An EPI readout train encodes the spatial information. In this particular 
example, the diffusion gradients have been applied in the x (read) and 1/ (phase) 
directions. 

that is spatially shifted (in the phase-encode direction) of the water-derived image. 

This problem is easily overcome by the utilization of spectral fat suppression prior 

to excitation. In this approach, fatty tissues are selectively excited using a radio-

frequency pulse on resonance with the precessional speed of fat protons, after 

which the residual transverse magnetization is dephased ("spoiled") with a gra

dient pulse (Figure 2.20). The excitation of water molecules follows immediately, 

and the resulting signal is devoid of fat contributions. 

The DTI sequence utilized in this dissertation had slight geometric distortions 

in the most anterior aspect of the frontal lobes and near the base of the skull 

that were not compensated for by the twice-refocused approach. However, these 

artifacts lie distant to the areas of interest and do not affect the measurements 

performed. Even the hippocampus is far enough from the petrous bone to escape 

this artifact. We used a left-right frequency-encoding scheme and, therefore, geo

metric distortions occur in the anterior-posterior direction (causing, for example, 
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the frontal poles to appear compressed). N / 2 artifacts were minimal and not in

trusive in the images acquired, occupying mostly the empty space in the image 

due to the ample FOV employed. 

Given the limitations of the EPI technique, alternatives for the acquisition of 

diffusion-weighted images have been developed103"108. However, these newer 

methods are far from being as widely available as single-shot EPI based DTI. 

Furthermore, they require the use of several excitation pulses (i.e. they are not 

"single-shot"). These extra excitation pulses increase the time needed to acquire 

the image, increasing the susceptibility to subject motion and the total scan time. 

Also, given the great number of images acquired during a typical DTI session, the 

extra radio-frequency power deposited on the subject could reach unacceptable 

levels and cause heating. Despite the presence of the above-mentioned imaging 

artifacts inherent to it, EPI still provides an appropriate balance between acquisi

tion speed, image quality and radio-frequency deposition. 

It is worth noting again that even if very-high resolution images could be ac

quired with adequate quality and devoid of all imaging artifacts, the ability of 

DTI to differentiate between two or more fiber populations is limited to the tensor 

model itself. Finally, while the biophysical mechanisms of diffusion anisotropy 

have been studied in animal models27, it is not yet known if the same mecha

nisms underly the diffusion anisotropy seen in human white matter. As such, the 

inference of tissue integrity through the analysis of the diffusion tensor requires 

important assumptions that have not been thoroughly validated in humans. The 

basis of anisotropy in human tissue is studied in Chapter 9. 
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CHAPTER 3 

EPILEPSY 

3.1 Definition and general characteristics 

The definition of seizures was put forth in the second part of the XIX Century by 

Hughlings Jackson, and is still valid today: "seizures are the result of an occa

sional, sudden and excessive discharge of grey matter"109. In epilepsy, there are 

recurrent and unprovoked seizures. In practice, any seizure disorder that cannot 

be explained by easily reversed, transient metabolic or toxic conditions is consid

ered epilepsy110. Thus, epilepsy is not one, but many different syndromes with 

very different etiologies and pathophysiologies, all sharing the presence of ab

normal, synchronized electrical activity. Due to this heterogeneity and the large 

number of syndromes under the broad term of epilepsy, such disorders are clas

sified according to their seizure types and electro-encephalogram (EEG)111,112. 

According to the most commonly used classification scheme, proposed by the 

International League Against Epilepsy, seizure types are classified as: 

1 Partial Seizures These type of seizures arise in a restricted part of the brain 

in one hemisphere. Their manifestations can be motor, somatosensory, au

tonomous or psychic symptoms. They are further sub-classified as: 

A Simple partial Seizures There is a focal clinical manifestation, but con

sciousness is not impaired. 
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B Complex partial seizures In addition to the focal clinical manifestation, 

there is an impairment of consciousness. Frequently, the patient will 

perform motor automatisms. 

C Partial seizures evolving to secondarily generalized seizures After a 

variable period of focal clinical manifestations, the seizure activity glob

alizes, with the apparition of generalized clinical semiology. Typically, 

the secondary generalization is so dramatic that it overshadows the 

initial focal signs, causing the false impression that the patient experi

enced a primary generalized convulsion. A simple partial seizure can 

generalize without first evolving into a complex partial seizure. 

2 Generalized seizures The principal characteristic of this group is that the 

seizure activity involves both hemispheres from the beginning. Conscious

ness is characteristically lost or impaired. 

A Absence seizure Consciousness is lost and regained rapidly, with the 

patient commonly ceasing whatever activity he/she was performing. 

Historically known as "petit mal" seizures. 

B Myoclonic seizures These seizures involve sudden brief involuntary 

movement of a shock-like nature. 

C Clonic seizures Seizures with motor manifestations characterized by 

repetitive, rhythmic jerking. 

D Tonic seizures Defined as rigid violent muscular contractions of the 

trunk and limbs, which are generally short and accompanied by pupil 

dilation and eye deviation. 

E Tonic-clonic seizures Historically known as "grand mal" seizures, these 

are perhaps the most easily recognizable and dramatic convulsions. In 

the first phase, consciousness is lost at the same time as the body adopts 

an unnatural rigid pose, causing the patient to fall. The contraction of 

respiratory musculature provokes a loud moan or cry. Incontinence 

is not uncommon. The rigidity gradually evolves into shaking (the 
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clonic phase). Profuse salivation, coupled with lack of swallowing and 

atypical respiration leads to frothing at the mouth. These seizures are 

generally shorter than sixty seconds, although the time perceived by 

witnesses tends to be much longer. 

F Atonic seizures There is generalized loss of muscle tone, affecting pos

ture and causing the individual to fall to the ground, unable to protect 

himself from the fall (also known as drop-attacks). 

3 Unclassified epileptic seizures Includes all seizures that cannot be classified 

because of inadequate or incomplete data or because they defy classification. 

While the different seizure types are the principal characteristic of the epilep

sies, there are numerous syndromes with overlapping seizure types, leading to 

the saying "seizures are to epilepsy as cough is to pneumonia". Therefore, it is 

practical to classify the epileptic disorders as syndromes (i.e. groups of signs and 

symptoms that occur together in a particular condition). The classification takes 

into consideration two factors: (i) Seizure origin (i.e. focal or generalized) and (ii) 

etiology. When there is a clearly apparent cause of the disorder, it is considered 

to be "secondary" or "symptomatic" epilepsy. However, in some syndromes a 

cause is presumed but not identified (commonly with some degree of mental re

tardation), and is therefore called "cryptogenic" (from crypt meaning "hidden"). 

"Idiopathic" epilepsies have no apparent cause, but are believed to be genetic in 

nature. 

The classification of epilepsy syndromes is extremely useful; it was put forth 

by the International League Against Epilepsy in 1989 and remains largely un

changed112. The abridged version follows. 

1 Localization-related This includes most forms of epilepsy with a focal onset. 

They are further sub-classified according to their etiology (symptomatic, id

iopathic or cryptogenic). Certain seizure foci (e.g. temporal, frontal, parietal 

or occipital lobes) have very specific and reproducible seizure manifestations 

that aid in the localization of the seizure generator. 

- 4 1 -



Chapter 3. Epilepsy 3.1. Definition and general characteristics 

2 Generalized More than 16 different syndromes are covered under this um

brella term, ranging from benign neonatal convulsions to the terribly dis

abling Lennox-Gastaut syndrome. 

3 Undetermined whether focal or generalized As the name implies, these 

epilepsies show generalized tonic-clonic seizures in which clinical and EEG 

findings do not permit classification as clearly generalized or localization-

related. 

4 Special syndromes These are situation-related syndromes, such as febrile 

convulsions, isolated status epilepticus or seizures due to an acute metabolic 

or toxic event. 

Considering all forms of epilepsy, the prevalence ranges from 5-17/1,000 peo

ple, with 40-150 new cases per 100,000 persons diagnosed annually113. These 

numbers are so large that it is uncommon for any person not to know of at least 

one other person with some form of epilepsy. Epilepsy affects both genders nearly 

equally, regardless of socioeconomic state. The largest annual incidence is seen 

at the extremes of life, with developmental, congenital and infectious disorders 

as common origins in children, and symptomatic (e.g. secondary to stroke or 

trauma) epilepsies in the elderly population. Disability due to epilepsy accounts 

for approximately 1% of the global burden of disease, which ranks epilepsy just af

ter major affective disorders, dementias and alcohol dependence among primary 

disorders of the nervous system114. Most patients with epilepsy have no other 

disabilities, but conditions that cause epilepsy often cause other disabilities. The 

most common of these are cognitive and motor problems, followed by somatic 

and psychiatric diseases"5,116. 

It is now important to note a very special distinction between epilepsy patients, 

regardless of the epileptic syndrome, and that is the issue of medical intractability. 

In general, it is not necessary to perform extensive diagnostic evaluations in pa

tients who respond well to medication and in whom gross lesions have been ruled 

out (e.g. tumors, hemorrhage, etc). However, approximately 1/3 of all patients with 
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epilepsy cannot be adequately controlled with appropriate medical therapy"7-120 . 

Patients who respond to medication typically do so using a single anti-epileptic 

drug. In fact, the chance of being seizure free is inversely related to the number 

of anti-epileptic drugs used, and this chance is less than 5% when three or more 

drugs are employed121. It is the medically intractable epilepsy group to which we 

now turn our attention. 

3.1.1 Diagnosis 

The diagnosis of the epilepsies involves several complementary tests. The goal 

is to acquire enough information regarding the patient's seizures as to correctly 

classify the epilepsy syndrome at hand. If the syndrome is localization-related 

and does not respond to medication appropriately, the origin of the seizures must 

be sought in order to evaluate the plausibility of its surgical resection and poten

tial cure. A valuable piece of information the clinician has is the manifestation 

of the seizures. It is imperative to evaluate the semiology of the seizures (ictal 

period), but also the inter-ictal behaviour of the patient (the period of time when 

the patient is not experiencing seizures and not immediately after or preceding an 

episode) and the post-ictal period. The clinical manifestations of seizures can be 

easily misjudged by untrained eyes, particularly if they involve secondary gener

alization. More often than what is commonly thought, seizures have a focal origin 

that then evolves to a generalized tonic clonic convulsion. The focal manifestation 

can be as subtle as limb jerking, numbness or tingling, an epigastric non-specific 

"sensation", perception of an odd smell, deja-vu, visual anomalies, etc. It is these 

subtleties that generally aid most to the localization of the seizure onset, as par

ticular areas of the brain have typical seizure types. However, care must be taken 

when relying on clinical clues to infer the seizure generator, as the first clinical 

manifestation could be the result of spread of seizure activity that started in non-

eloquent cortex. 

The synchronization of the electrical activity of the pyramidal cells in the cor

tex of the brain can be detected using surface electrodes in a standard EEC Most 

of the time, the EEG is performed in the inter-ictal period, when its sensitiv-
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ity varies from 30 to 80%122. Long-term (3-15 days) EEG and video monitoring 

greatly increases the power of this diagnostic tool, as they allow electro-clinical 

correlations to be made and provide important information regarding the lateral

ization of seizure onset123. While the scalp EEG has great temporal resolution, it 

has very low spatial resolution, cannot detect small areas of epileptic activity and 

commonly cannot detect abnormal activity arising from deep gray matter struc

tures. Furthermore, a large portion of cortex must be involved in epileptiform 

activity for it to be detectable with surface EEG124. For these reasons, it is some

times necessary to perform invasive intra-cranial EEG, via surgical placement of 

depth electrodes or sub-dural grids. 

Imaging has become a very important factor in the diagnostic work-up of 

the epilepsies, with MRI being the most sensitive and flexible imaging modal

ity. Its high spatial resolution and excellent soft tissue contrast allow the detection 

of small lesions. Its advantages became clear in the 1980s, when coronal T2-

weighted images began to be used for the detection of mesial temporal sclerosis 

(Section 3.3). Different tissue contrasts and slice orientations are utilized within a 

given imaging session, and are pieced together by the clinician in order to refine 

a diagnosis. Not only structural information is gained, but tissue characteristics 

and functional changes can also be demonstrated. X-ray computed tomography 

plays an important role in the first approach to a patient with newly-diagnosed 

seizures, and is very useful to rule out large lesions such as skull fractures, tumors, 

hemorrage, etc. However, computed tomography does not provide much infor

mation in the diagnostic work-up of patients with medically intractable epilepsy 

in whom the above mentioned special conditions have been ruled out. Due to 

the lack of penetration of ultrasound waves through the skull, ultrasonography 

is virtually useless for brain imaging in the adult population. Nuclear medicine 

is occasionally used for the lateralization of location-related epilepsies. Single-

photon emission computed tomography (SPECT), in particular when co-registered 

to high-resolution MRI, has shown to correctly localize seizure foci in around 70% 

of the cases125,126. The sensitivity of SPECT, however, depends largely on the type 

of epilepsy at hand, and the injection time of the isotope after a well-identified 
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seizure . Positron-emission tomography (PET) has a high sensitivity (80% or 

more, depending on the type of epilepsy)127, but is not routinely utilized in all 

centers, largely due to its limited availability. Furthermore, both PET and SPECT 

have sub-standard spatial resolution, as compared with MRI. 

3.1.2 Epi leptogenesis 

As we have seen, there are many different epilepsy syndromes, each with partic

ular clinical and para-clinical characteristics. It is not surprising, then, that their 

underlying causes are different from one another. A thorough discussion of the 

various epileptogenic mechanisms is outside the scope of this dissertation, and 

only a few important factors will be considered. It is important to note that the 

mechanisms driving epileptogenicity are still not completely understood, particu

larly those present in chronic epilepsies, as they are difficult to differentiate from 

the long-term effects secondary to epilepsy per se. Epileptogenesis can be studied 

at several levels, ranging from molecular interactions to large cortical networks. 

The cells that generate seizures are, for the most part, normal. Their basic 

tissue characteristics have only been slightly modified, exaggerated or uncon

trolled128. The brain's plastic abilities imply these slight modifications. Thus, 

brain regions with great plastic potential are more likely to be the focus of epilep

tiform activity129. It is perhaps for this reason that the hippocampus, involved in 

memory and cognition, is a common source of seizures. 

Most idiopathic generalized epilepsies have a molecular cause130. Single muta

tions in genes involved in trans-membrane voltage potentials can cause abnormal 

electric discharges, such as alterations in the function of ion channels, neurotrans

mitter receptors or any molecule that directly or indirectly modifies these two. For 

example, defects of the T-type Calcium channel in the thalamus are thought to be 

linked to childhood absence seizures131. 

A very common idea on epileptogenesis is incomplete inhibition, due to al

terations in 7-Aminobutyric acid (GABA) or its receptors. GABA is the most 

common inhibitory neurotransmitter in the brain. However, the GABA system 

is complex and not exclusively inhibitory. Nonetheless, it is clear that it plays 
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a very important role in some forms of epilepsy, as evidenced by the fact that 

epileptiform activity can be produced artificially by blocking its receptors132 and 

that benzodiazepines (which modulate the GABA receptor) are one of the many 

medical treatments of epilepsy available. Many GABA-ergic neurons in the brain 

are interneurons that provide inhibitory feed-back and feed-forward to pyrami

dal cells. That is, interneurons modulate the activity of the effector circuits. The 

role of interneurons is discussed in more detail in the context of temporal lobe 

epilepsy. 

The principal excitatory neurotransmitter, glutamate, has also been implicated 

in the genesis of epileptic discharges. The effects of increased excitability due to 

glutamate are not only acute (in the form of epileptic discharges), but also chronic, 

in the form of cell death. Repetitive, short-spaced trains of action potentials via 

glutamate allow an excessive influx of Calcium ions into the cell133, which results 

in neuronal damage and death. Literally, these neurons fire themselves to death. 

Cell damage, in turn, can lead to modifications of the neural circuitry, some of 

which are epileptogenic as well. The osmotic changes that occur during the un

controlled and prolonged firing stage are presumed to result in cytotoxic edema, 

which can be sometimes be detected with DWI134-140. Cell death, as will be seen 

in section 3.2.3 can be detected with conventional imaging (i.e. T2) and DWI. 

The epileptogenesis of temporal lobe epilepsy is considered in more detail in 

Section 3.2.3. 

3.2 Temporal lobe epilepsy (TLE) 

Of all the localization-related forms of epilepsy, temporal lobe epilepsy (TLE) is 

the most common141, and one of the most refractory to medical treatment142. TLE 

can be sub-classified according to its origin as mesial or neocortical, although the 

clinical manifestations of both are quite similar143'144. Patients with TLE suffer 

from simple or complex partial seizures, occasionally with secondary generaliza

tion. More than half of the patients with TLE experience simple partial seizures, 

or auras, that are intricate in nature and often difficult to describe145. The most 
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commonly reported aura is an epigastric sensation ("butterflies in the stomach"). 

Unexplained fear is also common in these auras I46 , as are phenomena of deja-vu, 

depersonalization or olfactory hallucinations. Complex partial seizures are stereo

typical and by definition include the inability to respond to the environment. As 

such, the patient does not seem to be unconscious, but performs oro-alimentary 

and motor automatisms (lip smacking, chewing, humming, smiling, fumbling, 

pulling). A useful and reliable lateralizing sign is dystonic posturing of the upper 

limb contralateral to the seizure generator147, while the ipsilateral limb performs 

motor automatisms. Sometimes at the end of the seizure, patients will wipe their 

nose with the hand ipsilateral to the epileptogenic temporal lobe148. These events 

generally last only a few minutes, but the post-ictal period is noticeably long 

(as opposed to other forms of localization-related epilepsy—such as frontal lobe 

epilepsy—where the patient returns to his normal self rapidly after the seizure). 

In the post-ictal state, the patient is confused, amnesic and tired. 

Although interictal EEG abnormalities are usually demonstrated, the deep lo

cation of the mesial temporal structures makes their detection sometimes difficult 

using surface electrodes. 

3.2.1 Anatomy of the temporal lobe and the limbic system 

When discussing the anatomy of the temporal lobe in relation to TLE, it is pru

dent to consider its relation to the limbic system and its connections to other areas 

of the brain. The limbic system (Latin limbus: "border" or "edge") encompasses 

several gray and white matter structures that are involved in emotion, motivation 

and memory. The limbic system includes the hippocampus, amygdala, cingu-

late gyrus, hypothalamus and its mammillary bodies, the orbitofrontal cortex, 

parahippocampal gyrus, the thalamus and the olfactory bulb. Although the inter

play between these structures is now involved in what we could consider "high 

mental processes", the limbic system is a primitive structure which developed to 

manage fear secondary to an external stressor (such as a predator) and appropri

ately channel the responses of fight or flight. Certainly also of primal importance 

is memory, spatial memory in particular, if an animal was to successfully return 
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to a place with abundance of food. In 1878, Paul Broca called these parts of the 

brain le grand lobe limbique149 

The hippocampus and fornix 

The hippocampus is an outstanding example of inventiveness of name-giving 15°. 

The reason for its name stems from its macroscopic appearance which (in the axial 

view and with a certain degree of imagination) resembles a sea-horse. The name 

was coined by Giulio Cesare Aranzi in 156415\ The hippocampus has been given 

several different names and has been sub-divided in different, overlapping fash

ions. Samuel Soemmerring (b. 1755), the same person who created the nomencla

ture used today for the cranial nerves, called the hippocampus the gerollte Wulst 

(rolled in gyrus), perhaps the most appropriate and informative name for this 

structure151. The name cornu Ammonis (Amon's horn) was given to the hippocam

pus by Noguez in 1726 and Garengeot in 172815\ The reason behind this name 

is that longitudinal sections of the hippocampus reveal a ram's horn-like architec

ture, resembling those adorning the head of the Egyptian god. The term "cornu 

Ammonis" is reserved for the gray matter that is continuous with the parahip-

pocampal gyrus. The most commonly used subdivision of the hippocampus was 

put forth by Lorente de No (who worked with Ramon y Cajal), which describes 

four sections, termed CAi to CA4152. Also included in the modern-day definition 

of the hippocampus is the dentate gyrus, a layer of gray matter that interlocks with 

the cornu Ammonis. Anatomical descriptions of the hippocampus often confuse 

the reader, which tends to ignore the three-dimensional extent of this structure 

and to think of it as a single slice of tissue, often coronal, as most books describe 

it this way (compare Figures 3.1, 3.2 and 3.3 to 3.4). In reality, the hippocampus is 

a long structure that extends anterior to posterior and bends medially. It has three 

main portions, namely the head, the body and the tail. 

The cornu Ammonis is in effect the continuation of the entorhinal cortex into 

the hippocampus. However, the superficial layer of the entorhinal cortex ends in 

the region of the presubiculum, while the deeper one turns into the subiculum, 

whose cell layer then flattens to form the dense band of pyramidal cells in the 
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FIGURE 3.1: Gross anatomy of the hippocampus (lateral view). The hippocam
pus is seen in its full anterioposterior extent after removal of the temporal lobe. 
Notice gradual thickening of the fimbria and its detachment from the hippocam
pus to form the fornix. Figure from Gray's Anatomy of the Human Body (public 
domain)153. 

cornu Ammonis154. As mentioned above, the cornu Ammonis can be subdivided 

in four sub-regions, CA1-CA4 (CA4 is also commonly referred to as the hilus, 

and its most abundant neuronal species is the mossy cell), according to histologic 

differences of its main cellular layer152 (Figure 3.4). The cornu Ammonis has six 

layers (not to be confused with six cortical layers). Starting from the ventricular 

surface, the first layer is the alveus, a thin layer of axons that join together and 

form the fimbria. Second is the stratum oriens, which contains mostly interneu-

rons (basket cells) and is crossed by the axons of the pyramidal layers as they 

reach the alveus. The stratum pyramidale is the main element of the cornu Am

monis, as it contains the pyramidal cells and interneurons. The stratum radiatum 

consists of apical dendrites from the pyramidal neurons. The stratum lacunosum is 

composed of axons from the perforant fibers and Schaffer collaterals (see below). 

Lastly, the stratum moleculare blends with the dentate gyrus and mostly contains 

the arborizations of apical dendrites of pyramidal neurons. Notably, the pyrami-
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FIGURE 3.2: Gross anatomy of the hippocampus (axial view). The C-shape of the 
hippocampus, fimbria and fornix is seen from below. Notice the fusion of the crura 
of the fornices at the midline, forming the body of the fornix. Figure from Gray's 
Anatomy of the Human Body (public domain)153. 

dal neurons have dendritic arborizations so large, that they reach all layers of the 

hippocampus, where they synapse with different neuronal populations. 

The dentate gyrus envelopes the CA4 segment. On the temporal surface, it 

can be seen as a toothed bulging, the margo denticulatus (Figure 3.3). It only has 

three layers: the stratum granulosum contains soma of granular neurons, whose 

axons reach CA3-4. The stratum moleculare and the polymorphic layer have very few 

interneurons. 

The coronal anatomy of the hippocampus is quite similar throughout its length, 

although the fimbria is gradually thicker and eventually detaches from the hip

pocampus and forms the fornix (Figure 3.3). 

The main function of the hippocampus appears to be the consolidation of new 

memories. Through connections with the entorhinal cortex, the hippocampus is 
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FIGURE 3.3: Three-dimensional structure of the hippocampus. Two coronal cuts 
are made to expose the hippocampus at two levels, namely the head and the body. 
This allows a clearer visualization of the anatomy, resembling a rolled-in tube. The 
fornix is transected at the level of the crus. From this vantage point of view, it is 
evident that the hippocampus is an invagination of the temporal cortex. 

connected virtually to the entire brain and acts as a funnel for the classification of 

information. All types of m e m o r y are modula ted by the h ippocampus (semantic, 

episodic and spatial). In order to perform its functions, h ippocampal neurons are 

remarkably plastic. This enhanced plasticity is believed to be the substrate for 

its epileptogenesis. Damage to both h ippocampi produces a pe rmanen t state of 

anterograde amnesia; that is, the patient is unable to bui ld new memories , bu t 

does not forget past events1 5 5 . Interestingly, these patients can learn new skills, 

bu t they do not remember how or when they learned them. 
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FIGURE 3.4: Coronal anatomy of the hippocampus. A single coronal slice at the 
level of the head of the hippocampus reveals the interlocked position of the den
tate nucleus and the cornu Ammonis. The entorhinal cortex is continuous to the 
subiculum and the cornu Ammonis, which is subdivided into four subsections 
(CAi-CA4). A thin strip of white matter, the alveus, lies on the ventricular surface 
of the hippocampus, and converges to form the fimbria and the fornix. 

The amygdala 

The amygdala is a group of gray matter nuclei located deep within the medial 

temporal lobes, anterior-superior to the head of the hippocampus. It is shaped 

like an almond, hence its name. The cortical and medial nuclei are involved in 

olfaction, while the basal, lateral and central nuclei are limbic. It appears to be 

involved in emotional learning, Pavlovian conditioning and memory modulation. 

Ablation of both amygdalae produces Kluver-Bucy syndrome, characterized by 

hypoemotionality, loss of fear, hypersexuality and hyperorality156,157. 

The parahippocampal gyrus 

This is a broad term to refer to the tissue surrounding the hippocampus, up to 

the medial aspect of the fusiform gyrus. It includes the perirhinal and entorhinal 

cortices (Brodmann's areas 35 and 36; and 28 and 34, respectively). The entorhinal 

cortex is the principal input to the hippocampus, to which it funnels information 

from all sensory and motor systems. The parahippocampal cortex continues pos-

alveus 

brain 
stern: 

Parah ippocampal 
gy rus 
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teriorly and superiorly with the cingulate cortex. The term "gyrus fornicatus" 

refers to both the parahippocampal and the cingulate gyri. 

The septal region 

Located on the medial surface of the cerebral hemispheres, right below the ros

trum of the corpus callosum, this area consists of two gyri and two sulci. The 

lateral and medial septal nuclei are subcortical gray matter nuclei included within 

the septal region. The importance of the septal region (aside from its clear im

plications in pleasure158) is evident when considering its connections to and from 

the hippocampus (see below). 

The cingulate cortex 

A long, curved gyrus that wraps around the corpus callosum, situated in the 

medial aspect of each hemisphere. The word cingulum means belt, in latin, and 

cingulate is the derived adjective. The white matter within the cingulate gyrus 

is commonly referred to as the cingulum, particularly in its supra-callosal region, 

but it can also be used for the infra-callosal (temporal) portion, as an alternative to 

"parahippocampal white matter". The word cingulum is preferred in this thesis. 

The cingulate cortex contains Brodmann's areas 23, 24, 26, and 29 to 32. 

The mamillary bodies 

A pair of easily visible protuberances located on the posterior aspect of the ventral 

surface of the hypothalamus. It is composed of two gray matter nuclei, namely 

lateral and medial. 

3.2.2 Connectivity of the limbic system 

Every portion of the brain is connected, directly or indirectly, to several other ar

eas of the brain. However, one of the more studied set of connections are those 

that link the different anatomical components of the limbic system. In 1937, James 

Papez159 proposed what was to become one of the most important circuits in 
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cognitive neuroscience, in which he described a closed circuit between the hip

pocampus , thalamus, hypotha lamus and cingulate cortex (Figure 3.5). The circuit 

of Papez is central to memory, emotion, and epilepsy. 

anterior 
• - -— thalamic 

radiation 

-—- cingulum 

— :•— —•—:-~ fornix 

— - -'-•' MT tract 

perforant path 

FIGURE 3.5: The circuit of Papez. The hippocampus receives information from the 
entorhinal cortex in the parahippocampal gyrus through the perforant path. The 
fornix in turn directs information to and from the hippocampus and the mammil-
lary bodies of the hypothalamus, which are communicated with the anterior nu
clei of the thalamus via the mamillo-thalamic (MT) tract (bundle of Vicq d'Azyr). 
The supra-callosal portion of the cingulate cortex receives afferents via the anterior 
thalamic radiation. The cingulate cortex is continuous with the parahippocampal 
gyrus, and the subjacent white matter, the cingulum, completes the circuit. All 
connections are bi-directional. Arrows are shown only for didactic purposes, as 
to highlight the concept of a closed circuit. Cg: cingulate gyrus; s: septal nuclei; 
Thalant: anterior thalamic nuclei; A: amygdala; He: hippocampus; pHg: para
hippocampal gyrus. 

Hippocampal projections run through the fimbria and fornix and reach the 

mammil lary bodies of the hypotha lamus . From there, a small-diameter (<i mm) 

bundle of axons reaches the anterior nuclei of the thalamus, called the mamillo

thalamic tract or Vicq d'Azyr's bundle. The connection between the anterior thalamic 

nuclei and the cingulate cortex is m a d e through a collection of axons that pene

trate the corpus callosum. The anterior thalamic radiation, as it is called, is hence 

not a bund le or fascicle, bu t loosely defined anatomically. As commented in sec

tion 3.2.1, the parah ippocampal gyrus is cont inuous with the cingulate cortex, and 

the white matter within them, the cingulum, provides the necessary connections 

- 54 -



Chapter 3. Epilepsy 3.2. Temporal lobe epilepsy (TLE) 

between these two structures. The entorhinal cortex, part of the parahippocam-

pal gyrus, connects back to the hippocampus via the perforant path, whose name 

is secondary to the fact that these fibers must penetrate the subiculum to reach 

the dentate gyrus and the cornu ammonis. Although it is generally described 

as a uni-directional loop, in reality all the connections in the circuit of Papez are 

bi-directional. Furthermore, it is an over-simplification of the complex reciprocal 

connections of the limbic system. The bi-directionality of the fibers mean that this 

circuit is not closed, as suggested by Papez and by Shipley160. The discussion of 

all known limbic connections is clearly beyond the scope of this dissertation and 

the reader is referred to the thorough work of Gloor161. For the purpose of this 

thesis, two limbic bundles are very important: the fornix and the cingulum. Due 

to their relatively large size and diameter, and their lack of crossing with other 

fiber bundles, these two tracts are the only white matter components of the circuit 

of Papez that are amenable to study with diffusion tensor imaging (the technical 

reasons behind this are discussed in section 2.3). 

The fornix As more fibers join the fimbria, it eventually detaches in the posterior 

region of the hippocampus, forming the cms of the fornix. It then turns medially 

into the lateral ventricles, bends rostrally underneath the isthmus of the corpus 

callosum and meets its contralateral counterpart, to which it fuses and forms the 

body of the fornix. The body of the fornix continues anteriorly immediately be

neath the body of the corpus callosum, then abruptly turns inferiorly, is bisected 

by the anterior commissure (forming pre- and post-commissural columns), and 

finishes in the the septal region and mammillary bodies of the hypothalamus. 

Thus, the fornix has a C-shape that is slightly bent inwards (Figures 3.3, 3.5 and 

5.2), from which its name is derived (latin for "arch"). This curved white mat

ter bundle, approximately 3-5 mm in diameter, contains hippocampal afferents 

and efferents that are both myelinated and un-myelinated161,162. In humans, it 

is composed of nearly two million fibers a, a number that is disproportionately 

"For comparison, the corpus callosum contains roughly 300 million fibers163, and the cortico
spinal tract has slightly more than one million fibers164. 
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large when compared to other animals165,166. The majority of the hippocampal 

efferents arise in the subiculum, and not in the cornu ammonis167. The few effer-

ents from the cornu ammonis synapse in the septal region, which projects back to 

the hippocampal formation. The post-commissural subicular efferents terminate 

mostly in the mamillary body of the hypothalamus, although a few fibers synapse 

in the midline and anterior thalamic nuclei. The septal region sends fibers to the 

hippocampus via the fornix that are both cholinergic and GABAergic. In non-

primate species, the fornix provides two commissural connections (ventral and 

dorsal), while in humans the ventral hippocampal commissure appears to have 

vanished l68. The dorsal commissure b is sparse and communicates the presubicu-

lum and entorhinal cortex of each hemispherec 1?1. It must be noted that the fornix 

described above corresponds to what is formally known as subcallosal fornix. Thus, 

there exists a supracallosal fornix which travels with the cingulum fibers (some of 

which eventually pierce the corpus callosum and join the subcallosal fornix). For 

practical purposes, the term fornix refers exclusively to the subcallosal compo

nent. A word of caution must be made in light of the complexity of the fornix, in 

the sense that the studies presented throughout this dissertation cannot discern in

dividual fiber populations from the plethora of distinct (and discrete) connections 

traveling through the fornix. 

The cingulum This very heterogeneous fiber bundle runs along the entire length 

of the parahippocampal and cingulate gyri (Figure 3.5). It contains very long as

sociation fibers that interconnect the parahippocampal region with the cingulate 

cortex, but also a large number of short association fibers that connect adjacent re

gions of the fornicate gyrus. Also included in its supra-callosal portion, are fibers 

that are part of the anterior thalamic radiation. The cingulum provides connec

tions with virtually the entire brain, as it connects the frontal, parietal, occipital 

and temporal lobes, and subcortical gray nuclei. Similarly to the fornix, this is 

dorsal psalterium or lyra Davidis. 
cElectvical stimulation of a hippocampus does not evoke a response in the contralateral hip

pocampus16 ' ' '1/0. 
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a bi-directional pathway, and the same cautionary words regarding its analysis 

apply. 

Intrahippocampal circuitry It is important to discuss the two recognizable path

ways in the intrahippocampal circuitry, namely the polysynaptic and direct path

ways, for the understanding of epileptogenesis of TLE and the normal function of 

the hippocampus. 

Polysynaptic intrahippocampal pathway (Figure 3.6(a)) The entorhinal cor

tex, serving as a funnel for information coming from virtually all somatosensory 

and association cortices, projects its axons through the subiculum to reach the 

dentate gyrus via the perforant path. These fibers are mostly excitatory and con

tact the dendrites of granular cells. The granular cells, in turn, send their axons, 

the glutaminergic mossy fibers, to CA3 and CA4. The pyramidal cells of CA3 and 

CA4 have axons that enter the alveus and fimbria, but these axons have branches 

called Schaffer collaterals that reach CAi. Although some fibers from CAi enter 

the fimbria directly, most axons of CAi synapse in the subiculum, which sends 

its fibers through the post-commissural fornix. Phylogenetically speaking, this 

pathway is primitive and appears to be involved in episodic and spatial memory 

Direct intrahippocampal pathway (Figure 3.6(b)) This is a more evolutionary 

advanced pathway. The entorhinal cortex projects its axons directly to CAi, via a 

route that is different from the perforant path, and skipping connections with the 

dentate gyrus or CA3/CA4. The neurons in CAi project to the subiculum, which 

in turn projects back to the entorhinal cortex. From there, fibers reach the temporal 

and frontal cortices. The main input to the direct pathway is the perirhinal cortex, 

and is believed to be involved in the recognition and memorization of objects, and 

in semantic memory. 

The intrinsic modulation of hippocampal activity is provided by collaterals of 

the pyramidal neurons in the cornu Ammonis, which provide feedback to other 

close and distant pyramidal neurons. A second modulatory mechanism is pro-
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(b) The direct intrahippocampal pathway. 
1: Direct connection between the entorhinal 
area and CAi. 2: CAi to subiculum fibers. 
3: The subiculum projects back to the deep 
layers of the entorhinal cortex. 4: To tempo
ral and frontal association cortices. 5: The 
entorhinal cortex receives inputs from the 
perirhinal cortex. 

FIGURE 3.6: Intra-hippocampal circuits 

vided by a species of interneurons called basket cells172. Basket cells receive inputs 

from pyramidal neurons, to which they provide inhibitory feedback. These in

terneurons also modulate the activity of dentate granule cells through a relatively 

complex mechanism: Mossy cells are stimulated by the perforant path at lower 

voltages than dentate granule cells. Mossy cells excite the basket cells, which in 

turn inhibit the dentate granule cells (Figure 3.7). The importance of these modu

latory systems will become apparent in section 3.2.3. 

Connections of the amygdala Two major systems connect the amygdala with 

other regions of the brain: the stria terminalis and the ventral amygdalofugal path

way. The stria terminalis connects the amygdala with the hypothalamus and septal 

region. The stria terminalis travels along the medial border of the caudate nucleus 

along its entire path, providing a curve that is very similar to the fornix. The 

ventral amygdalofugal pathway connects it to the brain stem, the lateral hypotha

lamus, association cortices (orbital, insular, prefrontal), striatum and thalamus. 

These fibers travel through several other distinct white matter bundles, such as 

ParahippocampaTv" ,* : cortex 
gyrus 

(a) The polysynaptic intrahippocampal 
pathway. 1: Perforant path. 2: Mossy fibers. 
3: Schaffer collaterals. 4: Fibers from CAi to 
the subiculum. 5: The subiculum provides 
the majority of output fibers that form the 
fornix. 
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the uncinate and the inferior longitudinal fasciculi. Short fibers communicate the 

amygdala and the subiculum and cornu Ammonis of the hippocampus. 

3.2.3 Mesial temporal sclerosis 

The term mesial temporal sclerosis (MTS) refers to a specific lesion of the hip

pocampus and other mesial temporal structures (such as the amygdala, uncus 

and parahippocampal gyrus), characterized by selective neuronal loss and gliosis. 

It is the most common lesion in temporal lobes resected for intractable seizures, 

present in around V3 of cases 173-175 T n e ce\\ \oss m m e hippocampus is not global 

(as is in ischemic lesions), but shows a specific pattern. In particular, neuronal loss 

is prominent in CAi, CA3 and CA4, with sparing of the neurons in CA2. There 

is also another histopathological form, termed "end folium sclerosis", in which 

only the hilus (CA4) is affected. Another common histopathological feature of 

MTS is granule cell dispersion, in which the granule cells lose their tightly packed 

distribution, with subsequent thickening and blurring of the dentate nucleus176. 

The temporal white matter of patients with MTS occasionally shows ectopic gray 

matter neurons, although it is not clear if this is a consistent abnormality specific 

to MTS1™1?8. 

The first known reference to this pathology was published in 1825179, but was 

not given much attention at first. Scattered reports kept appearing for the next 

fifty years, which were compiled in 1880 by Sommer l8°, who was the first to 

provide a direct link between the microscopic findings of MTS and clinical char

acteristics that now seem like TLE. This view was later confirmed by Bratz in 

1899 lg l. The etiology of MTS is a matter of considerable debate as of this day. 

The first two hypotheses directly confronted their corresponding authors in the 

1920s, with Spielmeyer suggesting a vascular pathophysiology182, and Vogt and 

Vogt a (yet unsupported) metabolic cause183'184. The lack of hard evidence for 

a metabolic theory meant that it was Spielmeyer's vascular theory which was 

favored for the next fifty years, supported by Penfield and Gastaut173,185. How

ever, as time passed, the vascular theory was discarded, as ischemic lesions were 
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shown not to produce the typical, selective pattern of neuronal loss seen in typical 

M T S 186,187. 

The Vogts, with their theory of "pathoclisis", which stated that, due to un

known metabolic factors, certain areas of the hippocampus are more vulnerable 

to damage than others, were on the right track. It was not until twenty years 

ago that such metabolic factors were identified. The first is the large amount 

of (N-methyl-D-Aspartate, NMDA) d glutamate receptors in CAi as compared 

to other regions188-190, and the second factor is the reduced amount of calcium-

buffering proteins in CAi and CA3, namely calbidin and chromogranin A191~ig3. 

The consequences of these two factors combined is an increased susceptibility to 

excitotoxicity, in which neurons are literally "excited to death"194,195. 

Epileptogenesis of mesial temporal sclerosis 

Although it is still unclear if MTS is the cause or the consequence of TLE, it ap

pears certain that it can perpetuate an epileptogenic condition. Animal studies 

have shown that repetitive electrical stimulation of the perforant path produces 

pathological damage similar to that seen in MTS, with pyramidal neuron and 

mossy cell loss of CA3, with sparing of basket cells and pyramidal neurons of 

CA2196'197 e. This suggests excitotoxic damage via glutaminergic mossy fibers. 

If, however, inhibitory intemeurons survive, how can this lesion be excitatory 

and epileptogenic? A possible explanation lies in the dormant basket cell hypoth

esis, which states that the death of mossy cells (due to their reduced excitation 

threshold from the perforant path) reduces the excitatory input necessary for bas

ket cells to perform their inhibitory functions upon the dentate granule cells198 

(Figure 3.7). 

Another effect of mossy cell death is the synaptic reorganization of dentate 

granule cells. In particular, the axonal branches that normally innervate the mossy 

dNMDA receptors are 10 times more permeable to C a + + than to N a + . 
T h e pattern of hippocampal damage resembles, but is not identical to, MTS. Particularly, CAi 

pyramidal cells are not affected after perforant path stimulation. Sustained CA3 stimulation can, 
however, destroy CAi cells198. 
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FIGURE 3.7: Proposed mechanisms of epilepsy in MTS. Schematic view of the 
normal intra-hippocampal modulatory circuits in the normal and abnormal con
ditions. Orange arrows indicate excitatory fibers, blue arrows indicate inhibitory 
connections. The death of hilar mossy cells (gray neurons in the last two panels) 
produces a reduction of the inhibitory action of basket cells upon dentate granule 
cells (dashed blue arrow) or aberrant sprouting of the mossy fibers (dashed or
ange arrow), which provide excitatory feedback to dentate granule cells. In both 
hypotheses, the end result is an increased excitation of dentate granule cells. 

cells (i.e. the mossy fibers) sprout to reach alternative contact points within 2-8 

weeks 1 " ' 2 0 0 (Figure 3.7). Al though the exact targets of these sprout ing projections 

have not been identified, it is believed that these aberrant connections provide an 

excitatory feedback loop to the dentate granule cells2 0 1 - 2 0 3 , a l though it is also pos

sible that they represent a compensatory mechanism 2 0 4 . The aberrant connections 

contain a considerable a m m o u n t of Zinc within them, which allows their micro

scopic visualization using Timm's stain method 2 0 5 . Mossy fiber sprout ing has 

been reported in animal models of epilepsy2 0 6 , 2 0 7 , as well as in resected h u m a n 

h ippocampi of TLE pat ients 2 0 8 - 2 1 1 . 

An impor tant quest ion is whether MTS causes TLE or if TLE results in MTS 

(the so-called chicken-egg problem) 2 1 2 . Generally, patients wi th TLE had some 

sort of initial precipitating injury in the first four or five years of their life, bu t recur

rent, unprovoked seizures do not appear until several years later, dur ing which 

they appear to be healthy1 4 1 . Common initial precipitating injuries include febrile 

seizures, head t rauma, birth injury and infection of the central nervous system2 1 3 . 

_ 6 i -



Chapter 3. Epilepsy 3.3. Imaging of temporal lobe epilepsy 

Interestingly, 2-4% of all children suffer from febrile seizures between the ages of 

one and five, but the majority of them do not develop epilepsy.214'215. Looking 

back from the other end shows a very different picture, as approximately 2/3 of 

patients with TLE have a history of febrile seizures216"218. This situation has led 

to the belief that febrile seizures can only result in TLE if they occur in patients 

with an underlying predisposing factor. Hence, febrile seizures could be consid

ered as a "second hit" in the popular two-hit hypothesis213,219. This hypothesis is 

very attractive and sound, in the sense that it explains why not all children with 

febrile seizures end up having epilepsy. The nature of the "first hit", however, has 

remained elusive. 

Epidemiological studies have suggested that the occurrence of seizures is a 

self-facilitated phenomenon220, and several histological abnormalities have been 

reported to be correlated with disease duration, age at seizure onset or number of 

generalized seizures221"224. In patients with TLE, the volume of the hippocampus 

and extra-hippocampal structures has also been found to progressively decline 

over time225"233. Similarly, a gradual decrease of the putative neuronal marker 

N-acetyl-aspartate, as measured with magnetic resonance spectroscopy, has been 

demonstrated in the temporal lobes of patients with TLE234,235, although this de

cline appears to be reversible upon seizure freedom236. It has been suggested that 

the largest factor leading to neuronal loss within the hippocampus is the initial 

precipitating injury222. Upon establishment of TLE and ongoing seizures, further 

neuronal loss develops, albeit at a slow rate. These ideas make MTS both a cause 

and a consequence of TLE, and suggest that only with very long disease durations 

could MTS develop in the absence of an initial precipitating injury. Insight into 

this question is provided in Chapter 7. 

3.3 Imaging of temporal lobe epilepsy 

The different imaging modalities that are used in the clinical evaluation of patients 

with TLE are reviewed in this section. Section 3.3.3 reviews relevant imaging 
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studies that may not impact clinical decision-making on an individual basis, but 

provide insight into the biological mechanisms of TLE. 

3.3.1 Qualitative assessment of conventional MRI 

There is no doubt that neuroimaging has changed the way we look at all forms of 

epilepsy, and that it has facilitated the diagnosis of several epilepsy syndromes. 

It has become an absolutely necessary part of the evaluation of patients with TLE 

and, as the Commission on Neuroimaging of the ILAE states: 

MRI is essential for presurgical evaluation [... ] Epilepsy surgery should 

never be contemplated without an MRI examination, apart from excep

tional circumstances, such as a specific contraindication (e.g. cardiac 

pacemaker)237 f. 

A typical MRI protocol for surgical evaluation of TLE should include both Ti-

and T2-weighted images, preferably in coronal and axial orientations, as well as a 

high-resolution three-dimensional volume acquisition. Axial slices, in particular, 

should be acquired with an angle that makes the slices run parallel to the long axis 

of the hippocampus. These slices are generally prescribed using a para-sagittal 

slice, where the parahippocampal white matter is clearly visible (Figure 3.8). Care 

must be taken to avoid a "tilt" in the slices, as asymmetries of the hippocampal 

size or signal intensity caused by this could erroneously be attributed to pathology. 

The most common visually-evident MRI abnormality of MTS is increased hip

pocampal T2 signal238'239 (Figure 3.8). The abnormal signal intensity is thought 

to be directly related to the increased water content in the tissue secondary to 

neuronal loss and gliosis240"242. An enlarged hippocampal fissure (itself a nor

mal variant), having intense T2 signal, should not be confused with tissue signal 

abnormality. This is more difficult to evaluate when thick slices are utilized and 

partial volume averaging artifacts dominate. Therefore, it is recommended to 

use CSF-signal-suppressed sequences, such as fluid-attenuated inversion recovery 

'it is noteworthy that, despite this strong recommendation, TLE surgery was successfully per
formed in the pre-MRl era. 
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(FLAIR) 243~245. Evidence of T2 signal abnormalities are usually defined subjec

tively, by compar ing the mesial temporal lobe structures of one hemisphere to the 

other. Thus, bilateral abnormalities are often difficult to identify. The counter

par t of increased h ippocampal T2 signal in MTS is a decreased signal intensity 

in Ti-weighted images. In general, T2 signal abnormalities are more conspicuous 

than T i signal decrease, a l though the spatial resolution of Ti-weighted images is 

typically higher g , which allows for better visualization of the morphology of the 

mesial temporal structures. 

FIGURE 3.8: Clinical MRI of MTS. MTS can be reliably detected using coronal 
T2-weighted images, particularly in CSF-supressed (FLAIR) images. Hippocampal 
increased T2 signal is evident in the left hippocampus (arrow), as is slight atro
phy. The inversion recovery image with real reconstruction (Real IR) shows the 
hippocampal anatomy in great detail and highlights hippocampal atrophy as com
pared to the contralateral hemisphere. The bottom row shows three reconstructed 
slices from a three-dimensional volume using magnetization-prepared rapid acqui
sition gradient echo (3D MP-RAGE). The dotted lines in the parasagittal slice show 
the prescription of the coronal and axial slices, relating them to the long axis of the 
hippocampus. The high resolution of the MP-RAGE images allow for the visual 
estimation and quantitation of volumes of the mesial temporal structures. 

SOften due to the three-dimensional acquisition scheme utilized in heavily Ti-weighted gradient 
echo images (e.g. 3D MPRAGE, Figure 3.8). 
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Another common abnormality seen in MTS is hippocampal atrophy (Figure 

3.8). This feature is perhaps one of the most utilized by neuroradiologists, in par

ticular when arbitrarily-defined, oblique two-dimensional reconstructions can be 

made from a three-dimensional volume. The decreased hippocampal volume is 

directly related to the degree of neuronal I0SS246"248, and the sensitivity of this 

finding is high238"240,249. It is not uncommon to find hippocampal atrophy in 

the absence of T2 signal abnormalities in MTS and, for this reason, obtaining high 

resolution images is always recommended250. The internal architecture of the hip

pocampus can only be seen using sub-millimeter resolution with good gray/white 

matter contrast. High-field imaging and special surface coils aid in the visual

ization of the mesial temporal structures251,252. Improvements in resolution and 

contrast mechanisms will lead to images that resemble histopathological sections 

and will further improve the diagnosis of MTS. 

Anterior temporal white and gray matter signal abnormalities can be seen in 

around half of the patients with MTS and are related to diverse mechanisms, such 

as ectopic white matter neurons, gliosis, inflammatory changes and deposits of 

corpora amylacea253. These abnormalities must not be confused with temporal 

cortical dysplasia. It appears that the abnormalities seen in the anterior tempo

ral lobe are signs of an abnormal development of this lobe, with persistence of 

immature cell types and suboptimal myelination254. 

Using the appropriate above-mentioned clinical MRI sequences, and in the 

hands of a neuroradiologist experienced in the diagnosis of epilepsy, MTS can be 

detected in around 90% of the cases255. Notably, around V5 of patients with TLE 

have some other lesion in addition to hippocampal sclerosis ("dual pathology")254. 

3.3.2 Quantitative assessment 

T2 relaxometry Over the last decade, great attempts have been made in order 

to reduce the subjectivity of the evaluation of MRI and to increase their sensi

tivity. T2-weighted images, already quite sensitive, still benefit from quantitative 

treatment, which increases their diagnostic yield256,257. T2 relaxometry provides a 

means to directly quantify the time constant that produces the high signal inten-
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sity on conventional T2-weighted images. On conventional T2-weighted images, 

only a single (and late) echo is obtained (typically around 90 ms). Tissues with 

a short T2 will give a very weak signal, if any, at this late time point and appear 

dark, whereas tissues with a long T2 will still provide a considerable amount of 

signal and appear bright. In order to quantify the T2 constant of each tissue, at 

least two different echoes must be acquired, and a (typically mono-exponential) 

decay curve is fitted to these points. The exponent that best fits this curve is equal 

to the T2 constant of each pixel. Quantitative T2 maps can then be constructed by 

relating T2 values to a color scale or gray values (Figure 3.9). The first reported 

use of T2 relaxometry in epilepsy utilized a modified Carr-Purcell-Meiboom-Gill 

sequence that provided 16 echoes256, and is nearly identical to the one utilized 

throughout this thesis. It is possible, however, to fit a mono-exponential decay 

with less echoes, although the measurements are less precise258-261. The main 

advantages of the acquisition of only two echoes is that it reduces the signal con

tribution from stimulated echoes. It is known that white matter shows a multi-

exponential decay262'263 and, therefore, its T2 constants can only be found by a 

multi-exponential fit that invariably requires several echoes264. Gray matter and 

CSF, on the other hand, appear to have a mono-exponential decay. Several param

eters in dual or multi-echo T2 relaxometry sequences can affect the estimation of 

T2 values, such as number of echoes, their spacing and the time at which the first 

one is acquired264. Unfortunately, T2 values are not truly "absolute", in the sense 

that one cannot compare them from one study to another, which means that each 

study must have its own set of control subjects. 

Volume measurements Quantitative volume estimation of the mesial temporal 

structures has been performed with very good results for over 15 years265 and is 

a simple and reliable method for the detection of hippocampal sclerosis. In the 

simplest case, the volumes of the temporal structures are defined by manually 

outlining each one on individual slices, integrating the area within all the drawn 

regions and multiplying this value by the slice thickness. As simple as it sounds, 

outlining the hippocampus and other mesial temporal structures is no easy feat, 
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FIGURE 3.9: T2 relaxometry. Three coronal images (out of 32) are shown, acquired 
at increasingly long TE. Notice the loss of signal from gray and white matter, but 
not from CSF. The graph shows the acquired signal intensity from the hippocampus 
(black circles) and its corresponding fitted mono-exponential decay, as well as the 
fitted decay curves from white matter and CSF. The exponent of the best fit is 
equal to the T2 value of every pixel, which can be displayed as gray levels in the 
quantitative T2 map. The squares in the T2 map show the locations of the regions 
shown in the graph. 

and it is one prone to errors and subjectivity. Furthermore, not all research centers 

define the boundaries of the structures in the same matter, which makes compar

isons between studies difficult. Atrophy of the fornix, albeit rare, can be used as a 

lateralization sign266"269. Automated tissue segmentation can be accomplished in 

a number of ways that are independent of the user270. The segmentation of gray 

and white matter can be performed throughout the whole brain, which allows 

for large-scale group analyses using voxel based morphometry, a close relative of 

statistic parametric mapping (page 30) which can detect atrophy or hypertrophy 

of virtually any structure, without the need to make a priori hypotheses72. 
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Magnetic resonance spectroscopy (MRS) Several studies have demonstrated 

that MRS can correctly lateralize TLE in patients with271"275 or without MTS276. 

The most commonly reported metabolic abnormalities are reduced NAA and in

creased choline (Cho) concentrations. The ratio between NAA and creatine (Cr) 

can be abnormal in both temporal lobes of patients with TLE, but the asymmetry 

between the two correctly identifies the epileptogenic hemisphere in the vast ma

jority of patients277. It has been suggested that a reduction in the concentration 

of NAA is indicative of neuronal loss, and that the changes in Cho concentra

tion reflect gliosis278. However, the fact that NAA concentration returns to nor

mal values if seizures are eliminated suggests temporary and reversible neuronal 

dysfunction236'279_281 or the presence of reactive astrocytes282 (and not neuronal 

death). 

Other forms of imaging 

Single-photon-emission computed tomography (SPECT) This is a valuable tool 

for the detection of an epileptogenic focus. Contrary to conventional MRI, this 

imaging method (along with proton-emission tomography) emphasizes functional 

data, at the expense of lower spatial resolution. In the interictal period, the tem

poral lobe shows normal or reduced metabolism. In contrast, the mesial temporal 

structures show a dramatically increased metabolism in the ictal period283. The 

sensitivity of ictal SPECT greatly increases when the administration of the ra

dioisotope (99Tc) occurs early in the course of the seizure284. The interpretation of 

SPECT is generally subjective, based on signal asymmetry, with more than 10% 

being considered abnormal. SPECT, in particular ictal-interictal scans, can be co-

registered to MRI scans h , which facilitates their interpretation and often point to 

an initially overlooked anatomical abnormality evident on clinical MRI126. Care 

must be taken when interpreting SPECT images, as */z to 3/4 of TLE patients 

can have areas of hyperperfusion contralateral to the seizure generator (so-called 

"mirror images")285. 

'•"Subtraction ictal SPECT with co-registration on MRI (S1SCOM). 
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Positron-emission tomography (PET) A powerful functional imaging method, 

PET can detect the presence of a radioactively-labeled molecule in the brain. There 

is some degree of flexibility in the type of molecules that can be labeled, but 

two in particular are used in TLE: 2-deoxy-2[18F]fluoro-D-glucose (FDG) and n C -

flumazenil. FDG is utilized to measure glucose metabolism, while flumazenil can 

detect G A B A A receptors. Although PET images can be quantitatively analyzed, 

it is common practice to evaluate the degree of asymmetry of the tracer uptake. 

FDG PET shows focal interictal hypometabolism in around 90% of patients with 

TLE286. If MTS can be reliably identified with conventional MRI, FDG-PET does 

not add any useful information287 but, in TLE cases without clear EEG or MRI 

lateralization, FDG-PET can detect ipsilateral hypometabolism with a sensitivity 

of 50% 288'289. There are several potential disadvantages to PET that have limited 

its use in the clinical setting, primary amongst them are the cost and short half-life 

of the tracers used, and its low resolution. 

Functional magnetic resonance imaging (fMRI) Invented and widely popu

larized in the decade of the nineties, fMRI is designed to detect hemodynamic 

changes that are coupled to increased neuronal activity. The increased focal cere

bral perfusion that results from increased focal neuronal firing can be detected 

using blood oxygen mediated contrast 29°'29l
 a n d v i a perfusion-weighted im

ages292-294. fMRI is generally analyzed in terms of signal change between periods 

of neuronal activity and inactivity using voxel-wise analyses such as SPM. The 

periods of activity/inactivity in the case of simple motor or sensory paradigms 

can be easily manipulated and commanded but, in the case of the spontaneous 

and erratic behaviour of interictal spikes, these periods can only be determined 

with simultaneous EEG recording with live interpretation. Using simultaneous 

fMRI and EEG, it is possible to detect focal abnormalities in the ictal and peri-ictal 

states that are concordant with electroclinical data295"300. The spatial resolution of 

fMRI is sufficient for most purposes, which contrasts with its low temporal reso

lution, which is on the order of seconds. The low temporal resolution is caused 

by the complex and slow hemodynamic response that is coupled to the neuronal 
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activity301,302, and to the fact that fMRI is generally acquired using EPI images. 

One of the primary clinical applications of fMRI in epilepsy is the identification 

of eloquent cortical regions that need to be spared from surgical resection but are 

suspected to lie near the resectable epileptogenic tissue, although it is sometimes 

still necessary to perform electro-cortical mapping in the operating room. 

There is considerable interest in the ability to non-invasively identify the re

gions of the brain involved in language and memory. The gold standard used 

nowadays is the intracarotid amobarbital test (Wada test), in which an anesthetic 

is administered directly to either one of the internal carotid arteries, allowing the 

function of the other hemisphere to be evaluated in isolation. The Wada test is, 

therefore, moderately invasive and has a small risk of stroke or other compli

cations. Futhermore, the mesial temporal structures (involved in memory and 

verbal abilities) is not thoroughly irrigated by the internal carotid system. fMRI 

is a good candidate to perform this evaluation. There has been good agreement 

between fMRI and the Wada test for the evaluation of language dominance, with 

concordance between the two studies as high as 9i%3°3_3°5. Assessment of mem

ory functions has also been recently performed with fMRI with encouraging re

sults306-310. Care must be taken when interpreting language or memory-related 

fMRI tests, as it is not uncommon that cortical regions that are not crucial to these 

functions are highlighted as such. 

3.3.3 Relevant imaging studies in TLE 

As described above, many imaging modalities can detect abnormalities in the ip-

silateral hippocampus in patients with MTS. This, however, merely points to the 

diverse changes that the sclerotic tissue undergoes, most of which (or their indirect 

effects) can be readily identified using conventional MRI. Certainly more interest

ing are the abnormalities commonly found in the contralateral temporal lobe and 

even in regions other that the temporal lobes in patients with clear TLE. There is 

also a great drive in the research community to identify structural, functional or 

metabolic changes that will help differentiate mesial from lateral TLE, and clues 

that will help clarify the genesis and prognosis of TLE and MTS. 
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For example, it has been shown that regions of hypometabolism outside the 

temporal lobes are associated with worse surgical outcome311. Such extratem-

poral PET abnormalities are not uncommonly reported287,312"315. In particular, 

FDG-PET shows more diffuse abnormalities, while benzodiazepine-receptor stud

ies demonstrate decreased binding localized to the ipsilateral anterior mesial tem

poral region312. More recently, it has been demonstrated that non-lesional TLE 

patients have metabolic abnormalities in the lateral temporal cortex, whereas pa

tients with TLE and MTS have hypometabolism in the mesial temporal structures, 

suggesting that these two are truly different disorders316. 

Similarly, fMRI studies have demonstrated diffuse abnormalities in patients 

with TLE. Using EEG/fMRI, several areas of activation and deactivation (not con

fined to the temporal lobes) were found in a mixed group of TLE patients317. Al

though the block-design is the cornerstone of fMRI, in recent years there has been 

great interest in the identification of the functional cortical connectivity via the 

analysis of the time-course of the resting state BOLD-related signal changes318,319. 

The so-called "default mode network" seen in healthy individuals appears to be 

disrupted in patients with TLE, with several areas of the brain showing inactiva-

tion during interictal epileptiform discharges320. Using this new approach and 

block-design fMRI, the cortical networks involved in language have been shown 

to be atypical in patients with TLE321'322, in particular when the epileptogenic 

temporal lobe is in the dominant hemisphere323,324. Given the difficulties of si

multaneous EEG and fMRI recordings, resting-state fMRI is a promising tool for 

the detection of regions of epileptogenicity, in particular when the analysis is 

based on the time-clustering of BOLD signal changes325,326. This analytic method, 

although quite appealing, has still to prove reliable and sensitive enough to be 

used in the clinical setting. 

Around 1/z of TLE patients show bilateral temporal lobe MRS abnormali

ties271,282,327"329 and their presence is indicative of poor surgical outcome330,331. 

Spectroscopic abnormalities have also been found in the thalamus332,333 and the 

frontal, parietal and occipital lobes333 of patients with MTS. Reductions in NAA 

concentrations, in particular, appear to be more marked in patients with TLE in 
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the presence of MTS334. For this reason, it is the asymmetry ratio between the two 

hippocampi that can help lateralize the epileptogenic region. As noted before, it 

is difficult to infer the biological interpretation of NAA concentrations in epilepsy, 

given its normalization upon seizure freedom. The use of 31P MRS permits the 

identification of specific metabolites that J H MRS cannot reliably detect, such as 

phospocreatine (PCr), adenosine triphosphate (ATP) and inorganic phosphate (P,). 

Reductions in PCr are related to its increased hydrolysis to maintain constant ATP 

concentrations in situations of high energy demand. In contrast with FDG-PET 

studies, 31P MRS has shown increased metabolic activity in TLE335,336. Similar 

to the reversible changes of NAA concentrations, 31P MRS metabolic indices also 

return to normal one year after cessation of seizures337,338. 

In patients with TLE and normal conventional MRI, the quantitative analysis 

of conventional MRI contrasts has an overall low yield of detection of abnormal

ities that match electroclinical information339. This by no means indicates that 

quantitative analytical methods have little to offer in the research of TLE, but 

only that clinical decisions should not be based solely on these methods at this 

point. Furthermore, specific analytical methods and contrasts may prove highly 

valuable in certain forms of epilepsy. T2 relaxometry, for example, has proven 

its ability to lateralize TLE in patients with normal MRI257'340. T2 relaxometry 

data has also been analyzed using SPM methods, with the identification of focal 

temporal and extratemporal abnormalities (frontal, parietal, anterior cingulate) in 

patients with MTS339,341. Perhaps the most utilized type of images that have been 

given the quantitative treatment is the high-resolution Ti-weighted data sets, as 

these are typically acquired in every imaging investigation of TLE. Volumetric 

measurements have demonstrated bilateral hippocampal atrophy in patients with 

TLE250,342-348. As a matter of fact, it has been suggested that the entire hemisphere 

ipsilateral to the seizure generator is reduced in volume345. Extrahippocampal, bi

lateral gray and white matter volume reductions in the temporal and extratempo

ral regions in patients with TLE have also been reported349-363. Besides volumetric 

analyses, the shape of the hippocampus can be ana lyzed364'365, which can show 

subtle atrophy in portions of its anatomy that are specific to TLE348. 
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Several studies have utilized VBM in the study of TLE patients. Reduced 

gray matter concentration has been reported in the ipsilateral and contralateral 

dorsal prefrontal cortex366"368, parahippocampal gyrus, cingulate367"370, thala

mus 367'368,37o-372/ a n d in the cerebellum368. Of interest, patients with TLE but 

without MTS appear to lack these extended abnormalities of the gray matter373, 

and patients with left MTS seem to have more extended and marked extrahip-

pocampal abnormalities374. Reductions in white matter concentration have also 

been found in the corpus callosum367 and the temporal367,371 and fronto-parietal 

lobes375. Overall, VBM studies have shown abnormalities of the gray and white 

matter throughout the brain, both ipsilateral and contralateral to the epileptogenic 

temporal lobe, occasionally with conflicting results. 

The thickness of the cortex was reportedly thinner bilaterally in several ar

eas of the brain in patients with TLE, both within and outside the temporal 

lobe232,376'377. The use of texture analysis on conventional MRI of patients with 

TLE and unilateral MTS showed bilateral hippocampal abnormalities378,379 and 

ipsilateral reduced gray and white matter volume and blurring of the gray/white 

matter junction in the temporal lobe380. 

Magnetization transfer imaging381 has shown a very low yield in the detec

tion of lesions in focal epilepsies339 or the lateralization of TLE382, but appears 

to be useful in the detection of malformations of cortical development383. Re

cently, however, correlations between vocabulary and cognitive tests and magne

tization transfer ratio of the fusiform, middle and superior temporal gyri have 

been found in TLE patients with interictal psychosis (but not in those who were 

non-psychotic) 384<385. 

Several DWI and DTI studies have shown various abnormalities in TLE. The 

fact that there is is a considerable decrease in water diffusivity in the epileptogenic 

tissue in the acute postictal state has been repeatedly demonstrated in several 

forms of epilepsy, both in animal models and humans, over the last decade386-391. 

Notably, the diffusivity normalizes within a few days and remains elevated in the 

interictal state when there is persistent tissue changes. The time course of these 

changes are thought to represent cytotoxic edema in the postictal state, followed 
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by sclerosis, gliosis and concomitant increased intercellular water in the chronic 

stage. Although changes in hippocampal diffusivity have been proposed as a 

means to lateralize TLE with varied but overall good results135'392"399, the con

tralateral hippocampus is not devoid of abnormalities397,400"402 ', which in some 

cases normalize following cessation of seizures403. However, due to the high sen

sitivity of conventional imaging, it appears as though DWI can only confirm the 

lateralization of TLE in cases where the former has already demonstrated a le

sion404. Despite this, there is value in the measurement of diffusion parameters 

of the hippocampus in TLE, as the overall diffusivity of the epileptogenic hip

pocampus shows a moderately strong correlation with disease duration396. The 

amygdala and the thalamus ipsilateral to MTS have also shown abnormally in

creased diffusivity 397,405. 

The white matter of patients with TLE has also been reported to have ab

normal diffusion parameters. Using DTI and SPM analysis, the temporal white 

matter of patients with TLE showed increased diffusivity and reduced diffusion 

anisotropy406. In a study of two patients with TLE, the splenium of the corpus cal-

losum showed a transient decrease of water diffusivity following acute seizures407. 

In another study of 15 patients with TLE in the interictal state, the corpus callosum 

and the external capsules showed reductions in diffusion anisotropy and increased 

diffusivity perpendicular to the tracts408. In patients with non-lesional TLE and 

interictal psychosis, there were reductions in diffusion anisotropy of the frontal 

and temporal lobe white matter409. A very recent study demonstrated reduced 

diffusion anisotropy in the uncinate fasciculus ipsilateral, but not contralateral, to 

MTS410. 

* -k -k 

As any reader will undoubtedly think by now, there is a great body of evidence 

to support that temporal lobe epilepsy is not confined to the temporal lobes. On 

'There is discrepancy amongst reports of abnormal diffusivity in the contralateral hippocampus. 
Increased ADC was reported in402 and4 0 0 , while it was found reduced in401 and4°3 . 
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the other hand, the fact that the vast majority of patients with TLE and unilateral 

MTS experience a worthwhile reduction in seizures (most of times a total abol

ishment) is the clearest indicator that, more often than not, these patients have a 

single seizure generator. The presence of these diffuse brain abnormalities, the 

generalization of seizures and the cognitive defects associated with TLE suggest 

that it is, however, a disorder of the normal brain network. The foundation for 

any network is its connectivity and, as of today, the ideal method to investigate 

brain connectivity in the living person is diffusion tensor imaging and tractogra-

phy. Despite this, the study of white matter in epilepsy has been overshadowed 

(understandably) by the study of gray matter. 

The work I performed in the last five years at the University of Alberta has 

focused on the white matter of patients with TLE. When I started working on this 

project, there only were a dozen or so reports on the use of diffusion tensor imag

ing in epilepsy, and only a handful of those had focused on the white matter. The 

fornix and cingulum had not yet been investigated with the aid of tractography in 

temporal lobe epilepsy. For this I developed an imaging/analysis protocol that is 

described in Chapter 4. Using such methodology, we found bilateral limbic (and 

extra-limbic) white matter diffusion abnormalities in patients with unilateral MTS 

(Chapter 5). These abnormalities do not resolve upon seizure freedom (Chapter 

6). Furthermore, limbic—but not extra-limbic—abnormalities appear to be linked 

to the presence of MTS (Chapter 7). The pattern of abnormalities seen are similar 

to those seen in abnormalities of axonal membranes, myelin sheaths, or both, such 

as those present in Wallerian degeneration of white matter (Chapter 8). Lastly, a 

direct electron-microscopy study of the fimbria/fornix of patients who underwent 

resective TLE surgery is presented in Chapter 9, which attempts to widen our un

derstanding of the abnormalities present in the fornix of patients with TLE and to 

provide the first direct correlation between DTI parameters acquired in vivo and 

the underlying histology. 
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CHAPTER 4 

C E R E B R O S P I N A L FLUID SIGNAL 

SUPPRESSION 

Abstract 

The limbic system, relevant to memory and emotion, is an interesting subject of study 
in healthy and diseased individuals. It consists of a network of grey matter structures 
interconnected by white matter fibers. Although gray matter components of this sys
tem have been studied vising MRI, the connecting fibers have not been analyzed to the 
same degree. Cerebro-Spinal Fluid (CSF) signal contamination of the fornix and cingu-
lum, the two major white matter tracts of the limbic system, can alter Diffusion Tensor 
Imaging (DTI) measurements and affect tractography. We investigated the effect of CSF 
signal suppression on fiber tracking of the limbic connections and characterized the dif
fusion properties of these structures in healthy volunteers. Nine healthy individuals were 
scanned with standard and CSF-suppressed DTI. Tractography of the fornix and cingulum 
was performed for both acquisition methods. We report mean diffusivity and fractional 
anisotropy measurements of the crus, body and columns of the fornix, and descending, 
superior and anterior portions of the cingulum. Diffusion measurements were improved 
and tractography was facilitated using CSF-suppressed DTI. In particular, tract volume 
increased, while decreases of the mean diffusivity and increases of diffusion anisotropy 
more accurately represented the underlying tissue by minimizing deleterious partial vol
ume averaging from CSF. This was particularly true for the fornix, as it is in closest con
tact to CSF. Diffusion measurements throughout the limbic connections were consistent 
in healthy volunteers. We recommend the use of CSF suppression when performing dif
fusion tensor tractography of the limbic system. 

A version of this Chapter was published in: 
Concha L., Gross D.W. and Beaulieu C. Diffusion tensor tractography of the limbic system. AJNR 
American journal of Neuroradiology 2005. 26(9)12267-74. 
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4.1 Introduction 

The limbic system has a very important role in high level mental processes, such 

as memory and emotive behaviour and is composed of a group of inter-connected 

gray and white matter structures which create a loop in each cerebral hemi

sphere411. In 1937, James Papez159 described an important set of connections 

in the limbic system which linked the hippocampus, mamillary bodies, thalamus, 

cingulate and parahippocampal gyrus. While other structures have subsequently 

been integrated into the limbic system (such as the amygdala, the septal region 

and the olfactory bulb), the Circuit of Papez contains most of the principal limbic 

grey and white matter structures. The two most visible white matter connections 

in this circuit are the fimbria/fornix, which projects from the hippocampus to 

the septal region and mamillary bodies, and the cingulum, which connects the 

enthorinal cortex and the cingulate gyrus. 

Both the gray and white matter components of the limbic system have been 

studied using MRI in several brain disorders, such as epilepsy 357~359,367'412, demen

tia413,414 and schizophrenia415. Until recently, the study of white matter bundles 

was restricted to post-mortem dissection or slice-by-slice evaluation by in-vivo 

medical imaging both in terms of the tissue's signal intensity and /or volume 

measurements. However, recent advancements in Magnetic Resonance Imag

ing (MRI) allow virtual in-vivo dissection of major white matter bundles in the 

brain65. White matter fibers are depicted based on the behaviour of water move

ment, as measured with Diffusion Tensor Imaging (DTI), and are later recon

structed in three dimensions using a technique known as Diffusion Tensor Trac-

tography55'56-61'416. 

DTI can provide indirect measures of the functional integrity of white matter 

and has been previously used in the study of limbic structures both in healthy417 

and diseased individuals418"422. Diffusion measurements are usually performed 

by manually defining Regions of Interest (ROI) on 2-dimensional image maps or 

by performing voxel-based analysis of spatially normalized images. Manual ROI 

drawing has three disadvantages: 
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i) it is user-dependant, 

ii) it is time consuming (ROIs must be drawn slice by slice), and 

iii) it is sometimes very difficult to delineate a white matter bundle based solely 

on anatomical scans and/or diffusion anisotropy maps. 

While voxel-based analysis (e.g., Statistical Parametric Mapping, SPM) does not 

suffer any of these disadvantages, image data sets must be normalized to a stan

dard space by means of non-linear registration, the downside being that the orig

inal data is typically modified and smoothed with a Gaussian filter (in order to 

satisfy statistical assumptions and to compensate for the imperfections of the spa

tial normalization)72,423. 

The use of tractography to outline a volume from which to extract various 

diffusion parameters (i.e., mean diffusivity, fractional anisotropy) is a promising 

technique424-426 as it diminishes the three disadvantages of manual ROI drawing 

and does not require spatial normalization of the images. White matter bundles 

are segmented semi-automatically by means of tractography using tract selection 

regions that are less susceptible to user bias than ROI drawing. Such an approach 

has been shown to be reproducible425 and is typically faster than manual ROI-

based analyses. The poor delineation of the cingulum and fornix on apparent dif

fusion coefficient or fractional anisotropy 2-dimensional maps, coupled with their 

curved trajectories, make tractography an ideal tool for their study. Diffusion ten

sor tractography has been used to delineate the fornix and/or cingulum in healthy 

volunteers65,417'427, as well as patients with epilepsy422 but, to our knowledge, no 

study has reported the diffusion characteristics of all the different portions of the 

fornix (crus, body and columns) and cingulum (descending, superior and anterior 

portions) in healthy, young adults. 

Since the fornix and cingulum are adjacent to Cerebro-Spinal Fluid (CSF) 

spaces (i.e., the ventricles and inter-hemispheric fissure), the delineation of the 

tracts and their absolute diffusion parameters may be adversely affected by partial 

volume with the rapid, isotropically diffusing CSF. The use of a Fluid-Attenuated 

Inversion Recovery243 component prior to a DTI imaging sequence greatly mini-
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mizes CSF signal contamination, although at the expense of a significant increase 

in acquisition time and a reduction in signal-to-noise ratio (SNR)428~43°. The ef

fects of CSF signal suppression on diffusion tensor tractography have been eval

uated recently for the corpus callosum431 but its consequences on subsequent 

tract-derived quantitative analyses of diffusion parameters and its implications on 

the fiber tracking of the limbic system have not been examined. 

The objectives of this study were twofold: (1) to examine the effect of FLAIR for 

CSF suppression on quantitative diffusion tensor tractography and (2) to report 

diffusion parameter values along the fornix and cingulum in healthy young adult 

volunteers. These results will provide a solid basis to guide future studies of the 

limbic connections with disease. 

4.2 Methods 

Approval of the research protocol was obtained from the Institutional Health Re

search Ethics Board of the University of Alberta and informed consent was ob

tained from all participants. 

Image acquisition Nine healthy subjects, with a mean age of 28±5 years (range 

23 to 36) were scanned using a 1.5 T Siemens Sonata scanner. Both standard 

and FLAIR DTI sequences used were identical with the exception of the inversion 

pulse and the number of slices. Both data sets were acquired using a dual spin-

echo, single shot echo-planar imaging sequence with the following parameters: 

slice thickness=2 mm, no inter-slice gap, TR=io s, TE=88 ms, FOV=256x256 mm2, 

matrix=i28xi28 (partial phase Fourier: 6/s; interpolated to 256x256), 6 diffusion 

directions, b=iooo s/mm2 , 8 averages. The voxel dimensions at the time of acqui

sition were 2x2x2 mm3, which resulted in voxel dimensions of 1 x 1 x 2 mm3 after 

interpolation of the data. The FLAIR DTI sequence used an inversion time (TI) of 

2200 ms and acquired 26 slices, while the standard (non-FLAIR) DTI acquired 63 

slices (acquisition time for both imaging schemes was 9:30 min each). The slice 

orientation and the center of the slices were identical for both techniques. Since 
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more slices were acquired using standard DTI, only the 26 slices present in both 

data sets were used for fiber-tracking and further analysis. The calculated signal-

to-noise ratio (SNR) on the non-diffusion weighted (b = 0 s/mm2) images for the 

standard DTI data sets was, on average, 65 ±2, while that of FLAIR DTI was 47±i . 

Fiber tracking Tensor processing of the images and fiber tracking were per

formed on a PC running DTIstudio (Johns Hopkins University), which used the 

FACT algorithm55. Tracts were initiated by seeding the entire data set in those 

voxels with a fractional anisotropy (FA) value >o.3. The tracts were propagated 

until they reached a voxel with an FA <o.3 or if the propagating line deviated by 

an angle >yo0. 

Tract selection Fiber tracking is a two-step, semi-automatic process in which all 

tracts are first extracted in the entire data set by the tracking algorithm as outlined 

above. Subsequently, individual tracts are selected manually. In order to virtually 

dissect a tract, it must be isolated from the original mass of tracts by judicious 

placement of tract-selection regions drawn (based on a priori anatomical knowl

edge of tract projections) on the 2-dimensional images or maps in any orienta

tion56,427'432. The most common approach is to isolate the tracts by selecting them 

only if they penetrate one or more such regions (see Figure 1 in references65'427). 

We experimented with several schemes for tract selection using different loca

tions of tract selection regions. Initially, tracts were selected only if they traversed 

two or more regions drawn at great distance from each other, which caused a great 

number of tracts to be discarded, as they were shorter in length, albeit having an 

anatomically correct orientation. This strict selection scheme, although theoreti

cally appealing, was impractical for the fornix and cingulum. On the other hand, 

if several regions were drawn closely and tracts were selected if they traversed 

any of them, there was a tendency to include several erroneous tracts and to over

estimate the volume of the bundles. We found that we could use some of the 

strictness of the first approach, combined with the flexibility of the second, in or-
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der to be able to select medium-length tracts with correct orientation while still 

restricting their path. 

Thus, we selected three different portions of each tract separately (Figures 4.1, 

4.2 and 4.3). Tracts were selected if they penetrated a selection region located half

way along the tract, and any of two selection regions drawn at the extremes of the 

portion we wished to study. Tract selection regions and the resulting portions of 

the tracts that were analyzed are shown in Figures 4.2 and 4.3 for the fornix and 

cingulum, respectively. As can be seen from the figures, the tract selection regions 

must not precisely outline the tracts, but simply contain them. Tractography and 

subsequent measurements were performed separately for the right and left fornix 

and cingulum in each subject. 

FIGURE 4.1: Diffusion Tensor Tractography of the fornix and cingulum in a 
healthy individual. Three-dimensional fiber tracking of the fornix (green) and cin
gulum (orange) overlaid on an anatomical, Ti-weighted 3D-MPRAGE volume. The 
anatomy of these two fiber bundles can be thought as two nested semi-circles. The 
tracts shown were selected by brute force for display purposes only. The labeled 
portions of the tracts (indicated by yellow lines for the cingulum and black lines 
for the fornix) were analyzed subsequently using judicious tract selection regions, 
as shown in figures 4.2 and 4.3 

Diffusion measurements and volume analysis FA and mean Apparent Diffu

sion Coefficient (mean ADC) values were queried at each tract's voxel locations 
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FIGURE 4.2: Region of Interest placement for selection of individual portions of 
the fornix.The fornix was selected in three distinct portions, as this enhances the 
selection accuracy. For each portion, tract-selection regions were manually drawn 
on either FA or principal diffusivity color maps. In order to be selected, the tracts 
had to go through the middle tract-selection region (green boxes in b, f and j) 
and through either one of the extreme regions (a or c; e or g; i or k, for the crus, 
body and columns, respectively). The FA maps presented are derived from CSF-
suppressed DTI. The same procedure was repeated for the standard DTI data sets 
using identical tract selection regions. The resulting FLAIR DTI-derived tracts of 
a healthy subject are presented in 3-dimensional views overlaid on anatomical 3D-
MPRAGE axial and sagittal slices (d, h and 1). Subsequent analyses of all segments 
were performed only between the two extreme tract selection regions. [A: anterior, 
P: posterior, ac: anterior commissure, fc: fusion of the crura, sCCi: inferior border 
of the splenium of the corpus callosum. Image (e) is 0.5 cm posterior to the vertical 
AC line. Image (k) is parallel to the inferior border of the body of the fornix] 
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FIGURE 4.3: Region of Interest placement for selection of individual portions of 
the cingulum. Three portions of the cingulum, namely the descending, superior 
and anterior portions, were selected after fiber-tracking of the entire volume in 
both standard and FLAIR DTI data sets. For each portion, tract-selection regions 
were manually drawn on either FA or principal diffusivity color maps. In order to 
be selected, the tracts had to go through the middle tract-selection region (orange 
boxes in b, f and j) and through either one of the extreme regions (a or c; e or 
g; i or k; for the descending, superior and anterior portions, respectively). The 
FA maps presented are derived from CSF-suppressed DTI. The same procedure 
was repeated for the standard DTI data sets using identical tract selection regions. 
The resulting FLAIR DTI-derived tracts of a healthy subject are presented in 3-
dimensional views overlaid on anatomical 3D-MPRAGE axial and sagittal slices (d, 
h and I). Subsequent analyses of all segments were performed only between the two 
extreme tract selection regions. [A: anterior, P: posterior, ac: anterior commissure, 
bf: body of fornix, gCCp: posterior border of the genu of the corpus callosum, 
sCCa: anterior border of the callosal splenium, gCCi: inferior border of the callosal 
genu] 
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using an in-house program. A single measurement of either FA or mean ADC for 

each tract portion per subject was calculated by averaging all the voxels present 

in the tract. The same procedure was followed for both imaging techniques. For 

volume measurements, the number of voxels containing at least one fiber was 

counted, and the result was multiplied by 2 mm3 (the interpolated voxel volume). 

Tract volume, FA and mean ADC measurements were restricted to the sections 

of the tracts between the two most extreme tract selection regions, thereby assur

ing that changes in measurements were not due to longer fibers. The landmarks 

used for parcellation are shown in Figures 4.2 and 4.3 for the fornix and cingulum, 

respectively. 

Given the sample size, the normality of the data cannot be guaranteed. There

fore, statistically significant differences were assessed by two-tailed Wilcoxon's 

signed ranks tests for each measurement. Results are reported as significant if 

they had a p <o.o5-

4.3 Results 

4.3.1 The role of FLAIR in tractography 

Overall, tract selection of all the portions of the fornix was easier and more re

liable when tracking was performed on FLAIR DTI data sets. In particular, the 

crus of the fornix could be easily selected in its entirety employing a single tract 

selection region in 13/18 cases when CSF suppression was performed, as opposed 

to only one case when standard DTI was used (Figure 4.4). This was due to the 

fact that the voxels belonging to the crura had FA values (0.15-0.25) below the 

tracking threshold of 0.3 when no CSF suppression was performed. These par

ticular voxels, alleviated from the deleterious partial volume averaging, increased 

their FA values to around 0.30-0.40 with the use of FLAIR DTI, which resulted 

in a continuous fornix from body to crus. The cingulum, on the other hand, did 

not show this subjective difference in the ease of tract selection in its descending 

and superior portions. However, the anterior portion was easier to reconstruct as 
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it typically had a greater number of voxels included when CSF suppression was 

performed (Table 4.1). 

FIGURE 4.4: Qualitative assessment of the role of CSF suppression in tractogra-
phy. Due to CSF signal contamination, the crus of the fornix is difficult to depict 
with fiber tracking derived from standard DTI data sets. Tissue voxels belonging 
to the top portion of the crus of the fornix (yellow arrow) suffer partial volume av
eraging and their diffusion anisotropy drops below the fiber tracking FA threshold 
(0.3) to values that range from 0.15 to 0.25. When CSF suppression is performed, 
the same region contains higher anisotropy values (around 0.30-0.40), and its vox
els are included by the tracking algorithm, which results in a complete depiction 
of the structure. The axial non-diffusion weighted images (b = 0 s/mm2) show 
the bright CSF signal in standard DTI, which is suppressed with FLAIR DTI. The 
portions of the fornix are overlaid on Ti-weighted, anatomical 3D-MPRAGE axial 
and sagittal slices. 

As can be seen in Table 4.1, both tracts showed a significant increase in diffu

sion anisotropy in two of their three portions when measurements were derived 

from FLAIR DTI data sets, relative to Standard DTI. The most consistent increases 

of FA occurred at the levels of the crus and body of the fornix, where it occurs 

concomitantly with a reduction in mean ADC. Although this reduction in mean 

diffusivity was large (particularly in the body of the fornix), mean ADC values 

remained high in the fornix when compared to the cingulum, which could be at

tributed to incomplete CSF suppression at the level of the ventricles due to pulsa

tion artifacts, since cardiac gating was not used in this study433'434. Furthermore, 

- 8 6 -



Chapter 4. Cerebrospinal fluid signal suppression 4.3. Results 

FA 

ADC 
(x 10" -1 null"/s) 

Volume 

(ntnr1) 

Standard 

FLAIR 

Difference 

P 

Standard 

FLAIR 

Difference 

P 

Standard 

FLAIR 

Difference 

P 

Descending 

rj .48io.02 

0 .50 io .02 

0.02±0.01 

0.011 

o.75±o.03 
o.75±o.o2 

oiv.0.02 
1 

504;!; 136 

600 ±196 

n o ± i 2 o 

0.123 

Cingulum 

Super ior 

o.66±o.02 

o.65±0.03 

-O.Ol ±0.01 

0.04 

0.71 ±0.02 

0.72±0.01 
0.01 ±0.01 

0.14 

1196:1:504 

1508 ±492 

3 i 2 ± 3 9 i 

0.036 

Anterior 

o.44±o.02 

o.48±o.03 

0.05.1:0.03 

0.027 

o.72±o.03 

o.73±o.o3 
0.01:1:0.01 

0.16 

168:1.30 

260 ± 7 2 

I20±43 

0.018 

Crus 

o.49±o,02 

0.53*0.02 

0.03±0.02 

0.011 

0.96*0.1 

0.89:1:0.04 
-o.o6±o.o8 

0.05 

2 4 4 ± i 3 6 

5 4 0 ± i 3 0 

196*87 

0.008 

Fornix 

Body 

o.S4±o.o5 

0.61 ±0 .03 

0.07*0.05 

0.015 

i.45±o.i 

1.0 ±0 .04 

-o.44io.13 
0.008 

572±96 
724*126 

150:1138 

0.015 

Columns 

0-52*0.02 

0.54*0.03 

o . o i i o . 0 4 

0.29 

0.99*0.07 

0.95 ±0.06 

-o .04 io .08 
0.16 

174*44 

292*110 

II8+81 

0.011 

TABLE 4.1: Diffusion parameters and volume of limbic connections. Fractional 
Anisotropy (FA), mean apparent diffusion coefficient (ADC, xio™3 mm2/s) and 
volume (mean ± standard deviation) are presented for three portions of the fornix 
and cingulum depicted with tractography derived from DTI data sets with and 
without CSF suppression (FLAIR and Standard, respectively). Except for the su
perior portion, of the cingulum, all structures showed no inter-hemispheric asym
metry and are therefore presented as collapsed data (i.e., [left+right]/2). FLAIR 
DTI resulted in significant increases of fractional anisotropy in the descending and 
anterior portions of the cingulum and the crus and body of the fornix, as well as 
decreases of mean ADC in the crus and body of the fornix. A significant increase 
in tract volume (mm-1) with CSF suppression is also observed in 5/6 cases. 

there is hardly any reduction in mean ADC at the level of the columns of the 

fornix, which seems to coincide with the lack of increase in diffusion anisotropy. 

The volume of the resulting tracts was significantly increased in all the portions 

of the fornix and in two out of the three portions of the cingulum when DTI 

was performed with CSF suppression. Such an increase in volume was brought 

about by the inclusion of more voxels for tractography, due to their increased 

diffusion anisotropy measurements (above the fiber-tracking FA threshold of 0.3). 

Furthermore, more voxels with an FA above the tracking threshold translates into 

more seeding points, which facilitates tract reconstruction. 

4.3.2 Diffusion characteristics in the limbic system 

We only found asymmetry of diffusion anisotropy in the superior portion of the 

cingulum (FA right=o.63±o.02, left=o.66±o.03; p=o.oi7), which is consistent with 
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previous studies 4I7 ,4l8 '420,42\ Due to this, the results presented in Table 4.1 show 

collapsed data per subject (i.e., [left+right]/2). It is clear from Table 4.1 that dif

fusion anisotropy lies within a tight range throughout the limbic system, being 

highest in the superior portion of the cingulum and the body of the fornix. As 

with any other brain tissue, mean ADC remains relatively uniform, with the ex

ception of the portions that suffer incomplete CSF suppression in which partial 

volume averaging persists (i.e., body and columns and, to some extent, the crus 

of the fornix). 

4.4 Discussion 

Diffusion Tensor Imaging is rapidly becoming a widely available imaging tech

nique with a myriad of applications. The possibility of discerning the orientation 

of white matter bundles and the ability to reconstruct their three-dimensional 

structure in-vivo has opened the door to selective studies of fiber tracts both in 

healthy and diseased human brain. 

DTI can be adversely affected by a number of factors, such as inaccurate sort

ing of eigenvalues due to low SNR, and partial volume averaging42. Partial vol

ume averaging results when two or more different tissue types that are contained 

within one voxel yield an MRI signal intensity that is the weighted sum of each 

tissue's signal. Thus, this artifact is more conspicuous as the voxel size increases 

(i.e., imaging resolution worsens) and when the various tissues have vastly differ

ent measurable properties. For example, CSF shows fast, isotropic water diffusion 

as opposed to the slower, highly anisotropic water diffusion seen in white mat

ter tracts. Two approaches can be taken to minimize this artifact. The first is to 

acquire the images with very small voxels42, although this can dramatically de

crease SNR. The second approach is to null the signal arising from CSF using an 

inversion recovery pulse with an inversion time tailored to the Ti of CSF (FLAIR) 

prior to the otherwise typical diffusion tensor imaging sequence428"430. The use 

of FLAIR has the disadvantages of increasing the scan time due to the longer rep

etition time required and decreasing the SNR by around 30% (assuming constant 
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repetition time). The increase in scan time per slice translated into a smaller brain 

coverage in FLAIR DTI (26 slices) as opposed to standard DTI (63 slices). On 

the other hand, diffusion measurements derived from FLAIR DTI represent the 

underlying tissue more accurately, especially in regions of high CSF contamina

tion, such as near the ventricles and sulci. If precise measurements of diffusion 

properties of susceptible tissues are sought, the use of FLAIR is recommended 

and the increased scan time is justified. Although our current imaging sequence 

could be improved with an increase in the number of diffusion directions and /or 

averages435, the repetition time needed to fit the inversion recovery pulse for CSF 

signal suppression would make the additional acquisition time impractical for a 

clinical setting. 

Diffusion tensor tractography of the limbic system can, therefore, benefit from 

FLAIR, since significant portions of the cingulum and fornix are affected by CSF 

signal contamination. As can be seen in Table 1, the tractography algorithm is 

able to depict thicker tracts when FLAIR is used, particularly in the fornix. Fur

thermore, the diffusion measurements derived from the FLAIR data sets are more 

likely to approximate the real tissue properties. The principal eigenvector of an 

anisotropic diffusion ellipsoid does not change its orientation when an isotropic 

diffusion tensor is added. Therefore, it is tempting to argue that a simple re

duction of the FA threshold would provide accurate tract depictions even in the 

presence of CSF contamination. However, using an FA threshold <o.25 for fiber 

tracking greatly increases the number of erroneous tracts and the variability in 

tract depictions425. Furthermore, even if the tract is outlined anatomically correct, 

the diffusion parameters, such as mean diffusivity and fractional anisotropy, will 

be adversely affected by the contaminating CSF signal. 

The FACT fiber-tracking algorithm we used55 reconstructs all the tracts exist

ing in a volume by seeding all the voxels that have an FA above a certain threshold 

(0.3 in our study). With judicious placement of more than one tract selection re

gion, it is not necessary to precisely outline the bundle of interest, but merely to 

contain it within a well-defined area. Although this reduces the user dependence 
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on tract selection, it is still necessary to follow the same general guidelines for all 

subjects in a study. 

We saw important improvements both in the overall appearance of the tracts 

and the diffusion measurements derived from them when CSF suppression was 

performed. This was particularly important in the anterior portion of the cingu-

lum and the crus and body of the fornix. The anterior portion of the cingulum 

travels very close to the CSF present in the inter-hemispheric fissure, which could 

be responsible for the reduced FA and number of voxels included in the tract de

rived from standard DTI. The three portions of the fornix studied are bathed by 

CSF, which accounts for the significant differences of FA and mean ADC seen in 

the crus and body when FLAIR is used. These changes in diffusion anisotropy 

were in part responsible for the improved reconstruction of the tracts (Figure 4.4). 

Interestingly, the columns of the fornix did not show a significant increase in FA 

or a decrease in mean ADC as would be expected. 

Previous studies have reported mean ADC values to lie in the vicinity of 0.7 

x 10"3 m m 2 / s throughout the white matter26'428. Overall, mean ADC values in 

all portions of the fornix were higher than those expected. This could be due 

to incomplete CSF suppression by the inversion pulse, which occurs when non-

inverted spins in CSF enter the imaging slice as a result of pulsation433'434. In

complete CSF suppression could also be responsible for the absence of changes in 

the columns of the fornix when FLAIR was used. Cardiac gating has been shown 

to minimize pulsation artifacts100'101 but, due to its nature, its combination with 

an inversion-recovery pulse for CSF suppression is not straightforward. Never

theless, alternative CSF-suppression techniques that are insensitive to pulsation 

exist436,437, but their use has not yet become widespread and were not evaluated 

in this study. 

Previous studies have evaluated fractional anisotropy in the superior and an

terior portions of the cingulum in healthy controls, although the nomenclature 

used for the different portions of these tracts varies amongst reports. Sun et al.419 

performed ROI analysis of the anterior section of the cingulum (in the boundaries 

between the superior and anterior portions, as defined this study) and reported an 
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FA of 0.64, which is similar to the values we found in the superior portion of the 

cingulum. Wang et al.*21 found an average FA of 0.51 for the left and 0.44 for the 

right hemisphere using multi-slice ROIs located in approximately the same region 

as that described by Sun et al. They also analyzed the region between the superior 

and descending portions of the cingulum and reported an FA of 0.39 and 0.42 for 

the left and right hemispheres, respectively. These two areas were not analyzed 

in our present study. Kubicki et al.4l8 found an average FA value of 0.50 and 0.47 

for the left and right superior portions of the cingulum of healthy controls in a 

multi-slice, segmentation-based analysis, which is lower than our FA findings of 

0.66 and 0.63 (left and right, respectively) using FLAIR DTI. Using tract-based 

analysis, Gong et al.*17 radially divided the cingulum in two sections: one that 

contains the anterior portion and half of the superior portion (as described in our 

study) and a second section that comprises the posterior half of the superior por

tion of the cingulum. They found the posterior half to have higher FA values than 

the anterior half, although these were in general lower ( 0.35 and 0.45 for the 

anterior and posterior sections) than those we report. It is important to notice that 

previous studies have not utilized CSF-suppressed DTI and that they employ a 

different analysis method than the one described here. We recently reported dif

fusion measurements for the descending portion of the cingulum and the crus of 

the fornix in healthy individuals and in patients with mesial temporal lobe sclero

sis422, but the remaining portions of these tracts were not evaluated in our prior 

study. 

At the current resolution which DTI can achieve in a clinical setting, it is 

not possible to perform tractography of other limbic connections, such as the 

mammillo-thalamic tract or the anterior thalamic radiations. Our findings how

ever suggest that tractography based DTI analysis of the fornix and cingulum can 

provide reproducible findings and that this information can be used to indirectly 

study the axonal integrity of white matter tracts within the limbic system in a 

variety of brain disorders. 
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4.5 Conclusions 

As expected from previous studies using 2-dimensional DTI analysis, diffusion 

tensor tractography benefits from CSF suppression, both in the ease for fiber track

ing and tract selection, and the diffusion measurements derived from the delin

eated tracts. This is particularly true if the tract of interest is near CSF spaces, 

such as the fiber bundles of the limbic system, which justifies the increased scan 

time and acceptable reduction in SNR. A similar benefit could be anticipated in 

any other tract near CSF spaces, such as the corpus callosum. 

Using a strict tract selection method, the fornix and cingulum can be reliably 

depicted using diffusion tensor tractography. As there is small inter-subject vari

ability in diffusion measurements in these two important and very interesting 

limbic connections, this technique is applicable for clinical research in a variety of 

patient populations. We recommend the use of CSF suppression when performing 

tractography of limbic connections. 

* * -k 

4.6 Appendix 

Tractography of those fiber bundles that are not in close contact with CSF would 

not likely benefit from the inversion recovery pulse described here. This was ex

emplified by the superior portion of the cingulum, which showed minimal benefit 

with the use of FLAIR as compared with standard DTI. Although not part of the 

limbic system, the cortico-spinal tract was assessed similarly to the fornix and 

cingulum and, as expected the FLAIR treatment did not improve tractography 

nor did it alter the quantitative diffusion parameters (Figure 4.5). However, the 

analysis of the cortico-spinal tract was restricted to its most cranial aspect, namely 

The appendix did not appear in the published version of this Chapter. 
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above the cerebral peduncles. It is the portions of the tract that are below said 

structure that come in close contact with CSF. The benefit of CSF suppression was 

however not assessed at this lower level, due to the coverage of the sequence em

ployed. However, it is our belief that CSF suppression could play a role in this 

portion of the tract, as well as in the study of the optic radiation (in close contact 

to the lateral ventricles). 

The imaging and analysis protocol presented herein was utilized throughout 

this dissertation. 

Corticospinal tract 

0.40 i 0.6O ! 
Standard FLAIR Standard FLAIR 

FIGURE 4.5: Tractography of the corticospinal tract. Qualitative and quantitative 
analysis of the use of CSF-suppression shows lack of benefit when the tract of 
interest is not in close contact to CSF, such as the corticospinal tract in its cranial 
portion. The limited coverage of FLAIR DTI did not permit to evaluate this tract 
below the brain stem or above the corona radiata. 

Figures 4.6 and 4.7 show individual two-dimensional FA maps calculated from 

DTI with and without the use of CSF-suppression. While the anatomical coverage 

of the standard DTI protocol is considerably larger than that of FLAIR DTI (full 

brain volume when not using CSF-suppression) and slightly noisier, the quan-
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titative diffusion parameters obtained from white matter structures adjacent to 

CSF-filled spaces are more accurate when CSF suppression is utilized. The fusion 

of the fornix, as well as the most superior aspect of the crura is more prominent on 

FLAIR DTI (Figure 4.7, center panel) than on the corresponding slice on standard 

DTI (Figure 4.7, third row, first column). White matter structures lying distant 

from CSF spaces do not show striking differences between the two imaging pro

tocols. 
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- * » 
>' / 

FIGURE 4.6: FA maps derived from standard DTI. Twenty-five representative two-
dimensional FA maps are shown (2 mm slice thickness), derived from a non-CSF 
suppressed DTI data set of a healthy 26 year-old woman. The full standard DTI 
volume consisted of 63 slices. Individual images have been cropped for displaying 
purposes. 
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FIGURE 4.7: FA maps derived from FLAIR DTI. FA maps derived from a CSF 
suppressed DTI data set (2 mm slice thickness) of the same subject presented in 
Figure 4.6. The most superior slice of this data set is not shown. 
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CHAPTER 5 

TEMPORAL WHITE MATTER 

ABNORMALITIES I N UNILATERAL 

MTS 

Abstract 

Diffusion Tensor Magnetic Resonance Imaging (DTI) can acquire quantitative information 
on the micro-structural integrity of white matter structures and depict brain connectivity 
in vivo based on the behaviour of water diffusion. DTI-derived tractography has been 
used for virtual dissection of the fornix and cingulum in healthy subjects, but not in 
patients with temporal lobe epilepsy (TLE). Eight patients with medically intractable TLE 
and unilateral mesial temporal sclerosis (MTS) and nine healthy controls were imaged 
using DTI. Fiber-tracking was performed to delineate the fornix and cingulum, which 
were quantitatively analyzed. Bilateral symmetrical reduction in fractional anisotropy 
(FA) was observed in the fornix of patients with TLE along with an increase in water 
mobility perpendicular to the axis of the fibers. The findings in the cingulum are similar 
to those of the fornix with the exception of significantly increased bulk diffusivity in the 
latter. We observed strikingly symmetrical bilateral abnormalities of axonal integrity in 
the fornix and cingulum in a series of patients with unilateral MTS. Our findings suggest 
that TLE with unilateral MTS is associated with bilateral limbic system pathology. 

A version of this Chapter was published in: 
Concha L., Beaulieu C. and Gross D.W. Bilateral limbic diffusion abnormalities in unilateral tem
poral lobe epilepsy. Annals of Neurology 2005. 57(2):i88-i96. 
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5.1 Introduction 

Temporal lobe epilepsy (TLE) with mesial temporal sclerosis (MTS) is the most 

common focal epilepsy syndrome141. MTS is characterized by cell loss and glio

sis l61 and, while it can be detected with conventional Magnetic Resonance Imag

ing (MRI), quantitative MRI measures are more sensitive in detecting hippocampal 

pathology241'257'260'261. Indeed, one of the primary goals of non-invasive imaging 

studies is to lateralize the hemisphere with MTS in order to guide surgical inter

vention, since evidence of unilateral MTS is an important predictor of good surgi

cal outcome246 '438-440. The fimbria-fornix (from here on referred to as fornix) and 

cingulum are two of the most visible limbic white matter bundles, both containing 

afferent and efferent connections to and from the hippocampus l61. Abnormalities 

in the fornix and cingulum have been demonstrated in a number of disease states 

including Alzheimer's disease414'441, Schizophrenia415418419442 a n c j T L E 2 6 ^ 5 7 ^ . 

The integrity of the axonal micro-environment can be indirectly evaluated us

ing Diffusion Tensor Imaging (DTI), which relies on measuring the diffusion of 

water and its directionality in three dimensions. Given the parallel organization 

of nerve fibers, water diffusion is normally hindered by membranes in the di

rection perpendicular to their principal axis (i.e., anisotropic)18'27,443, whereas in 

a medium that lacks barriers to water movement, such as cerebro-spinal fluid 

(CSF), water diffusion is isotropic. Anisotropy can be quantified in each voxel us

ing the index of Fractional Anisotropy (FA) with values ranging from zero (fully 

isotropic) to one (diffusion is favored in one axis and hindered in the remain

ing two)42. In normal fiber tracts water diffusion is anisotropic (i.e., high FA), 

whereas in degenerated fibers the FA drops substantially444-446. The reduction of 

FA in degenerated tracts is believed to result from axonal membrane breakdown 

(i.e., fiber loss)444 and an increase in extra-cellular matrix due to myelin degrada

tion445. The Apparent Diffusion Coefficient (ADC) yields the mean bulk mobility 

of water (removing directional information, and is hence termed mean diffusivity, 

MD) and the eigenvalues (Aj, A2, A3) correspond to the directional apparent diffu-
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si on coefficient either along the fiber tracts (Ai) or perpendicular to them (A2 and 

A3). 

DTI evaluation in patients with TLE and unilateral MTS has demonstrated 

increased MD and decreased FA of the ipsilateral hippocampus394,447. DTI ab

normalities have also been demonstrated in several white matter tracts in patients 

with TLE including the external capsule, internal capsule and corpus callosum408. 

Diffusion Tensor Tractography is an exciting new technique capable of per

forming virtual in-vivo dissection of cerebral white matter bundles65. While 

tractography has been used to visualize the fornix and cingulum in normal sub

jects65,427, DTI analysis of these structures in epilepsy patients has not been per

formed. The objective of this study was to determine whether evidence of axonal 

degeneration within the fornix and cingulum could be detected in vivo in a group 

of epilepsy patients with unilateral MTS. This is the first study reporting the use 

of DTI to evaluate the axonal state in the fornix and cingulum in patients with 

TLE. 

5.2 Subjects and Methods 

Approval of the research protocol was obtained from our institutional Health Re

search Ethics Board and informed consent was obtained from all participants. 

Subjects: Eight patients with medically intractable epilepsy and unilateral MTS 

and nine healthy volunteers were evaluated. All patients had unilateral MTS 

based on the interpretation of their clinical MRI (including coronal T2-weighted 

images and Ti-weighted 3DMPRAGE). The mean age of patients and controls 

was 36±i5 years (range: 19-59) and 28±4-6 (range: 23-36), respectively, with no 

significant age difference between groups (Student's t-test, p=o.i8). The median 

time between the last seizure and the study MRI was seven days (range 12 hours 

to 3 months). History and clinical investigations for patients are summarized in 

Table 5.2. 
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TABLE 5.1: Summary of temporal lobe epilepsy patient clinical information. CPS: 
complex partial seizures, GTC: generalized tonic clonic seizures, R: right, L: left, 
mes: mesial, T: temporal, F: frontal, BiT: independent bitemporal, LT>RT: inde
pendent bitemporal with left temporal predominance, lat: lateral, PET: interic-
tal fluoro-deoxyglucose Positron Emission Tomography, SPECT: ictal and interictal 
Single Photon Emission Computerized Tomography, NCtx: neocortex, prol: pro
longed. 
* First ictal EEG changes were consistently observed in the right temporal region 
30-40 seconds after the first ictal clinical manifestations. ** Left anterior temporal 
lobe white matter demonstrated diffuse increased signal on T2 weighted image. 

Image Acquisition Images were acquired using a Siemens Sonata 1.5T MRI 

scanner. Coronal T2 relaxometry with coverage of the hippocampus was used 

to quantify MTS241,257'26°'261. T2 relaxometry used a high resolution multi-echo 

sequence with 32 echoes, 10 slices, 3 mm slice thickness, 3 mm inter-slice gap, 

FOV=230X2io mm2, matrix=i92Xi76 (interpolated to 384x352), TR=4430 ms, 

TEi=t).i ms, TE spacing=c..i ms, NEX=i, scan time=8:i3 min. Axial fluid attenu

ation inversion recovery (FLAIR) DTI with coverage of the fornix and cingulum 

was used to evaluate the integrity of the white matter tracts. The FLAIR com

ponent suppresses signal from CSF and minimizes partial volume averaging arti

facts428,430. The FLAIR DTI sequence used spin-echo Echo Planar Imaging (EPI) 

with 26 axial slices, 2 mm thickness with no inter-slice gap, TR=io s, TE=88 ms, 

TI=22oo ms, FOV=256x256 mm2, image matrix=i28xi28 (partial phase Fourier: 
6/8; interpolated to 256x256), 6 diffusion directions, b=iooo s/mm2 , 8 averages, 
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scan time=9:30 min. These parameters resulted in 2x2x2 mm3 acquisition voxel 

dimensions, interpolated to 1x1x2 mm3. 

Post-processing Images were transferred to a Sun Workstation running MRVi-

sion (MRVision Co., Winchester, MA), where maps for T2, FA, MD, eigenvalues 

(Ai, A2 and A3) and their corresponding eigenvectors were created. 

T2 analysis The signal decay was fitted to a mono-exponential curve in a voxel 

by voxel basis. Regions of Interest (ROIs) outlining each hippocampus were manu

ally drawn in three consecutive slices and the T2 values for all slices were averaged 

to provide a single T2 value for each hippocampus for all subjects. 

Fiber Tracking Diffusion Tensor Tractography was used to depict the fornix and 

cingulum since they otherwise would have been difficult (if not impossible) to 

outline manually in the 2D diffusion images. The FLAIR DTI dataset was trans

ferred to a PC running DTIstudio (Johns Hopkins University), which uses the 

FACT fiber tracking algorithm55. All tracts in the dataset were computed by seed

ing each voxel that had an FA >o.3. The tracts propagated until they reached a 

voxel with an FA <o.3 or turned at an angle >yo°. Based on anatomical knowledge 

of fiber projections, tracts belonging to each fiber bundle were selected by placing 

Regions of Interest (ROI) 56-427432
 a t two distant portions of the tract in axial views 

(Figure 5.1). In the majority of the controls only two ROIs per tract were needed to 

depict the fornix and the cingulum entirely (Figure 5.2), whereas for most of the 

patients' fornices (whose computed tracts were usually shorter in length and did 

not reach the initial two ROIs simultaneously) additional ROIs had to be drawn in 

anatomically guided locations (aided by principal eigenvector color-coded maps) 

on axial slices between the first two ROIs. Fibers that were clearly not part of these 

tracts were manually deleted. 

DTI analysis Tract coordinates were used to query the FA, MD and eigenval

ues maps for those voxels containing at least one tract (repeated coordinates were 

discarded to avoid measuring the same voxel repeatedly, as multiple tracts can 
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ROI 1 ROI 2 

FIGURE 5.1: Tract selection. Region of Interest (ROI) placement for tract selection 
of the fornix (a, b) and cingulum (c, d). Placement of ROIs was based on a priori 
anatomical knowledge of tract projections. ROIs for tract selection must include 
the bundle of interest but do not have to precisely outline it. For the fornix, the 
first ROI was placed around each crus of the fornix at the level where their fusion 
is visible (a), while the second ROI was placed at the level of the cerebral peduncles 
encompassing the hippocampal tail (b). The cingulum was selected by placing the 
first ROI at the level of the inferior border of the corpus callosum (c) and the second 
ROI at the level of the cerebral peduncles (d). For all subjects the two initial ROIs 
were placed in the same anatomical locations. For control subjects two ROIs were 
adequate to select the fornix and the cingulum (Figures 5.2 and 5.4). In some cases, 
typically patients, additional ROIs were needed on axial slices between the first 
two in order to depict the entire structure. The resulting patients' tracts show less 
continuity, as seen in Figure 5.4. Diffusion measurements are obtained from the 
voxels that form the three-dimensional structures derived from tractography, not 
the ROIs used for tract selection. 

penetrate the same voxel). Those voxels containing at least one tract were aver

aged in each slice and all the slices were averaged together resulting in a single 

value for each bundle in each subject. For both structures, we analyzed the ax

ial slices between the levels of the mamillary bodies and the fusion of the crura. 

These portions of the tracts were analyzed in order to maintain left/right fornix 

separation and to measure the segment of the cingulum that is the least heteroge

neous and most related to the temporal lobe. On average, 14 slices (approximately 

475 voxels for the fornix and 250 for the cingulum) were included for each tract 
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FIGURE 5.2: Diffusion tensor fiber tracking of fornix and cingulum in a healthy 
control. 3D representation of the fornix (blue) and cingulum (orange) are shown 
overlaid on mid sagittal (a) and on mid sagittal and axial semi-transparent 
MPRAGE anatomical scans (b). The portions of the tracts which are closely associ
ated with the hippocampal formation were analyzed for the quantitative diffusion 
measurements (highlighted in light blue and yellow for the fornix and cingulum, 
respectively). 

(Figure 5.2). It is important to note that the diffusion measurements are obtained 

from the voxels that form the three-dimensional structures derived from tractog-

raphy, not the ROIs used for tract selection. As there is a relative user-dependence 

on the depiction of tracts, we assessed the intra-rater variability of our results, 

demonstrating variability of i ± 2 % (r=o.88) for patient and control groups. The 

use of more than two ROIs for fiber selection (which was often needed in the pa

tient group) did not significantly change the results in the controls. Although we 

did not evaluate inter-rater variability, prior reports have demonstrated this to be 

very low when multiple tract selection regions are used and the FA threshold for 

tracking is above 0.25 425'448. 

Statistical analysis Hotelling's T2 test (the multivariate generalization of Stu

dent's paired t-test)449 was used to evaluate the right-left symmetry of the fornix 

and cingulum for patients and controls. For control subjects a small but statis

tically significant difference in FA was observed for the fornix (right=o.52±o.o3; 
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left=o.55±o.02; p=o.o3) with no asymmetry for the cingulum (right=o.5i±o.04; 

left=o.49±o.o3; p=o.3o). No asymmetry was observed for either the fornix (p=o.5) 

or cingulum (p=o.63) of patients. As the asymmetry of the fornix for controls was 

very small and no asymmetry was observed in the fornix or cingulum for patients, 

subsequent analysis was performed comparing control data (with left and right 

measurements collapsed) to patient data, either ipsilateral or contralateral to MTS. 

Multivariate Analysis of Variances (MANOVA) was used to assess between group 

differences in DTI measurements (with age included as an independent variable). 

The eigenvalues were evaluated separately from FA and MD, as the former two 

are derived from the eigenvalues and should not be included in the same anal

ysis449. If a significant difference among the groups existed, post-hoc pair-wise 

comparisons were performed using Scheffe's method. Separate statistical tests 

were performed for the fornix and cingulum. 

5.3 Results 

T2 relaxometry Quantitative T2 analysis demonstrated that on the affected hemi

sphere all patients had hippocampal T2 greater than two standard deviations of 

the mean of controls, i.e., H5±3 ms (Figure 5.3). Three patients also showed an 

increased T2 on the contralateral hippocampus, although the highest T2 value 

corresponded to the side suspected to be sclerosed by clinical imaging in all three 

cases. These measurements confirm unilateral MTS in five subjects and imply 

asymmetrical bilateral MTS in the remaining three. 

Fiber tracking A noticeable difference was observed in tracing both fiber bun

dles (particularly the fornix) in patients as compared to controls, such that more 

fiber-selection regions were required to perform adequate delineation of the fibers 

in the patient group, with the final results showing less continuity of the tracts 

(Figure 5.4). It is important to note that since the fiber tracking algorithm only 

considers voxels with an FA value >o.3 an unknown number of voxels from po

tentially degenerated tracts have not been analyzed. This could make our DTI 
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FIGURE 5.3: T2 values in the hippocampus versus Fractional Anisotropy (FA) of 
the fornix and cingulum in individual subjects. O Controls (mean of left and 
right); * Patients, ipsilateral to Mesial Temporal Sclerosis (MTS); x Patients, con
tralateral to MTS. Solid lines represent the mean of the control subjects and dashed 
lines represent ± 2 SD. (a) All patients show ipsilateral increases in T2 of the hip
pocampus, while three show bilateral T2 changes. 7/8 patients show significant (-2 
SD) reductions in fractional anisotropy of the ipsilateral fornix. Interestingly, 5/8 
patients show significant FA decreases in the fornix contralateral to the previously 
identified sclerosed hippocampus; three of these five patients also show elevation in 
T2 of the contralateral hippocampus, suggesting bilateral changes that were missed 
by regular clinical MR1. (b) 4/8 patients show a decrease in diffusion anisotropy on 
the cingulum ipsilateral to MTS. However, none of the patients demonstrated FA 
values above the mean of the controls and 7/8 had FA values below 1 SD of the 
mean of the controls both ipsilateral and contralateral to MTS. 

measurements an under-estimation of the severity of degradation of both the cin

gulum and the fornix in patients. Furthermore, the number of voxels forming the 

controls' extracted fornices was 572±i56, while the patients' tracts included less 

voxels (ipsilateral=42o±i50, p=o.o6; contralateral=42a±a8, p=o.04). The number 

of voxels included in the cingulum was similar between controls (230±7i) and 

patients (250^:71 and 278±o,i for ipsilateral and contralateral, respectively). 

DTI measurements in the fornix FA values for the fornix were observed to be 

less than two standard deviations of control values in seven of eight subjects on the 

side ipsilateral to MTS and in five of eight subjects on the contralateral side. Fur

thermore, none of the patients had FA values higher than the mean of the controls 

(Figure 5.3). A significant difference in FA for the fornix was observed between 
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FRACTIONAL ANISOTROPY 

FIGURE 5.4: DTI-derived tractography of the fornix in four healthy controls and 
four patients with unilateral Mesial Temporal Sclerosis (MTS). Bilateral 3D visu
alization of fornix (viewed from above) where FA values are color-coded for each 
voxel. The hemisphere with MTS is denoted by an asterisk (L=left, R=Right). Note 
that the patients show overall lower FA values and less continuous tracts bilater
ally as compared with the controls. These results imply marked degradation of the 
fornix in both hemispheres. 

the control group (o.53±o.o2) and patients ipsilateral (o.48±o.o2, p=o.oooo4) and 

contralateral (o48±o.o2, p=o.ooo2) to MTS, with no difference between ipsilateral 

and contralateral sides in patients (p=o.58) (Figures 5.4 and 5.5). No difference 

in MD was observed between groups. The MANOVA test for eigenvalues in the 

fornix showed: no significant difference in A1 between groups, increased A2 ipsi

lateral (p=o.oi) and contralateral (p=o.o34) to MTS and increased A3 contralateral 

(p=o.o4), but not ipsilateral (p=o.n) to MTS (Figure 5.5). Based on the small 

but significant asymmetry of the fornix in controls, a side to side comparison of 

patients and controls (i.e., comparing homologous hemispheres) was performed 

using MANOVA which again demonstrated bilateral symmetrical diffusion ab

normalities in patients. No correlation was observed between age and FA of the 

fornix for either patients or controls. 
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Controls Patients Patients 
ipsilateral contralateral 

FIGURE 5.5: DTI measurements in the fornix of controls (n=ij) and patients (n=8) 
ipsilateral and contralateral to the mesial temporal sclerosis (MTS). Fractional 
Anisotropy (FA), mean diffusivity and eigenvalues (Ai, A2 and A3) are shown for 
the region of the fornix highlighted in Figure 5.3 (mean ± SD). The orientational 
integrity of the fiber tracts (i.e., FA) is reduced bilaterally to a similar extent whereas 
the mean diffusivity of water is unchanged. The reduction in FA is mainly due to 
an increase in water diffusion perpendicular to the fiber tracts (A2, A3). This pattern 
is consistent with Wallerian degeneration. Significant differences between controls 
and patient values ipsilateral and contralateral to MTS are indicated (*p<o.05 and 
tp<o.oi). 
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DTI measurements in the cingulum FA values for the cingulum were less than 

two standard deviations of control values in 4/8 patients ipsilateral, and in 1/8 

patients contralateral to MTS (Figure 5.3). However, none of the patients had FA 

values above the mean of the controls, and 7/8 patients had FA values below one 

standard deviation of the mean of controls, both ipsilateral and contralateral to 

MTS. The mean FA for the cingulum was o.50±o.03 in controls, while the patients 

had a mean FA value of o.44±o.o2 in the cingulum ipsilateral to MTS (a 12% re

duction, p=o.ooo4) and a mean FA value of o.46±o.o2 in the contralateral side (an 

8% reduction, p=o.oi), with no difference between ipsilateral and contralateral 

sides in patients (p=o.i). Contrary to the findings in the fornix, MD was signif

icantly increased bilaterally (ipsilateral: o.82±o.o2 x io~ 3 mm 2 / s , p=4-° xio~5 ; 

contralateral: o.79±o.02 x io~ 3 mm 2 / s , p=o.oi), when compared to the control 

group (o.75±o.o2 x i o - 3 mm2 /s) (Figure 5.6). \\ showed no difference between 

the groups, while A2 was bilaterally increased in the patient group (p=o.oooi and 

p=o.o2 for ipsilateral and contralateral to MTS, respectively); A3 also showed a 

bilateral increase in the patients (p=4-0 x io~3 and p=o.oo7) as compared to con

trols, indicating an increase in water mobility perpendicular to the principal axis 

of the fibers. No correlation was observed between age and FA of the cingulum 

for either patients or controls. 

5.4 Discussion 

Axonal Wallerian degeneration is a process that occurs following neuronal injury. 

Its demonstration in vivo can help delineate the down-stream effects of any disor

der resulting in neuronal loss or death. Wallerian degeneration has been studied 

before using diffusion magnetic resonance measurements, and it is characterized 

by reduced anisotropy, either slightly increased445 or normal mean water diffusion 

(i.e., MD)444'446, reduced diffusivity parallel to the principal axis of the fiber (i.e., 

1), and increased water mobility perpendicular to it (i.e., A2 and A3)444"446. The 

fornix and cingulum were the focus of this study as they are the most prominent 

white matter tracts within the limbic system. As the fornix contains hippocampal 
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FIGURE 5.6: DTI measurements in the cingulum of controls (n=9> and patients 
(n=8) ipsilateral and contralateral to the mesial temporal sclerosis (MTS). Frac
tional Anisotropy (FA), mean diffusivity and eigenvalues (Aj, A2 and A3) are shown 
for the descending portion of the cingulum highlighted, in Figure 5.3 (mean ± SD). 
The orientational integrity (i.e., FA) of the tract is markedly reduced bilaterally and, 
unlike the fornix, the mean diffusivity of water is elevated. The reduction in FA 
is due to increases in the diffusion coefficient perpendicular to the length of the 
fiber tract, namely A2 and A3. Significant differences between controls and patient 
values ipsilateral and contralateral to MTS are indicated (*p<o.05 and tp<o.oi). 
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efferent fibers (predominantly to the mamillary bodies and septal region) we ex

pected to see downstream Wallerian degeneration within the fornix ipsilateral to 

MTS. The portion of the cingulum most closely related to the hippocampus was 

chosen in an attempt to characterize changes in limbic connections in this patient 

population (though Wallerian degeneration was not necessarily expected in this 

fiber bundle since relatively few axons originate from the hippocampus161). 

Our bilateral symmetrical findings in the fornix (reduced FA, normal MD, 

and increased eigenvalues perpendicular but not parallel to the tract) are consis

tent with axonal degeneration within the fiber tract444-446. While the observed 

changes were relatively small (a 10% reduction in FA), this is likely explained 

by the fact that the fornix is a heterogeneous structure containing bi-directional 

fibers interconnecting multiple brain regions (including the hypothalamus, septal 

region, mamillary bodies and mesial temporal structures)161. Although it is not 

possible to confirm which fibers in the fornix have degenerated, several possible 

hypotheses can be raised. Based on the known selective pattern of cell loss ob

served in pathological studies of MTS (prominent cell loss in CAi, CA3, CA4 and 

prosubiculum with relative sparing of CA2 and the subiculum) I4I'45° it is unlikely 

that degeneration of the subiculum-mamillary body pathway is responsible for 

our findings. With prominent cell loss in CAi, a reasonable explanation may be 

degeneration of the CAi-septal pathway. However, while previous histological 

studies have demonstrated bilateral hippocampal cell loss in some patients with 

TLE, an asymmetry between the two sides was observed451,452. Also, previous vol

umetric studies of the fornix have demonstrated asymmetries which corresponded 

to the side of unilateral MTS357,358. Based on these observations, if CAi cell loss 

was solely responsible, we would have expected to see an asymmetry of the fiber 

tract integrity in our results (i.e., ipsilateral fornix demonstrating more profound 

FA changes). 

Two possible explanations for our observation of bilateral symmetrical changes 

in the fornix are degeneration of commissural fibers interconnecting the two hip

pocampi or degeneration of the hippocampal afferent pathways. While the com

missural hypothesis remains a possibility, these are believed to be small fiber bun-
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dies and it is the second possibility that is perhaps the most intriguing. It has 

been shown that lesions in the fimbria-fornix system render the hippocampus ex

tremely seizure-prone200'453'454. If a patient had underlying degeneration of sub

cortical hippocampal afferents bilaterally, it is possible that this person would be 

more susceptible to the development of a hippocampal epileptic focus following 

an insult (such as febrile seizures). 

While similar reductions in FA were observed for both the fornix and cingulum 

in TLE patients, the cingulum showed an elevated mean diffusivity of water (i.e., 

the MD). While the changes in the cingulum could represent degeneration of fibers 

not originating in the hippocampus (as we suspect to be the case in the fornix), 

the different pattern of change (elevation in MD) suggests the possibility of a 

different underlying mechanism. Elevated MD has been reported in vasogenic 

edema (resulting from an increase in the extra-cellular fluid space)455-457. As all 

patients had medically intractable epilepsy, it is possible that the observed MD 

changes in the cingulum represent chronic fluid shifts from ongoing seizures. 

Despite the asymmetry in hippocampal T2 relaxometry results, symmetrical 

bilateral diffusion anisotropy reductions were observed in both the fornix and cin

gulum. While our findings ipsilateral to MTS were predicted based on patholog

ical studies demonstrating asymmetrical hippocampal cell I0SS141'241'451 and MRI 

evidence of reduced fornix volume ipsilateral to MTS357'358, our finding of sym

metrical fornix and cingulum abnormalities in a highly selected group of patients 

with unilateral MTS was unexpected. Although the number of patients evaluated 

in this study is relatively small, our findings suggest that temporal lobe epilepsy is 

associated with bilateral limbic system pathology even in patients with unilateral 

MTS. As many authors have demonstrated a high chance of surgical cure in pa

tients with unilateral MTS246,438"440, it is our assumption that despite our findings 

of bilateral limbic system abnormalities, patients with unilateral MTS do have a 

single epileptogenic zone. Whether the limbic abnormalities are a result of ongo

ing seizures or whether patients with bilateral limbic system abnormalities have 

increased susceptibility to the development of MTS and TLE remains uncertain. 

- 1 1 1 -



Chapter 5. Temporal white matter abnormalities in unilateral MTS 5.5. Appendix 

5.5 Appendix 

After the demonstration of limbic white matter diffusion abnormalities in patients 

with MTS, we wondered if the extra-temporal white matter also suffered analo

gous changes. In a slightly larger sample of TLE patients with unilateral MTS 

(n=n) , we showed that the external capsules and the genu and splenium have 

abnormal diffusivity in a pattern similar to the one shown here (i.e. reduced FA 

and increased Ax). This finding was published in the journal Epilepsia in 2006458. 

Thus, it became evident that patients with unilateral MTS have extensive white 

matter abnormalities lying well beyond the sclerotic hippocampus. However, the 

white matter is not globally affected. In the above mentioned study, for exam

ple, we did not find diffusion abnormalities of the internal capsules (similarly 

to the report of4°8) and, in a voxel-wise analysis of 35 patients with unilateral 

MTS, the white matter diffusion abnormalities appeared to be related mostly to 

the temporal lobe white matter, the cingulum bundle, the corpus callosum and 

a region near the superior longitudinal fasciculus401. We now questioned if the 

white matter changes were functional and reversible fluid shifts (next Chapter). 

Also, we wanted to know if these limbic white matter abnormalities are related to 

MTS. Were they present in patients with TLE but without such a mesial temporal 

lesion? The study of this question is presented in Chapter 7. 

The appendix did not appear in the published version of this Chapter. 
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C H A P T E R 6 

IRREVERSIBILITY OF WHITE MATTER 

DIFFUSION ABNORMALITIES IN M T S 

PATIENTS 

Abstract 

Bilateral white matter Diffusion Tensor Imaging (DTI) abnormalities have been reported in 
patients with temporal lobe epilepsy (TLE) and unilateral mesial temporal sclerosis (MTS) 
but it is unknown whether these are functional or structural changes. We performed 
a longitudinal study in patients with unilateral MTS who were seizure free one year 
after surgery in order to determine if the observed pre-surgical white matter diffusion 
abnormalities were reversible. Eight TLE patients with unilateral MTS who were seizure 
free following anterior temporal resection and twenty-two healthy subjects were recruited. 
DTI was performed prior to surgery and at one year follow-up. Tractography and region-
of-interest (ROI) analyses were performed in the fornix, cingulum, genu and splenium of 
the corpus callosum and external capsules. Diffusion tensor parameters were compared 
between groups and before/after surgery in the patient group. The fornix, cingulum and 
external capsules showed bilateral abnormal diffusion parameters pre-operatively (i.e. 
decreased diffusion anisotropy and increased mean and perpendicular diffusivities). The 
fornix and cingulum ipsilateral to the resected mesial temporal structures showed signs 
of Wallerian degeneration at one year follow-up. The contralateral tracts of the fornix, 
cingulum and external capsules, as well as the genu of the corpus callosum, failed to 
show a normalization of their diffusion parameters. Conclusions: The irreversibility of 
the white matter DTI abnormalities upon seizure freedom suggests underlying structural 
abnormalities (e.g. axonal/myelin degradation) as opposed to functional changes (e.g. 
fluid shifts due to seizures) in the white matter. 

A version of this Chapter was published in: 
Concha L., Beaulieu C, Wheatley B.M. and Gross D.W. Bilateral white matter diffusion changes 
persist after epilepsy surgery. Epilepsia 2007. 48(5):93i~40. 
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6.1 Introduction 

Mesial temporal sclerosis (MTS) is the most commonly observed underlying pa

thology in temporal lobe epilepsy (TLE) and MRI evidence of unilateral MTS is 

predictive of good outcome with resective surgery459. However, there is now 

growing evidence that patients with TLE and unilateral MTS have bilateral tempo

ral and extra-temporal abnormalities of gray174'349'350'363,405,451,460 and white mat

ter355'422'458,461. While it has been suggested that evidence of diffuse pathology in 

patients with TLE and unilateral MTS is predictive of poor surgical outcome460, 

several studies indicate that their presence does not preclude a favorable surgical 

outcome342,360,458,461. The relationship between these diffuse abnormalities and the 

seizure disorder remains largely unknown. While it is possible that these changes 

are a direct consequence of seizures (either acute functional or chronic structural 

changes), it has also been suggested that they could represent an underlying pre

disposing factor in the development of TLE350. 

Diffusion tensor magnetic resonance imaging (DT-MRI), a technique sensitive 

to micro-structural properties of neural tissue27,28, has demonstrated significant 

differences of diffusion parameters in the fornix, cingulum, corpus callosum and 

external capsules in patients with TLE4°8,422,458. The pattern of diffusion param

eters (i.e. reduced diffusion anisotropy and increased mean and perpendicular 

diffusivities) is compatible with irreversible structural axonal/myelin abnormal

ities in the white matter tracts21,32. Another potential explanation for diffusion 

changes in patients with epilepsy is fluid shifts related to ongoing seizures. Re

ductions of the mean apparent diffusion coefficient (ADC) have been shown to 

reverse back to normal in animal models388,462,463 and patients with status epilepti-

cus135,138,140,390,464. Although most studies have focused on the gray matter, similar 

reversible diffusion abnormalities have been reported for the splenium of the cor

pus callosum following status epilepticus in humans407. Changes in the osmotic 

properties of intra- and extra-cellular spaces have also been shown to reversibly al

ter the diffusion parameters of water molecules in highly-structured white matter 

(e.g. the optic nerve)465. 
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Likewise, longitudinal magnetic resonance spectroscopy studies have demon

strated bilateral normalization of temporal lobe N-Acetylaspartate (NAA) in TLE 

patients who are seizure free following surgery236'279"281,466. The concentration of 

NAA appears to recover exponentially over time, on average showing a 50% re

covery within six months281 and thus the original reduction of NAA is assumed 

to reflect transient metabolic dysfunction due to ongoing seizures236,281. 

Following temporal lobe resection, fiber tracts with significant efferents from 

the mesial temporal structures (i.e. the ipsilateral fornix and cingulum) are ex

pected to undergo Wallerian degeneration. As the contralateral fiber tracts con

tain few direct efferent connections from the resected grey matter, downstream 

axonal/myelin degradation following surgery is expected to be minimal. The 

purpose of the present study was to determine whether pre-surgical white matter 

diffusion properties, particularly those in the contralateral fiber tracts, normalize 

(compatible with a functional change directly related to seizures) or remain abnor

mal (compatible with irreversible structural abnormalities, e.g. axonal or myelin 

degeneration) in patients with TLE and unilateral MTS who are seizure free one 

year following anterior temporal resection. 

6.2 Subjects and Methods 

Approval of the research protocol was obtained from the University of Alberta 

Health Research Ethics Board, and informed consent was obtained from all partic

ipants. Of the eleven patients previously reported458 , eight were entirely seizure 

free at one year follow-up with the remaining three patients experiencing a worth

while reduction in seizures (seven patients included in the present study were part 

of the pre-operative assessment reported in422). Histopathological confirmation of 

hippocampal sclerosis was available in all cases. As our goal was to investigate the 

effect of seizure freedom upon white matter integrity, only seizure free patients 

were included (n=8), along with 22 healthy controls (16 male, 8 female; mean age: 

31, range: 19-54 years). There was no statistically significant difference in age be

tween the two groups. All patients were imaged before their surgical intervention 
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Subject 

1 

2 

3 
4 
.5 
6 
7 
8 

Age 

22 

39 
22 

61 

53 
38 
25 
39 

Gende i 

F 
F 
M 
F 
F 
F 
M 
F 

Duration 
of TLE 

• (>'•) 

19 

35 
17 
47 
14 

17 
17 

12 

Time 
between 

preopera
tive 

imaging 
and 

surgery 

14 m 

5 d 
4 m 
4 m 
1 m 

10 m 
4 m 

25 m 

Time 
between 
surgery 

and post
operative 
imaging 

13 m. 

19 m 
14 m 

18 m 

12 m 
12 m 
13 m 

12 m 

[psilateral 

hippocam
pus T2 
(ms)" 

146* 
139* 

132* 

160* 

139* 
133* 
141* 

126* 

Contralateral 
hippocam

pus T2 
(ms)" 

119 

" 7 
119 

118 

129* 

127* 
119 

116 

Type of surgery'' 

Left selective AH 
Right selective AH 
Left ATR 
Left ATR 
Left selective AH 
Right ATR 
Left selective AH 
Left selective AH 

TABLE 6.1: Individual information on patients with temporal lobe epilepsy and 
unilateral mesial temporal sclerosis. 
" Hippocampal T2 was measured pre-operatively and values outside two standard 
deviations from the mean of the control group (ii5±3458) are denoted by an aster
isk. 

Selective AH: selective amygdalo-hippocampectomy; ATR: anterior temporal re
section. 

(8±8 months) and one year after surgery (i4±3 months) using the same protocol. 

The pre-operative hippocampal T2 values have been reported previously458 and 

are reproduced in Table 6.1, along with individual patient information. 

All imaging was performed on a 1.5T Siemens Sonata scanner. The imaging 

protocol consisted of cerebro-spinal fluid suppressed DTI with coverage of the 

limbic structures using 2x2x2 mm3 voxel resolution (interpolated to 1x1x2 mm3) 

and 6 diffusion gradient directions with b = 1000 s/mm2 . The diffusion images 

were processed using DTIstudio (Johns Hopkins University, Baltimore, MD), for 

both tractography and region of interest (ROI) analyses. The fornix and cingu-

lum ipsilateral and contralateral to MTS were depicted using tractography using 

the fiber assignment by continuous tracking (FACT) algorithm55, while the exter

nal capsules (ipsilateral and contralateral to MTS) and the genu and splenium of 

the corpus callosum were analyzed using manually placed ROIs on a single axial 

fractional anisotropy (FA) map at the mid-level of the thalamus458 (Figure 6.1). 

Manual ROIs are sufficient for the latter three structures as they are readily iden

tified on 2D axial slices. These white matter structures were selected for analysis 
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as they are either directly related to the mesial temporal structures (fornix and 

cingulum) or have been previously shown to have abnormal diffusion parame

ters (external capsules and corpus callosum) 4°8,458. Detailed methods for image 

acquisition and data analysis have been previously published by us422,422,458. 

For both tractography and ROI - based analyses, four measurements were ob

tained: fractional anisotropy (FA), mean apparent diffusion coefficient (ADC) and 

diffusivity parallel and perpendicular to the tracts (Ap and Ax respectively). The 

fornix and cingulum were analyzed between the axial levels of the superior mar

gin of the hippocampus and the fusion of the crura of the fornix. This was done to 

maintain clear left/right separation and to focus on the temporal regions of these 

bundles (Figure 6.1). A small asymmetry of diffusion parameters of the fornix 

in healthy controls had been previously reported422, which was not replicated 

in the present study with a larger sample. As there was no statistically signifi

cant difference of the DTI parameters between the left and right hemispheres in 

the control group (n=22), measurements from paired structures (i.e. the external 

capsules, fornices and cingula) were averaged to obtain a single value per indi

vidual (i.e. (left+right)/2) in the control group, and separated into ipsilateral and 

contralateral to MTS in the patient group. 

Multivariate and single-variable tests were carried out comparing the white 

matter measurements between groups. The comparisons between pre- and post

operative measurements in the patient group were performed using the paired 

versions of Hotelling's T2 and Student's t tests (multivariate and single-variable, 

respectively), while those between the patient groups (i.e. pre- or post-operative) 

and the control group were performed using the equivalent unpaired versions of 

the aforementioned tests. 

In order to validate the reproducibility of our measurements over time, ten 

of the control subjects were imaged two times with an inter-scan interval rang

ing from eight to 12 months. Tractography and ROI analyses were performed 

and assessed for intra-subject reliability using Pearson's correlation coefficient (r). 

ROI-based analyses proved to be highly reproducible over time, with r values of 

0.99, 0.85, 0.98 and 0.96 for FA, ADC, Ay and Aj_, respectively. Tractography anal-
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FIGURE 6.1: Diffusion tensor imaging and tractography of the fornix in a rep
resentative case of unilateral mesial temporal sclerosis (MTS). (A) Diffusion pa
rameters from the genu and splenium of the corpus callosum and the external 
capsules were analyzed by manually outlining regions of interest. (B) The fornix 
and cingulum (ipsilateral and contralateral to MTS) were depicted using tractog
raphy. The tracts are overlaid on high-resolution Ti-weighted images. Only the 
regions highlighted in green were quantitatively analyzed. (C and D) Axial and 
semi-transparent coronal views of the fornices. After right anterior temporal lobe 
resection (asterisk), the ipsilateral fornix was much more difficult to depict with 
diffusion tractography (consistent with downstream Wallerian degeneration). 

yses were also reproducible, albeit not to the same degree as ROI analyses, with 

r values of 0.80, 0.98, 0.97 and 0.85. On average, all diffusion parameters varied 

by less than 1.7% over t ime (-o. i±i .3%). Intra-rater reliability was very high for 

both ROI and tractography analyses, wi th r values >o.95 for all measurements . 

Tractography and ROI analyses were performed by a single investigator (LC). The 

pre-operative diffusion abnormalities reported previously4 2 2 , 4 5 8 (Chapter 5) were 

reproduced in the present study.a 

aRecall that 7/11 patients included in this study were also reported in Chapter 5. 
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6.3 Results 

The fornix, cingulum and external capsule ipsilateral to MTS showed abnormal 

diffusion parameters pre-operatively, characterized by increased perpendicular 

diffusivity (i.e. AjJ with normal parallel diffusivity (i.e. Ay), which causes an 

increase of the mean diffusivity and a reduction of diffusion anisotropy. At one 

year follow-up, the fornix and cingulum were difficult (and in one case impos

sible) to depict with tractography, as their diffusion abnormalities became much 

more evident after surgery (Figures 6.1 and 6.2). This observation is consistent 

with downstream Wallerian degeneration of these white matter bundles which 

would be expected following surgical resection of the mesial temporal structures 

(Figures 6.3, 6.4 and Table 6.2). 

w W \J* I \J\J XJ%^ 
TLE Patient I TLE Patient 4 TI.E Patient 5 TLE Patient 6 

L R 

*A/VAAA/UU 

FIGURE 6.2: Diffusion tensor tractography of the fornix ipsilateral and contralat
eral to mesial temporal sclerosis (*) in four representative TLE patients and four 
control subjects. The patients showed bilaterally reduced fractional anisotropy 
pre-operatively as compared with the controls. The fornix ipsilateral to the surgi
cal resection of the mesial temporal structures was further degraded after surgery, 
likely due to the expected Wallerian degeneration. Interestingly, the fornix con
tralateral to the resection failed to normalize its low diffusion, anisotropy upon 
seizure freedom. 
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FIGURE 6.3: Between-group comparisons of diffusion tensor parameters of the 
fornix. There was bilaterally reduced fractional anisotropy (A) before the surgery, 
which was further markedly reduced in the ipsiiateral hemisphere one year after 
the surgery. The contralateral fornix failed to normalize upon seizure freedom 
and its reduced diffusion anisotropy and high bulk diffusivity (B) were due to 
an increased perpendicular diffusivity (D) with no change in parallel diffusivity 
(C), suggestive of irreversible axonal/myelin abnormalities. Thin lines in (A) show 
the design of the univariate statistical tests performed. Student's t tests between 
patients and control group: *p<o.05; **p<o.oi. Paired Student's t tests within 
patients before and after surgery: §p<o.o5; §§p<o.oi. 

The fornix (Figures 6.2 and 6.3), c ingulum (Figure 6.4) and external capsule 

(Figure 6.5) contralateral to MTS showed similar abnormalities to their ipsiiateral 

counterparts pre-operatively (i.e. reduced FA, normal Ap and increased Aj_ and 

ADC). Al though the contralateral tracts were not directly affected by the surgery 

(and thus lacked the severe further degradat ion of their ipsiiateral counterparts) 

they notably failed to show a normalizat ion of their diffusion parameters upon 
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FIGURE 6.4: Between-group comparisons of diffusion parameters of the cingu
lum. There was bilateral reduction of diffusion anisotropy (A) and increased 
mean and perpendicular diffusivities (B and D) before surgical resection of the 
mesial temporal structures. The cingulum ipsilateral to the resection showed 
marked degradation after surgery, characterized by a further reduction of diffusion 
anisotropy, and an increase of mean and perpendicular diffusivities. The contralat
eral cingulum retained its abnormally high perpendicular and mean diffusivities 
upon cessation of seizures at one year follow-up. Unpaired tests of patients vs. 
controls: *p<o.o5; **p<o.oi. Paired tests within patients before and after surgery: 
§p<o.oi5; §§p<o.or. 

seizure freedom (Figures 6.2 to 6.5 and Table 6.2). While the contralateral cin

gu lum showed an increase of its anisotropy to normal values, the other three 

diffusion parameters remained abnormal (Figure 6.4). 

The genu of the corpus callosum showed diffusion abnormalit ies similar to 

the fornix and c ingulum pre-operatively and also failed to normalize at one year 

follow-up. Al though the post-operative multivariate comparison to the control 
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FIGURE 6.5: Between group comparisons of diffusion parameters of the external 
capsules. There was statistically significant pre-operative increase of mean (B) and 
perpendicular (D) diffusivities of the external capsules ipsilateral and contralat
eral to MTS. These abnormalities did not resolve at one year follow-up. Although 
not as convincing, there was a trend towards reduced diffusion anisotropy (A) in 
the patients both before and after the surgery, as compared to the control group. 
Unpaired tests of patients vs. controls: *p<o.05; **p<o.oi. 

group was not significant (p=o.o6o,, Table 6.2), the univariate tests showed statis

tically significant differences in three of four post-operative diffusion parameters 

with respect to the controls (Figure 6.6). Contrarily, the splenium showed normal 

diffusion parameters prior to the surgery and post-operative abnormalities similar 

to those outlined above relative to controls (Figure 6.6 and Table 6.2). 

Careful examination of each patient's diffusion parameters in all the structures 

studied before and after surgery showed similar patterns of change, regardless of 

their surgery type (i.e. selective amygdalo-hippocampectomy or anterior tempo-
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Fornix, contralateral 
Fornix, ipsilateral 

Cingulum, contralateral 
Cingulum, ipsilateral 

External capsule, contralateral 
External capsule, ipsilateral 

Genu 
Splenium 

pre- vs. 
post-operative" 

0.909 

0.005* 

0.08 

0.027* 

0.965 
0.583 

0.206 
0.438 

pre-operative 
vs . Controls 

0.032* 

0.002* 

<o.ooi* 
<o.oo:l * 
0.014* 

0.009* 
0.037* 
0.678 

post-operative 
vs . Controls" 

0.00:1 * 

0.000* 

0.008* 

<0.001* 

0.007* 

0.003* 
0.069 

0.044* 

TABLE 6.2: P values from multivariate tests of the diffusion parameters (fractional 
anisotropy and mean, parallel and perpendicular diffusivities) in various white 
matter tracts between groups. 
" Paired Hotelling's T2. 
'' Unpaired Hotelling's rF2. 
P values below 0.05 are denoted by an asterisk. 

ral lobe resection), which was confirmed statistically (univariate and multivariate 

tests —data not shown). Also included in the individual analysis were two of 

the three patients who are not seizure free after surgery. There was no apparent 

relationship between seizure-related surgery outcome and the diffusion param

eters, with these two patients behaving indistinctly from the seizure free group 

(although the sample size is too small to make any meaningful conclusions). 

None of the white matter structures studied showed any gross abnormalities of 

T2 signal intensity (assessed with the non diffusion weighted echo planar images). 

The pre-operative hippocampal T2 measurements (ipsilateral and contralateral to 

MTS) did not correlate with any of the post-operative diffusion parameters in the 

white matter tracts. Statistical correlations (Pearson's r) between DTI parameters 

or pre-operative T2 measurements and age of onset of epilepsy or disease duration 

did not show statistical significance. 

6.4 Discussion 

There is a growing body of literature suggesting that TLE with unilateral MTS is in 

fact associated with bilateral temporal174'350'422'451,460'461, and bilateral extratemporal 

pathology355'401,408,458. Several reports suggest that these wide-spread gray and 
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FIGURE 6.6: Between group comparisons of diffusion parameters of the genu and 
splenium of the corpus callosum. The genu showed reduced diffusion anisotropy 
(A) and increased bulk diffusivity (B) due to an increase in perpendicular diffu-
si.vi.ty (C) pre-operatively, which did not resolve upon seizure freedom. In con
trast, the splenium had normal, diffusion parameters pre-operatively, but displayed 
abnormalities in a pattern, similar to that of the genu after surgery, likely due to 
post-operative degeneration of fibers interconnecting the temporal lobes. Unpaired 
tests of patients vs. controls: *p<o.05; **p<o.oi. 

white matter abnormalit ies do not alter surgical outcome 2 1 9 / 3 4 2 , 3 6 ° ' 4 5 8 ' 4 6 1 , which 

was also observed in the present study, where surgical outcome was consistent 

wi th wha t would be expected in patients wi th TLE and unilateral MTS2 1 9 , 4 5 9 (i.e. 

eight of eleven patients were entirely seizure free at one year follow-up). While 

a pr imary objective of the application of novel quantitative MRI techniques in 

TLE has been the detection of subtle MTS not apparent wi th conventional imag

ing 2 1 9 , it would also appear that these more sensitive techniques (such as DTI) 
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have demonstrated that pathology in patients with TLE and unilateral MTS is not 

restricted to the ipsilateral mesial temporal structures. 

The abnormal diffusion parameters of the contralateral fornix and cingulum, 

as well as the genu of the corpus callosum and external capsules, seen in patients 

with unilateral MTS prior to surgery, did not normalize at one year follow-up in 

seizure free patients. Had they normalized, this would have implied reversible 

diffusion changes in the white matter (i.e. functional changes caused by ongo

ing seizures). While the contribution of a functional component to the observed 

diffusion abnormalities can not be entirely ruled out, (for example, it is possi

ble that fiber degeneration could have masked reversible changes), the diffusion 

abnormalities characterized by decreased anisotropy with irreversibly increased 

perpendicular diffusivity (i.e. Aj_), is most consistent with abnormalities of either 

myelin (e.g. dys- or de-myelination) or axonal density21,32. The fact that the fornix 

contralateral to MTS did not show further worsening of its diffusion parameters 

after surgery suggests that the commissural component of this fiber bundle does 

not play a major role in the pre-operative abnormalities. While the contralateral 

cingulum showed an apparent normalization of diffusion anisotropy suggesting 

the possibility of a reversible component, the significance of the anisotropy finding 

remains uncertain because ADC, Ay and Aj_ remained abnormal. 

While there have been reports of transiently altered diffusion parameters im

mediately after status epilepticus or in the acute post-ictal state, the hallmark in 

those situations is a considerable decrease in mean bulk diffusivity (ADC), which 

is though to reflect cytotoxic edema due to compartmental fluid shifts 138,39°'4°7. 

Animal models have shown that the ADC in brain parenchyma is decreased in 

the acute phase after status epilepticus, but then increases in the chronic stage388. 

None of the white matter structures reported in the present study showed reduc

tions of ADC; instead, ADC was found to be increased before the surgery and 

at one year follow-up, making acute cytotoxic edema an unlikely explanation of 

our findings. Finally as the diffusion parameters did not normalize in seizure free 

patients, fluid shifts due to ongoing seizure activity are unlikely to explain our 

findings. 
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Diffusion parameters of the fornix and cingulum ipsilateral to MTS, which 

were abnormal prior to surgery, showed significant worsening one year after sur

gical resection of the temporal structures. These changes were expected and are 

likely due to Wallerian degeneration of the white matter bundles affected by the 

surgery21,32. While our results demonstrate significant differences between both 

patients and controls and between patients before and after surgery, we suspect 

that our measurements are in fact an under-estimation of the true degeneration 

taking place in those structures. The tractography algorithm used for their de

piction does not include voxels with diffusion anisotropy lower than a certain 

threshold (FA <o.3 in this case) and, therefore, regions with the largest changes 

are omitted from the final diffusion parameters. Due to the presence of overt 

Wallerian degeneration and its related striking DTI abnormalities, it is impossi

ble to compare the ipsilateral fornix and cingulum to their pre-operative state. 

Therefore, we cannot estimate whether or not the pre-operative abnormalities of 

the ipsilateral tracts would have disappeared upon seizure freedom in this group 

of patients, or if there is any other co-existing abnormal phenomenon present in 

these fiber bundles. 

The splenium of the corpus callosum had normal diffusion parameters before 

the surgery and, although the paired pre/post-surgery tests did not reach sta

tistical significance, it showed an abnormal diffusion pattern similar to that seen 

in the other white matter bundles one year after the surgery, when compared to 

the controls. This portion of the corpus callosum carries a substantial number 

of fibers interconnecting the two temporal lobes467,468. With the resection of the 

temporal structures, downstream Wallerian degeneration is expected, as would be 

post-operative diffusion abnormalities in this structure21,32. 

Several reports have documented improvement in spectroscopic indices of the 

temporal lobes (ipsilateral and contralateral to MTS) following successful epilepsy 

surgery236,279""281,466. As the concentration of NAA improves only if there is ces

sation of seizures, it has been suggested that abnormally low pre-operative NAA 

concentrations in the temporal lobe are due to reversible metabolic dysfunctions 

due to ongoing seizures236. Our diffusion findings suggest that along with the 
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reversible / functional changes reported with MR spectroscopy, seizure free TLE 

patients also have irreversible white matter abnormalities (which are consistent 

with abnormalities of myelin / axonal integrity)21,32. 

The "two hit hypothesis" is a popular theory which suggests that two succes

sive events must work together to induce TLE and MTS213,219,469. For example, a 

preexisting brain abnormality creates a susceptible state that results in the devel

opment of TLE with unilateral MTS in response to an initial precipitating event 

(e.g. prolonged febrile seizures). Despite being a widely accepted theory, to date, 

a consistent predisposing abnormality has not been identified219. Animal models 

have shown that subcortical deafferentation of the hippocampus (by transecting 

the fimbria/fornix) renders it seizure-prone433, providing one possible underly

ing predisposing condition (i.e. first hit) of the pathogenesis of temporal lobe 

epilepsy. Our findings suggest that the cerebral connectivity in TLE patients is 

different than that in the general population, raising the question of whether the 

number and quality of inputs to and from the hippocampus could be abnormal 

and hence act as a predisposing factor. As the patients in this study all had pro

longed duration of disease (range 12-47 years), the timing of the irreversible white 

matter abnormalities in relation to the onset of TLE and MTS remains unknown. 

* * • 

6.5 Appendix 

Given the high success rate of surgery in patients with MTS459, it was not sur

prising that our cohort of patients included so few patients who still experienced 

seizures after TLE surgery. These patients, albeit having to be classified as "not 

seizure free", have indeed experienced a worthwhile reduction in seizure fre

quency. Although we cannot draw conclusions on the time-dependent diffusion 

aThe appendix did not appear in the published version of this Chapter. 
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propert ies of the white matter structures of the patients w h o are not seizure free, 

Figure 6.7 shows that it appears as though both patient groups behave similarly. 

Certainly, larger sample sizes are needed to validate such assumption. 

Seizure-free Not seizure-free 

Before 
surgery 

%!0^ ^*&-? r V ip, ^jj|, y % $r Xjj ^ * &.*?* ' \' ^-&Ji> 1^-jir ^% j 

FIGURE 6.7: Diffusion tensor tractography of the fornix ipsilateral and contralat
eral to mesial temporal sclerosis (*). Three patients who were included in this 
study are shown, in addition to those presented in Figure (6.2). Furthermore, two 
patients excluded from this study due to persistence of occasional brief seizures are 
shown. Similarly to Figure 6.2 and as expected, the fornix ipsilateral to MTS shows 
a further decrease of diffusion anisotropy one year following surgery. The fornix 
contralateral to MTS shows low FA values that persist one year after surgery. The 
same pattern can be seen for patients who are not seizure free. A larger sample size 
of TLB patients who are not seizure-free following surgical treatment is needed to 
examine if the diffusion parameters of the contralateral fornix could be used for 
prognosis. 
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CHAPTER 7 

W H I T E MATTER ABNORMALITIES I N 

NON-LESIONAL TEMPORAL LOBE 

EPILEPSY 

Abstract 

Although epilepsy is considered a gray matter disorder, changes in the underlying brain 
connectivity have important implications in seizure generation and propagation. We have 
previously identified abnormalities in the temporal and extra-temporal white matter of 
patients with temporal lobe epilepsy (TLE) and mesial temporal sclerosis (MTS). Patients 
with TLE but without MTS often show a different course of the disorder and worse sur
gical outcome than patients with MTS. The purpose of this study was to determine if 
said white matter abnormalities are related to the presence of MTS or if they are also 
present in non-lesional TLE. 17 patients with TLE and MTS (TLE+uMTS), 13 patients 
with non-lesional TLE (nl-TLE) and 25 age-matched controls were included in the study. 
Diffusion tensor imaging (DTI) was used to assess tract integrity of the fornix, cingulum, 
external capsules and the corpus callosum. The white matter abnormalities seen in the 
fornix appear to be exclusive to patients with MTS. Although the cingulum showed abnor
mally high overall diffusivity in both TLE groups, its anisotropy was decreased only in the 
TLE+uMTS group in a pattern similar to the fornix. The frontal and temporal components 
of the corpus callosum, as well as the external capsules, demonstrated reduced anisotropy 
in TLE regardless of MTS. While some white matter bundles are affected equally in both 
forms of TLE, the bundles directly related to the mesial temporal structures (i.e. the fornix 
and cingulum) appear to be affected mostly in the presence of MTS. 
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7.1 Introduction 

Seizures are believed to result from an imbalance between excitation and inhibi

tion within the central nervous system. As the pathological electrical impulses 

that produce a seizure are generated by the neurons, epilepsy is typically consid

ered primarily a grey matter disease. Although seizures (like all neuronal signals) 

are transmitted along conventional pathways, white matter tracts have been con

sidered to have a relatively passive role in epileptogenesis restricted to seizure 

propagation. 

Nonetheless, volumetric magnetic resonance imaging (MRI) studies have 

demonstrated extensive white matter abnormalities in patients with temporal lobe 

epilepsy (TLE)355,47°. Correlations between cerebral white matter volume and dis

ease duration suggest that seizure related degeneration of white matter tracts 

could play a role in the progressive cognitive decline that is observed in some 

patients with epilepsy470. As well the demonstration that transection of the fornix 

can create an epileptogenic state in an animal model provides evidence that white 

matter pathology could be a primary factor in initiating epileptogenesis by dis

rupting the balance between inhibition and excitation (i.e. through deafferenta-

tion of the hippocampus)453. Thus, white matter pathology has been implicated 

in both epileptogenesis as well as seizure related comorbidity. 

While volumetric MRI is a relatively nonspecific measure of white matter 

pathology, diffusion tensor imaging (DTI), a novel MRI technique, is sensitive 

to microscopic tissue characteristics28. It has been particularly useful in the study 

of white matter which shows a high degree of architectural coherence and is or

ganized into tightly packed bundles of axons (fascicles) with similar orientations, 

whose membranes and myelin sheaths cause water diffusion to be anisotropic (i.e. 

not equal in all directions)2?. 

Temporal lobe epilepsy is the most common form of localization related 

epilepsy141 and is frequently associated with unilateral mesial temporal sclerosis 

(MTS)219. MTS is characterized by neuronal loss and gliosis of the mesial tempo

ral structures and is readily observed on clinical MRI in the majority of cases255. 
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While the clinical manifestations of TLE with and without MTS are similar, their 

responses to surgical treatment are considerably different with the demonstration 

of MTS in patients with TLE being associated with better surgical outcome438,440. 

New and sensitive imaging techniques have demonstrated MTS in patients pre

sumed to lack MTS based on conventional imaging257,471. While it is possible that 

a subset of patients with so-called non-lesional TLE have very subtle MTS (not 

evident using conventional imaging), it is presumed that most patients have a 

neocortical as opposed to a mesial temporal seizure generator472. 

Water diffusion abnormalities of temporal and extra-temporal white matter 

fascicles have been previously reported in patients with TLE4°8,422,458, which did 

not normalize upon seizure freedom following surgical treatment473. The dif

fusion changes seen in the fornix, cingulum, genu of the corpus callosum and 

external capsules suggested structural abnormalities of the white matter, such as 

reduced axonal density, myelin abnormalities, or both2I,27/32. These studies have 

however been restricted to TLE with MTS or have not distinguished between TLE 

patients with and without MTS. The purpose of this study was to perform a di

rect comparison of the diffusion properties of select temporal and extra-temporal 

white matter structures between nl-TLE and TLE+uMTS. 

7.2 Methods 

7.2.1 Settings and participants 

Approval of the research protocol was obtained from the Health Research Ethics 

Board of the University of Alberta, and informed consent was obtained from all 

participants. A total of thirty patients with medically intractable TLE, as well as 

twenty-five age-matched healthy controls were included in this study. 

Temporal lobe epilepsy with unilateral mesial temporal sclerosis (TLE+uMTS, 
n = 1 7 / 3 9 ± n years old [range: 20-59]; 5 men, 12 women). Patients in this group un

derwent pre-surgical evaluation, which included MRI and EEG video-telemetry. 

All patients showed evidence of hippocampal atrophy and T2 hyper-intensity on 
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conventional magnetic resonance imaging (MRI). Their T2 relaxometry (known 

to increase the sensitivity of MTS detection257) resulted in hippocampal T2 val

ues above two standard deviations from the mean of the controls (i.e. >i20 ms 

for our quantitative method422). According to this threshold, all patients in the 

TLE+uMTS group had ipsilateral T2 values considerably greater than that of the 

controls. In two patients with TLE+uMTS, the contralateral hippocampus was 

also found to have abnormal T2, but in both cases there was clear asymmetry. In 

all cases, EEG video-telemetry demonstrated solely unilateral temporal lobe ic-

tal onset, which corresponded with the side demonstrating greatest T2 increase. 

No other lesions were present in any of the subjects on clinical imaging. Eleven 

patients included in this group have been previously reported422,458'473. 

Non-lesional temporal lobe epilepsy (nl-TLE, n=i3, age 4 i ± i 2 [range 17-62] 

years; 5 men, 8 women). Inclusion criteria for the nl-TLE group were primary 

ictal semiology of complex partial seizures and temporal lobe epileptic EEG ab

normalities. Patients with MRI evidence of MTS (hippocampal T2 greater than 

2SD of control values, > 120ms) or extra-temporal structural lesions on MRI were 

excluded. Eleven of 13 subjects had ictal and interictal EEG recordings (seven with 

prolonged scalp EEG-video recordings and four with both scalp and intracranial 

electrodes). For the two subjects who did not have ictal recordings, both had un

equivocal temporal interictal epileptic EEG abnormalities and both experienced 

typical complex partial seizures as their primary seizure pattern. EEG lateraliza

tion was right temporal for two patients, left temporal for six and bitemporal in 

the remaining five patients). 

Healthy controls (n=25, age 33±io [range 18-58]; 17 men, 8 women). None 

of the subjects suffered from any neurological or psychiatric condition. All sub

jects lacked any visible anomalies on clinical MRI. Disease duration was similar 

between the two TLE groups, with the TLE+uMTS group having slightly longer 

disease duration (27±i3 years) than the nl-TLE group (i8±i3) (Student's t test, 

p=o.053). 
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7.2.2 Imaging and data analysis 

Cerebro-spinal fluid-suppressed diffusion tensor images were acquired in 9:30 

minutes using a 1.5 T Siemens Sonata MRI scanner (Siemens Medical Systems, 

Erlangen, Germany). The sequence consisted of 26 contiguous 2 mm thick oblique 

slices (aligned parallel to the anterior commissure-posterior commissure [AC-PC] 

line) with an in-plane resolution of 2 x 2 mm2 (voxel dimensions after interpolation 

were 1x1x2 mm3). Diffusion sensitized images were acquired in six directions, 

with a b value of 1000 s/mm2 . Full details of the imaging protocol have been 

previously provided422,474. 

Six white matter structures were studied, namely the fornix, cingulum and ex

ternal capsule, as well as three portions of the corpus callosum: the frontal (genu), 

occipital and temporal (tapetum) components of the splenium (Figure 7.1). These 

six white matter bundles were selected for analysis based on previously reported 

abnormalities408,422,458,475. The fornix, cingulum and the occipital and temporal 

callosal fibers were depicted with tractography (fiber assignment by continuous 

tracking algorithm)55,64, whereas the genu of the corpus callosum and the exter

nal capsules (easily identified on 2-dimensional diffusion maps) were analyzed 

using manually-placed regions of interest (ROI) on a single slice (parallel to the 

AC-PC line) at the level of the central portion of the thalamus. Tractography and 

ROI analyses were performed by a single investigator (LC) in a consistent fashion 

amongst all subjects. The tractography algorithm was started in all white matter 

voxels in the brain, and the tracts were virtually dissected using a priori anatom

ical knowledge of their trajectories and based on the previously reported atlas of 

white matter structures427. The placement of tract-selection regions for the depic

tion of the fornix and cingulum has been reported previously (Figure 5.1). The 

fibers passing through the splenium of the corpus callosum were selected using 

a mid-sagittal slice, and those belonging to the tapetum were selected by using a 

second tract-selection region located in the temporal lobes; the occipital callosal 

fibers were selected using a second large region located in the occipital lobe. The 

FA threshold for tractography was set as 0.3 (start and stop criteria) for all tracts. 
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Specific portions of the tractography-defined structures were analyzed to yield 

summary diffusion parameters for the individual white matter regions. The crus 

of the fornix and the temporal portion of the cingulum were analyzed between the 

axial levels of the mammillary bodies and the fusion of the crura of the fornices 

whereas the tapetum and occipital components of the corpus callosum were ana

lyzed between the lateral ventricles (~ ±2cm from the midline) (Figure 7.1). The 

micro-structural integrity of the tracts was assessed by evaluation of the average 

quantitative diffusion parameters measured from the voxels within the structures 

(namely fractional anisotropy [FA], mean diffusivity [MD] and diffusivities paral

lel and perpendicular to the tracts [An and Aj_, respectively]). Average diffusion 

parameters were calculated for each white matter structure in every subject. 

There was no significant left-right asymmetry of the diffusion anisotropy of the 

fornix or external capsules in the control group (paired Student's t tests, p=o.n 

and p=o.9, respectively). Also in the controls, the cingulum showed a very slight 

right>left asymmetry of FA (mean difference=o.on, p=o.035). In patients with 

TLE+uMTS, the fornix and cingulum showed larger abnormalities in the struc

tures ipsilateral to MTS, as compared with the contralateral side, although these 

differences were small and not present in all patients (Figure 7.2). The issue of lat

erality and asymmetry in patients with nl-TLE is complicated due to the presence 

of patients with independent bilateral seizure onset and, thus, the terms ipsilateral 

and contralateral are difficult to apply. However, Figure 7.3 shows the apparently 

little dependence of seizure onset on the anisotropy measures of the paired struc

tures. Due to minimal asymmetry of these paired structures, our previous report 

of bilateral white matter abnormalities in patients with unilateral MTS422,458, and 

to simplify subsequent between-group comparisons, the individual quantitative 

parameters of the fornix, cingulum and external capsules of each hemisphere were 

averaged to yield a single value per structure per subject (i.e. [left+right]/2). 

Multivariate analyses of variance (MANOVA) were performed for each white 

matter structure. If the p-value of the test (Wilk's Lambda) was <o.o5, univari

ate analyses of variance (ANOVA) were conducted for each diffusion parameter 

and, when necessary, between-group comparisons were performed using Tukey's 
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FIGURE 7.1: White matter structures analyzed. The fornix and cingulum (A), di
rectly related to the mesial temporal structures, were depicted using tractography. 
Evaluation of diffusion parameters of these tracts was restricted to their temporal 
portions (highlighted in bright yellow and green). The frontal portion (genu) of 
the corpus callosum and external capsules are easily discernible on the FA map 
and were analyzed using regions of interest on a two-dimensional slice (B). In con
trast, it is more difficult to visually discern the occipital (C) and temporal (tapetum, 
D) components of the splenium of the corpus callosum on two-dimensional slices; 
such a task is facilitated by the use of tractography. Following the identification of 
the temporal and occipital tracts, the portions between the lateral ventricles (~ ±2 
cm from the midline, highlighted in light blue and orange) were analyzed to yield 
diffusion parameters. All axial views are seen from above. The inset in panel A 
shows the fornix in the orientation used in Figure 7.4. 

post-hoc test. This s tep-down approach allows the sequential testing of the null hy

pothesis and the correction for mult iple comparisons while maintaining adequate 

statistical power. The average diffusion parameters of the whi te matter bundles 

were linearly correlated with disease durat ion and age at onset of epilepsy using 

Pearson's coefficient (r) and partial correlations controlling for age (when analyz

ing the effect of disease duration) or disease durat ion (for the analysis of age at 

seizure onset). 
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A Fornix Cingulum External capsule B Fornix Cingulum External capsule 

ipsi contra ipsi concra ipsi contra ipsi contra ipsi contra ipsi contra 

FIGURE 7.2: Diffusion parameters of paired white matter structures relative to 
the side of mesial temporal sclerosis (MTS). The diffusion parameters obtained 
from each fornix in every TLE+uMTS patient (n=iy) is shown according to their 
relation to MTS (ipsi=ipsilateral; contra=contralateral to MTS). The fornix shows 
abnormalities that are only slightly more pronounced on the tract ipsilateral. to 
MTS. The perpendicular diffusivity of the cingulum is also higher on the ipsilateral 
tract. The external capsules did not show asymmetry. The shaded areas in each 
structure represent the meandbiSD for the controls (n=25). P values for Student's 
paired t tests are shown for ipsi- versus contra-lateral measurements. 

Fornix Cingulum External capsule 

lk-misplmn- L R L R L R L R I R L R L R L R L R 

Ictai Olisel Lull onset Riglil tinsel Bilateral onsel Left onset Riglu ousel Bilateral onsel Lett onset Riglil onset Bilateral tinsel 

FIGURE 7.3: Fractional anisotropy of the fornix, cingulum and external capsule 
in patients with non-lesional TLE. There is little dependence of the side of ictal 
onset on diffusion anisotropy and, therefore, the diffusion parameters of the paired 
structures were collapsed for each patient (i.e. [left+right]/2) for subsequent anal
yses which combined all three patient groups regardless of onset laterality. The 
shaded areas in each structure represent the mean±:iSD for the controls (n=25). 

7.3 Results 

Fornix (Figures 7.4, 7-5A,B and 7.6; Table 7.1). The TLE+uMTS group showed 

significant diffusion abnormalities w h e n compared to the control and the nl-TLE 

groups . Particularly, FA was reduced and perpendicular diffusivity increased in 
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the TLE+uMTS group. These findings were also present when analyzing the for-

nices ipsilateral and contralateral to MTS (data not shown). The nl-TLE group 

was not significantly different from the control group in terms of any of the diffu

sion parameters, but differed from the TLE+uMTS group. There were statistically 

significant differences between the nl-TLE and TLE+uMTS groups in terms of FA 

and perpendicular diffusivity. The TLE+uMTS did not show any significant cor

relation between disease duration or age at seizure onset with any of the diffusion 

parameters. The nl-TLE group showed significant correlations between disease 

duration and FA (r=-o.68, p=o.on) and Aj_ (r=o.74, p=o.oo4) (Figure 7.6). When 

controlling for age, the correlation between disease duration and FA in the nl-TLE 

group did not reach statistical significance (r=-o.53, p=o.o77), brrt the correlation 

with Aj_ remained significant (r=o.63, p=o.o28). No other diffusion parameter cor

related with disease duration. FA in the nl-TLE group also correlated with age at 

seizure onset, but only when controlling for disease duration (r=-o.586, p=o.o45). 

Cingulum (Figure 7.5C,D; Table 7.1). The TLE+uMTS group showed reduced 

diffusion anisotropy and increased mean and perpendicular diffusivities as com

pared with the control group. Similarly to the fornix, these findings were present 

both ipsilateral and contralateral to MTS (not shown). Patients with nl-TLE showed 

increased mean, parallel, and perpendicular diffusivities, but normal diffusion 

anisotropy when compared with controls. Furthermore, the increase in MD and 

Aj_ was not as large in the nl-TLE group as in the TLE+uMTS group. Patients 

with TLE+uMTS showed lower diffusion anisotropy (p=o.ooi) and higher mean 

(p=o.03) and perpendicular (p=o.ooi) diffusivities than the nl-TLE group. Disease 

duration did not correlate with any of the diffusion parameters in any of the TLE 

groups. In the nl-TLE group, age at seizure onset correlated with MD (r=o.38, 

p=o.046) and Ax (r=o.58, p=o.049) only when controlling for disease duration. 

External capsule (Figure 7-5E,F; Table 7.1). Both TLE groups showed abnormal

ities, characterized by reduced FA and increased MD and A^. Both TLE groups 

were indistinguishable from one another in terms'of diffusion parameters. In the 
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11 n J 1 M 

TLE 
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unilateral 
MTS [*] 

(TLE+uMTS) 

*9 1*1 M 

TLE 
without 

MTS 
(nl-TLE) 

I / 

TYUBE ' < H M ' *fc**^ 

Fractional anisotropy 
0.8 

FIGURE 7.4: Fractional anisotropy of the fornix. The fornix was depicted with 
tractography and color-coded according to fractional anisotropy. As compared to 
the controls, patients with temporal lobe epilepsy and unilateral mesial temporal 
sclerosis (TLE+uMTS) show reduced diffusion anisotropy bilaterally regardless of 
the side of MTS (denoted by the asterisks). Patients with TLE but without MTS (nl-
TLE) do not show such a marked decrease of anisotropy in this tract. The tracts are 
viewed from above, such that anatomical right is in the image's right (See Figure 
7.1A). 

TLE+uMTS group, both sides (ipsilateral and contralateral to MTS) showed simi

lar abnormalit ies (not shown). The nl-TLE group showed a significant correlation 

between An and disease duration, w h e n controlling for age (r=o.6o, p=o.039). 

Genu of corpus callosum (Figure J.JAJB; Table 7.1). Both TLE groups showed 

reduced FA and increased Ax, bu t only the TLE+uMTS group showed increased 

M D w h e n compared with controls. There were no statistically significant differ

ences between the two TLE groups in any of the diffusion parameters , including 

MD. There were no significant bivariate or partial correlations. 
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FIGURE 7.5: Between-group comparisons of the diffusion parameters of the 
fornix, cingulum and external capsules. The fornix shows a decrease in diffu
sion anisotropy (A) and an increase in perpendicular diffusivity (B) only in the 
TLE+uMTS group. The cingulum shows abnormally high perpendicular diffusiv
ity (D) in both TLE groups, but its diffusion anisotropy is only affected in those 
patients with MTS (C). Both patient groups show diffusion abnormalities of the 
external capsules. The thin lines in A show the design of the post-hoc tests used in 
each panel (p values shown). All data shown represents the average of the left and 
right structures per subject. 

Occipital fibers of the corpus callosum (Figure 7.7QD; Table 7.1). Only the 

TLE+uMTS group showed a significant, albeit small, reduction in FA and increase 

in M D and Aj_ w h e n compared with the controls. The two epilepsy groups were 

not statistically different in terms of any of the diffusion parameters . There were 

no differences between the two TLE groups. In the TLE+uMTS group, FA corre

lated wi th age at seizure onset, when controlling for disease dura t ion (r--o.6o3, 

p=o.oi3). 

Temporal fibers of the corpus callosum (tapetum) (Figure 7-7E,F; Tablei). Both 

TLE groups showed reductions in FA and elevations of Aj_. The group with 
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FIGURE 7.6: Bivariate correlations of disease duration and diffusion parame
ters of the fornix. In patients with non-lesional TLE, but not those TLE patients 
with mesial temporal sclerosis, there is a negative correlation between diffusion 
anisotropy and disease duration, while perpendicular diffusivity shows a positive 
correlation. These correlations, which do not control for age, suggest progressive 
decline in tissue integrity of the fornix in the nl-TLE group. Age was not signifi
cantly correlated with the diffusion parameters of the fornix in the control group 
(see Section 7.5). 

TLE+uMTS appeared to have the most marked changes, a l though the comparison 

of both TLE groups did not reach statistical significance. Only the TLE+uMTS 

group had increased M D as compared with the controls. The nl-TLE group 

showed a significant bivariate correlation between disease durat ion and Ax (r=o.6i, 

p=o.o27), bu t it d id not reach statistical significance w h e n controlling for age 

(r=o.53, p=o.07). 
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TABLE 7.1: Summary data (mean and standard deviation) and statistical analyses 
of diffusion parameters in nl-TLE (11=1.3) and TLE+uMTS (n=i7) versus controls 
(n=25>. ANOVA: analysis of variance between the to TLE and the control group. 
nl-TLE: non-lesional temporal lobe epilepsy. TLE+uMTS: temporal lobe epilepsy 
with unilateral mesial temporal sclerosis. 
a: Significant difference (p <o.o>5) with respect to control group. 
l'\ Significant difference (p <o.05) between nl-TLE and TLE+uMTS groups. 
c: Post-hoc tests not performed due to ANOVA p >o.05. 

7.4 Discussion 

In this study, we have shown white matter abnormalities with distinct spatial dis

tribution and diffusion characteristics for TLE with and without MTS. In general, 

TLE patients with MTS have a higher degree and more extensive white matter 

abnormalities. 

The previously identified diffusion abnormalities of the fornix422 appear to be 

exclusive to patients with MTS. The reported reduction of FA and increase of A j_ is 

interpreted to reflect myelin abnormalities, reduced axonal density, or both21'27'32. 

With the fornix being the principal output pathway from the hippocampus, it is 

not surprising to find abnormalities of this white matter bundle in the presence of 
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FIGURE 7.7: Between-group comparisons of the diffusion parameters of three por
tions of the corpus callosum. The frontal and temporal components of the corpus 
callosum (genu and tapetum, respectively) show reciuced diffusion anisotropy and 
increased perpendicular diffusivity in both TLB groups irrespective of the pres
ence of MTS. The occipital portion of the corpus callosum shows the same pattern 
of abnormalities only in the TLE+uMTS group, when compared to the controls. P 
values of the ANOVA and post-hoc tests are shown; the thin lines in A show the 
design of the post-hoc tests used in each panel. 

MTS267'357. It is notable, however, that the diffusion abnormalities of the fornix are 

bilateral422 and that they do not resolve upon seizure freedom following epilepsy 

surgery473, which suggests that they are not only due to downstream axonal or 

myelin degeneration secondary to hippocampal neuronal death. 

Patients with non-lesional TLE showed diffusion anisotropy that, albeit being 

slightly lower, was not statistically different from the mean of the controls. TLE 

with and without MTS did, however, share abnormalities of the genu and tapetum 

of the corpus callosum and the external capsules. A previous study also found 

diffusion abnormalities of the genu and splenium of the corpus callosum, as well 

as the external capsules, in patients with TLE, although it was not clear how many 

of the patients included in their study had MTS408. The underlying reason for the 
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abnormalities seen in the genu in TLE is not clear, as this particular tract does 

not hold many axons connecting the temporal lobes to other regions of the brain 

and is not generally considered to be part of the limbic system. The findings in 

the tapetum, and their presence in both forms of TLE, are more straightforward 

to interpret, as these fibers directly interconnect the two temporal lobes. The 

external capsule contains long association fibers that are part of the inferior fronto-

occipital, uncinate and superior longitudinal fascicles427. The uncinate fasciculus, 

in particular, interconnects the frontal and temporal lobes and has recently been 

reported to have abnormally low diffusion anisotropy in patients with TLE and 

is believed to be implicated in the spread of seizure activity410. This particular 

tract was not evaluated using tractography given the limited anatomical coverage 

of our CSF-suppressed DTI imaging sequence. The presence of bilateral seizure 

generators in 5/13 patients with nl-TLE compromises the understanding of the 

relationship between the seizure generator and the white matter abnormalities in 

the nl-TLE group and thus we cannot exclude the possibility that these patients 

have distinct pathology in each hemisphere. A larger sample of patients with nl-

TLE is necessary to validate our current findings and to permit more sophisticated 

and accurate statistical comparisons accounting for anatomical and seizure onset 

side. 

Although reductions of diffusion anisotropy of the fornix with age (range: 18-

88 years) have been demonstrated476, we did not find a significant correlation 

between FA of the fornix and age in our control group, in which 88% of the 

subjects were less than 50 years old (r=o.i8, p=o.39). The age range in our study, 

as well as the use of CSF-suppression, could account for such a discrepancy. The 

only significant correlation we found between diffusion anisotropy and age was 

located in the genu of the corpus callosum (r=-o.47, p=o.oi8) (in line with previous 

reports428,477). For this reason, we re-analyzed the data from this structure using 

age as a covariate (Sidak's correction for multiple comparisons of the estimated 

means) and found that the differences seen in FA and of the genu in the nl-TLE 

group were not significant with respect to the control group (FA: p=o.22; Aj_: 

p=o.i5). 
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Ipsilateral gray matter volume reductions of the entorhinal cortex have been 

reported in patients with nl-TLE478, and reductions of gray matter concentration 

of the extended limbic system were present in patients with clearly defined uni

lateral MTS37°. White matter volume reductions have also been reported in pa

tients with TLE ipsilateral to the suspected seizure focus354,367'371, but also bilat

erally355,479. In a voxel-based DTI study of gray and white matter, reduced FA 

and increased MD were found within and outside the temporal lobe of patients 

with TLE+uMTS although, contrary to our reports, the contralateral hemisphere 

only showed abnormalities of mean diffusivity and not FA401. Similarly, magnetic 

resonance spectroscopy has shown metabolic abnormalities that are not exclusive 

to the ipsilateral temporal lobe277,471. These reports and our current findings show 

that TLE presents with brain abnormalities that extend well beyond the suspected 

seizure focus. 

The issue of progressive structural changes in response to ongoing seizures in 

humans remains controversial480. Of interest, a correlation between white matter 

asymmetry and duration of TLE has been observed using quantitative volumet

ric MRI355. This finding suggests that remodeling of neuronal projections in re

sponse to recurrent seizures can occur in human TLE. Our report of a correlation 

between disease duration and parameters of tract integrity (namely FA and Aj_) of 

the fornix of patients with nl-TLE (Figure 7.6) suggests that the micro-structural 

characteristics of this white matter tract are progressively affected by seizures. In 

patients with TLE+uMTS, however, this correlation was not found. This lack of 

correlation could be explained by the fact that several patients with TLE+uMTS 

have abnormal diffusion parameters even with short disease duration. Alterna

tively, different patho-physiological mechanisms could be responsible for the dif

ferences between the two TLE groups. Correlations with clinical time-related mea

sures are difficult to evaluate, as confounding factors must be accounted for, such 

as age-related changes, different susceptibility states to an initial insult at differ

ent ages, episodes of status epilepticus, etc. Other important correlations were not 

performed in this study due to the difficulty in obtaining the relevant information, 

such as seizure frequency and lifetime number of generalized convulsions. Thus, 
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it is still unknown if the identified white matter abnormalities pre-date the devel

opment of TLE or if they are a secondary effect of ongoing seizures. Lastly, as 

we did not perform correction for multiple statistical comparisons (which would 

have severely limited the statistical power of our study), the cross-sectional de

sign of our study, and the relatively small sample size, it would be inappropriate 

to derive definitive conclusions from our correlative analyses. Nonetheless, our 

data hints at a plausible interaction between disease duration and abnormalities 

of the fornix. Further studies are needed to validate our findings and to search for 

additional evidence of progressive white matter changes. 

Even though epilepsy is certainly a disorder of the gray matter, the present 

study shows evidence of abnormality in the integrity of the connecting white 

matter. These changes could alter the excitation/inhibition balance, favoring the 

generation or the spread of anomalous electrical activity. The clinical relevance, as 

well as the cause or effect relationship with seizures, of the white matter diffusion 

abnormalities remains to be elucidated. 

•k -k * 

7.5 Appendix 

The diffusion parameters of the 25 subjects included in this study only showed a 

significant correlation with age in the genu of the corpus callosum, but not in any 

of the other structures (Figures 7.8 and 7.9). 

As stated in Section 3.1, there are several forms of epilepsy with distinct under

lying mechanisms. This dissertation is focused on the localization-related form of 

temporal lobe epilepsy. On the other end of the epileptic spectrum stands primary 

generalized epilepsy (PGE), a relatively benign form of epilepsy that is typically 

controlled with medication. In PGE, by definition, the epileptic activity does not 

have a focal generator, but manifests itself on the surface EEG simultaneously, 

and is invariably accompanied by loss of consciousness. Epidemiologically, this 
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form of epilepsy is more commonly observed in children and young adults. Its 

underlying mechanisms is often related to abnormalities of ion channels caused 

by mutation of their genes. 

Given that the pathophysiology of PGE is very different from that of TLE with 

or without MTS, this group served as an opportunity to investigate whether any 

of the previously identified white matter abnormalities in patients with TLE are 

also present in this other form of epilepsy. 

A group of 15 patients with PGE (2o±4 [range 17-31] years; 8 men, 7 women) 

were studied using the exact same methodology as that utilized for patients with 

TLE. The same six white matter structures were analyzed with DTI and their dif

fusion parameters plotted versus those obtained from controls and patients with 

TLE (Figures 7.10 to 7.15). While there seem to be specific white matter diffusion 

abnormalities in all epilepsy groups, the abnormalities seen in the fornix and cin-

gulum are certainly more prominent in those patients with TLE and MTS. Patients 

with MTS appear to have more extended and severe white matter abnormalities 

than any of the other groups, also showing the most altered diffusion parameters 

of the corpus callosum. The external capsule, interestingly, appeared to be affected 

nearly equally in all forms of epilepsy (Figure 7.12). This work is in preparation 

for submission to a peer-reviewed journal. 
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FIGURE 7.10: DTI parameters of the fornix in PGE and TLE with and without 
MTS. Patients with PGE show diffusion parameters that are similar to those seen 
in patients with non-lesional TLE. Patients with TLE and unilateral MTS show 
abnormalities of the fornix (particularly a decrease in FA due to increased Aj_) 
bilaterally, with slightly more marked abnormalities on the side ipsilateral to MTS. 
The DTI parameters from the control, PGE and nl-TLE groups are presented as 
(left+right)/2, while those from patients in the TLE+uMTS group are shown either 
ipsilateral or contralateral to MTS. 
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FIGURE 7.11: DTI parameters of the cingulum in PGE and TLE with and without 
MTS. Diffusion anisotropy of the cingulum is affected only in patients with TLE 
and MTS. The mean diffusivity of this tract, however, appears to be affected across 
all forms of epilepsy, although it is A L alone which drives such an increase in 
patients with TLE and MTS, while in patients with PGE and nl-TLE, A;| works 
together with An to increase mean diffusivity. The DTI parameters from the control, 
PGE and nl-TLE groups are presented as (left+right)/2, while those from patients 
in the TLE+uMTS group are shown either ipsilateral or contralateral to MTS. 
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FIGURE 7.12: DTI parameters of the external capsule in PGE and TLE with and 
without MTS. The diffusion parameters of the external capsule appear to be af
fected similarly across all forms of epilepsy. The DTI parameters from the control, 
PGE and nl-TLE groups are presented as (left+right)/2, while those from patients 
in the TLE+uMTS group are shown either ipsilateral or contralateral to MTS. 
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FIGURE 7.13: DTI parameters of the genu in PGE and TLE with and without 
MTS. DTI parameters appear to be affected in both TLE groups, while they are 
indistinguishable from controls in the PGE group. 
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and TLE with and without MTS. The occipital fibers of the show slight abnormal
ities of diffusion parameters (reduced FA and increased Ax) only in patients with 
TLE and unilateral MTS. 
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pared to controls, patients with PGE show increased diffusivity given by both A|| 
and Aj_ being moderately increased. 
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C H A P T E R 8 

D T I OF AXONAL AND MYELIN 

DEGRADATION IN WALLERIAN 

DEGENERATION 

Abstract 

Axonal degeneration of white matter fibers is a key consequence of neuronal or axonal 
injury. It is characterized by a series of time-related events with initial axonal membrane 
collapse followed by myelin degradation being its major hallmarks. Standard imaging 
cannot differentiate these phenomena, which would be useful for clinical investigations 
of degeneration, regeneration and plasticity. Animal models suggest that diffusion tensor 
magnetic resonance imaging (DTI) is capable of making such distinction. The applicabil
ity of this technique in humans would permit inferences on white matter micro-anatomy 
using a non-invasive technique. The surgical bisection of the anterior 2/3 of the cor
pus callosum for the palliative treatment of certain types of epilepsy serves as a unique 
opportunity to assess this method in humans. DTI was performed on three epilepsy pa
tients before corpus callosotomy and at two time points (one week and 2-4 months) after 
surgery. Tractography was used to define voxels of interest for analysis of mean diffusiv-
ity, fractional anisotropy and eigenvalues. Diffusion anisotropy was reduced in a spatially 
dependent manner in the genu and body of the corpus callosum at one week and re
mained low two to four months after the surgery. Decreased anisotropy at one week was 
due to a reduction in parallel diffusivity (consistent with axonal fragmentation), whereas 
at 2-4 months, it was due to an increase in perpendicular diffusivity (consistent with 
myelin degradation). DTI is capable of non-invasively detecting, staging and following 
the micro-structural degradation of white matter following axonal injury. 

A version of this Chapter was published in: 
Concha L., Gross D.W., Wheatley B.M. and Beaulieu C. Diffusion tensor imaging of time-
dependent axonal and myelin degradation after corpus callosotomy in epilepsy patients. Neuroimage 
2006. 32(3): 1090-9. 
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8.1 Introduction 

Wailerian Degeneration (WD), described originally in 1850481 and extended by 

Ranvier482 and Ramon y Cajal483, is characterized by a series of events caused 

by neuronal injury that ultimately lead to the fibrosis and atrophy of the affected 

neuronal fibers. Such changes occur both upstream and downstream from the site 

of the lesion and, therefore, produce axonal changes in locations distant to the pri

mary lesion. In the central nervous system (CNS), the acute phase of degeneration 

is composed primarily of fragmentation and dying-back of the axons484,485, while 

the chronic stage is characterized mainly by the slow and progressive degradation 

and phagocytosis of the myelin sheaths484. 

The demonstration, characterization and staging of the changes seen in axonal 

degeneration by means of a non-invasive approach would be of great importance 

in the clinical setting. In peripheral nerve degeneration, clinical magnetic reso

nance imaging (MRI) shows T2 signal hyperintensity of the nerve in sites distant 

from the precipitating injury as soon as 24 hours from onset486. However, due 

to the slow and progressive nature of axonal degeneration in the CNS, T2 signal 

changes distant from the lesion are not evident during the first four weeks487,488. 

At four to 14 weeks following injury, the white matter tracts undergoing degen

eration become hypo-intense on T2-weighted images due to loss of myelin pro

teins (while myelin lipids remain intact), which produces a hydrophobic environ

ment. As the myelin lipids are digested and gliosis ensues, the tissue becomes 

hydrophilic, causing increased signal intensity on T2-weighted images487. Using 

magnetization transfer imaging, Lexa et al. demonstrated abnormalities in feline 

white matter within the first two weeks of degeneration, prior to the appearance 

of T2 changes489. 

In the last decade, there has been great interest in studying the micro-structural 

environment of neural tissues by measuring the anisotropic diffusion of water 

molecules via MRI443. Normally, axonal membranes and myelin pose barriers to 

water displacement, such that water preferentially diffuses along the direction of 

the axons27. Given that the structural integrity of the axons governs the uneven 
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displacement of water molecules (i.e., anisotropic diffusion), it is feasible to utilize 

DTI as a means to obtain information on the axonal state. As axons degenerate and 

break down with subsequent degradation of myelin, the barriers that normally 

hinder the diffusion of water across the axons disappear, allowing a more spatially 

uniform profile of water displacement (i.e., isotropic diffusion)444. 

Previous diffusion MRI studies have demonstrated axonal degeneration in an

imal peripheral444,490 and central21'491,492 nervous systems. There is considerable 

evidence showing that myelin is a barrier to water diffusion and that its degra

dation23,444 or absence20'22 causes an increase in diffusivity perpendicular to the 

long axis of the fibers, a phenomenon that occurs rather late in the degenerative 

process. This abnormal diffusion pattern, consistent with chronic degeneration, 

has been demonstrated in humans445,493 and could be the underlying reason for 

the low diffusion anisotropy described in other series446,494-496. The acute phase of 

the degeneration, invisible to conventional MR imaging and characterized by the 

fragmentation of the axons, reduces the diffusivity parallel to the principal axis 

of the fibers, as demonstrated using animal models21,444,497. In a previous human 

study, parallel diffusivity was shown to be reduced 9±4 days after stroke in the 

pyramidal tract, distally from the primary lesion498. However, to our knowledge, 

a prospective study examining the time course of the full diffusion tensor after 

axonal injury has not been performed in humans. 

Corpus callosotomy is a palliative surgical procedure performed in epilepsy 

patients with disabling seizures that do not respond to medication. During the 

surgery, the corpus callosum (typically the anterior two thirds) is transected in 

order to prevent the spread of epileptic activity from one hemisphere to the other 

and thus limit the generalized manifestation of seizures499. The well-localized 

nature of the lesion, as well as the complete transection of the tract by corpus 

callosotomy, serves as a unique opportunity to study the evolution of axonal de

generation in-vivo in a single white matter tract of considerable dimensions, as 

compared to its pre-surgical state. 

The objectives of this study were: 
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i) to assess the pattern and time course of water diffusion during degeneration 

of axons in a large white matter bundle, and 

ii) to relate the diffusion abnormalities with the known underlying stages of 

axonal degeneration in the human brain. 

8.2 Subjects and methods 

Approval of the research protocol was obtained from the University of Alberta 

Health Research Ethics Board and informed consent was obtained from all partic

ipants. 

8.2.1 Subjects 

Three patients with medically intractable epilepsy, with the predominant seizure 

pattern being drop attacks, as well as one healthy individual (27 years old), were 

included in the study. Drop attacks are characterized by sudden loss of control 

over muscle tone (either tonic or atonic), which causes the individual to abruptly 

fall to the ground. 

Patient 1 40 year old woman, suffered tonic drop attacks and underwent inves

tigation and subsequent left frontal lobe resection in 1995, which provided little 

clinical improvement. Clinical MRI demonstrated the left frontal cavity secondary 

to her prior surgery without any other obvious abnormalities. EEG-video teleme

try failed to demonstrate localized or lateralized ictal or interictal epileptic abnor

malities. She was studied with our imaging protocol one week before surgery, 

and 9, 47 and 120 days following the intervention. 

Patient 2 33 years old male who suffered atonic drop attack seizures. Clinical 

MRI, ictal SPECT and EEG-video telemetry failed to lateralize or localize the pa

tient's epileptic focus. He was imaged for the present study at days -7, 6 and 95 

from surgery. 
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Patient 3 54 years old male presented with atonic drop attacks. His clinical MRI 

showed a large regional malformation of cortical development (polymicrogyria) 

of the left central region that was not considered amenable to surgical resection. 

He was imaged at days -7, 8 and 60 relative to callosotomy. 

The three patients underwent surgery in which the anterior two thirds of the 

corpus callosum were bisected using a para-sagittal approach. The first post

operative DTI data sets were obtained as soon as surgical staples were removed 

(6-9 days). At one year clinical follow-up, all patients had experienced a dramatic 

improvement in seizure control. Our healthy control was also imaged three times 

at two month intervals to ensure reproducibility of the diffusion measurements. 

8.2.2 Image acquisition 

DTI was performed on a 1.5 T Siemens Sonata using a single-shot EPI-based 

sequence (63 slices, 2 mm thickness with no inter-slice gap; TR=io s, TE=88 

ms; 6 diffusion directions, b=iooo s/mm2 ; 8 averages; 128x128 matrix, partial 

phase Fourier=6/8, zero-filled to 256x256; FOV=256x256 mm2, acquired voxel 

size: 2 x 2 x 2 mm3, interpolated to 1x1x2 mm3; scan time=9:30 min). We also ac

quired standard and cerebral-spinal fluid (CSF)-suppressed (FLAIR) T2-weighted 

fast spin echo images (voxel size = 0.7x 1X5 mm3; TR/TE/TI = 5850/99/0 ms and 

7450/94/2400 ms, respectively). 

8.2.3 Image processing and data analysis 

Diagonalization of the diffusion tensor yielded three eigenvalues (Ai_3) and eigen

vectors that provided the three-dimensional information about the diffusivity of 

water molecules per voxel28. The largest eigenvalue (i.e., A1) is equivalent to the 

diffusivity parallel to the principal axis of the fibers (Ay), while perpendicular dif

fusivity is expressed as Ay = (A2 + A3V2. Two important diffusion parameters 

are derived from the eigenvalues, namely the mean apparent diffusion coefficient 

(ADC, eq. 2.10), which is the average of the three eigenvalues and represents the 

bulk diffusivity of water molecules, and fractional anisotropy (FA, ranging from 
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zero to one; eq. 2.13), a normalized ratio of diffusion directionality. All the quan

titative diffusion maps were generated in DTIstudio (Johns Hopkins University). 

Each patient's non-diffusion weighted images (i.e., b = 0 s/mm2) acquired 

prior to surgery served as a template to which their corresponding post-operative 

images were linearly co-registered and re-sliced using SPM2500. The image trans

formations were extended to the quantitative diffusion measurement maps (i.e., 

FA, ADC, Ay and A J . 

The genu, body and splenium of the corpus callosum were depicted (subdivi

sions 2, 4 and 7, respectively, according to Witelson et fll.501) using tractography, 

a novel computational technique in which fiber bundles are reconstructed three-

dimensionally according to DTI data (Figure 8.1). Tractography was performed on 

the pre-operative DTI data sets using the fiber assignment by continuous tracking 

(FACT) algorithm55. The fiber tracking algorithm began in all voxels with an FA 

higher than 0.25. The tracts propagated according to the principal eigenvector 

until a voxel with an FA value <o.25 was reached or if the tract deviated by more 

than 700 between adjacent voxels. In order to perform the "virtual dissection" of 

the callosal portions, the computed tracts had to intersect two large, user-defined 

regions drawn manually on the 2D images. The first region was located on the 

mid-sagittal slice for the three portions of the corpus callosum studied, while the 

second was located on the frontal pole on a coronal slice, the white matter roughly 

underlying the motor cortex in an axial slice, and the occipital pole in a coronal 

slice, for the genu, body and splenium, respectively. Tractography of the genu in 

Patient 1 was performed slightly more posterior than in the other cases, in order 

to avoid the pre-existing surgical resection of the left frontal lobe. 

The tracts obtained from the pre-operative DTI data sets were used to extract 

quantitative parameters from the pre-operative and the registered post-operative 

diffusion maps. In order to avoid measuring areas of very low diffusion anisotropy 

post-operatively, such as the CSF taking the space the corpus callosum occupied 

prior to the surgery, voxels that had an FA value below 0.25 in any of the images 

were not considered for analysis in any of the data sets from that subject. 

- 159 -



Chapter 8. DTI of axonal and myelin degradation in Wallerian degeneration 8.2. Subjects and methods 

FIGURE 8.1: Diffusion tensor tractography of the corpus callosum prior to corpus 
callosotomy. A: The full extent of the corpus callosum of Patient 2 was depicted 
using tractography on the pre-operative DTI data set and is shown overlaid on a 
mid-sagittal, high-resolution, Ti-weighted image. The genu, body and splenium 
of the corpus callosum were virtually dissected and further analyzed (highlighted 
in orange). B: The genu and body of the corpus callosum are shown overlaid on a 
coronal slice in a three-dimensional view similar to the one used in Figures 8.2 to 
8.5. 

8.2.4 Quantitative analysis 

1 The diffusion measurements of the portions of the tracts within ± 20 mm 

from the midline were averaged to obtain summary data (voxels with FA 

<o.25 at any time point were not analyzed in any of the data sets). This 

region was most affected following surgery, with diffusion abnormalities 

becoming less evident further away from the lesion. As can be seen in Fig

ures 8.2 and 8.3 and Table 8.1, registration and re-slicing of the diffusion 

maps introduced little variation in repeated measurements of healthy tracts. 

In our control subject, the three portions of the corpus callosum, measured 

at three time points, showed an average coefficient of variability in FA, ADC 

and Ay of 1%, while that of Aj_ was 4%. Overall, the body of the corpus 

callosum showed the smallest variability in our control subject (FA varies by 

1%), while the genu and splenium showed variations in FA of 2%. 

2 In order to look at the spatial distribution of diffusion parameters along 

the tracts, we used an in-house program to extract quantitative parameters 
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from the diffusion maps and non-diffusion weighted images, sampled and 

averaged at 1 mm intervals along the tracts as they propagated away from 

the midline. 

3 The signal intensity on the non-diffusion weighted images (b = 0 s/mm2), 

being heavily T2 weighted, was used to assess T2 changes over time. In 

order to account for scanner variability in different imaging sessions, the 

tissue T2 signal intensity of each voxel was normalized to the CSF signal. 

CSF signal was defined as the mean T2 signal of those voxels with an ADC 

value >2.o x io~ 3 mm 2 / s . As with diffusion parameters, the portions of the 

tracts that were replaced with CSF after the transection were not analyzed. 

8.3 Results 

Since the corpus callosum does not function as a structural component holding 

the two sides of the brain together, displacement of the remnant fibers is not ex

pected, making linear registration an adequate tool that aids the analysis of serial 

observations performed on the same subject. Thus, this method yields repro

ducible results (Table 8.1, Figures 8.2and 8.3). It is also clear from Figure 8.2,A-C 

that diffusion parameters vary along the length of the healthy corpus callosum 

at different distances from the midline, due to the gradual spreading of fibers, as 

well as the encounter with different fiber populations with varying orientations 

(fiber crossing). 

8.3.1 Qualitative visualization of diffusion changes 

As expected, visual inspection of the color-coded tracts showed minimal changes 

of diffusion parameters of the splenium of the corpus callosum (not transected 

during surgery), as compared to their pre-operative state (Figure 8.2,D-F), which 

provides evidence to support the reliability of the coregistration process. In con

trast, we observed a dramatic decrease in diffusion anisotropy present at one 

week following surgery in the body and genu of the corpus callosum in all pa-
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TABLE 8.1: Diffusion parameters in a healthy control. Average diffusion mea
surements of fractional anisotropy (FA), mean diffusivity (ADC), parallel diffusion 
(A11) and perpendicular diffusion (A j) along the tracts within ±20 mm from mid
line. Diffusion parameters for the control subject show minimal variability with 
repeated measurements. 

tients (Figure 8.4,A-C). Furthermore, FA measurements remained low or contin

ued to decrease at 2-4 months in the genu and body of the corpus callosum. The 

mean diffusivity was unchanged or slightly decreased in the genu and body of 

the corpus callosum at one week, with a pseudo-normalization or increase at 2-

4 months (Figure 8.4,D-F). An showed a noticeable decrease at one week, with 

pseudo-normalization at 2-4 months in all the transected tracts (Figure 8-5,A-C). 

On the other hand, Ax was slightly increased at one week, but showed a dra

matic increase at two to four months in all the affected tracts (Figure 8.5,D-F). It 

is important to note that the most dramatic changes in diffusion measurements 

were seen in the areas closest to the resection, suggesting a centrifugal spread of 

the abnormalities. The data obtained from patient 1 at 47 days following surgery 

(data not shown) showed similar findings to those at 4 months. 

8.3.2 Quantitative assessment of diffusion parameters 

Analysis of the average diffusion measurements from the sections of the tracts 

within ±20 mm from the midline showed a similar pattern as that seen quali

tatively (Figure 8.6). As anticipated, the splenium of the corpus callosum (not 

transected) showed variability similar to that seen in our control subject, with co

efficients of variation of FA equal to 3, 4 and 2% for Patients 1 to 3, respectively. 

Conversely, in all patients the genu and body of the corpus callosum showed a 

considerable decrease in diffusion anisotropy one week after surgery relative to 
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FIGURE 8.2: Diffusion measurements obtained at three time points in non-
affected tracts. The genu, body and splenium of the corpus callosum were depicted 
on a healthy volunteer (A-C) on three occasions, at two-month intervals (splenium 
not shown). Notice that diffusion measurements show very little variation through
out time, as expected in a healthy individual. The splenium of the corpus callosum 
in Patient 3 (D-F), which was not transected during surgery, was depicted using 
tractography on the pre-surgery data set and overlaid on the registered quanti
tative diffusion maps obtained post-operatively at 8 and 60 days. As expected, 
there is little variation in FA measurements throughout time, as compared to the 
pre-operative values. 

A First scan C +4 months 

,.* * , "4 • 

Apparent Diffusion Coefficient 0.5 

FIGURE 8.3: Mean diffusivity of the corpus callosum in a healthy individual. 
The genu and body of the corpus callosum are color-coded according to the mean 
apparent diffusion coefficient (ADC) as measured at two-month intervals. There 
is very little variation in diffusivity over time. The areas of high diffusivity in 
the midline, clearly evident in the genu, likely correspond to cerebral spinal fluid 
pulsation artifacts, as cardiac gating was not employed in this study. The inferior 
portion of the body of the corpus callosum also showed the same artifact, but is 
not evident from this viewing angle. These artifacts do not affect our findings, as 
these areas are at the transection site and thus were not analyzed. 
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FIGURE 8.4: Diffusion anisotropy and mean bulk diffusivity changes due to ax-
onal degeneration following corpus callosotomy. The genu and body of the cor
pus callosum of Patient 3 were depicted using tractography on the pre-surgical 
DTI data sets (Pre) and overlaid on their registered quantitative diffusion maps ob
tained at one week and two months following corpus callosotomy. In both white 
matter structures, FA values have decreased considerably at one week and remain 
low at two months (A-C). The mean apparent diffusion coefficient (D-F) shows a 
slight decrease at one week, followed by an increase at two months. Recall that any 
segment of the tracts with an FA <o.25 at any time point was excluded for analysis 
in all the time points, in order to avoid measuring cerebro-spinal fluid filling the 
space previously occupied by the tracts at the bisection site. For this reason, the 
post-operative tracts appear truncated near the midline. For clarity purposes, these 
segments are shown in the pre-operative tracts (A and D). The same pattern of 
changes was seen for the other two patients. 
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FIGURE 8.5: Parallel and perpendicular diffusivity before and after corpus cal-
losotomy. The diffusivity of water molecules parallel to the direction of the tracts 
(i.e., Aj|, A-C) in Patient 3 shows a considerable reduction at one week following 
surgery (as compared to its pre-surgical state) and nearly returns to baseline at 
two months. The sharp decrease in AM seen at one week is consistent with the 
axonal fragmentation occurring at this stage of axonal degeneration. The diffu
sivity of water perpendicular to the principal direction of the tracts (Aj_, D-F), on 
the other hand, appears only slightly increased at one week, but shows a dramatic 
increase two months following the transection of the axons. Such an increase of Aj_ 
is consistent with the degradation of myelin, which occurs late in the evolution of 
Wallerian degeneration in the central nervous system. Similar findings were seen 
for the other two patients. 
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their pre-operative values (reduced by 33±6%, range: 27 to 41%). These two por

tions showed a further decrease in anisotropy at 2-4 months (reduced by 44 ±7%, 

range: 34 to 53%). The affected portions (i.e., genu and body) also showed an ini

tial decrease in AN at one week in all patients, which at 2-4 months showed a trend 

towards pseudo-normalization in 5/6 tracts (the callosal body of Patient 1 showed 

an increased Ay relative to its pre-operative value). Perpendicular diffusivity (i.e., 

AjJ showed a progressive increase in the affected tracts of all patients, with the 

most marked increase occurring at 2-4 months. Therefore, although FA reductions 

were seen as soon as one week after the surgery and remained low at the subse

quent time points, the mechanisms driving such decreases were different: namely, 

a decrease in AM is largely responsible at one week, whereas an increased A_L and 

a near-normal AN are accountable for the low FA at 2-4 months. 
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FIGURE 8.6: Diffusion parameters in the transected genu and body of the corpus 
callosum. Average diffusion measurements along the tracts within ±20 mm from 
the midline. Fractional anisotropy (FA) shows a marked decrease at one week fol
lowing surgery, accompanied by nearly normal bulk diffusivity (ADC). Reduction 
in FA at this time point is due to a reduction in parallel diffusivity (AN), with only 
a slight increase in perpendicular diffusivity (Aj_), consistent with axonal degrada
tion. At 2-4 months post-surgery, ADC is elevated and FA shows a further decrease; 
however, the FA decrease is now due to a marked increase in Aj_, consistent with 
myelin degradation, and a pseudo-normalization of An. 
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Analysis of diffusion measurements in the genu and body of the corpus cal-

losum along the tracts as they propagated away from the midline in the pre

operative state and in the control subject showed a pattern of diffusion anisotropy 

similar to the one reported in a healthy subject by Mori et at.426. Following tran

section, the tracts showed a centrifugal spread of diffusion changes, with larger 

differences to the pre-operative values in the areas closest to the lesion (Figure 8.7). 

Indeed, the portions of the tracts within the surgical lesion itself showed post

operative FA values below 0.25, indicating fluid filling the resection area (these 

portions were not analyzed). 

We did not observe any hypo-intensities on the FLAIR T2-weighted images 

either at one week or two to four months following surgery in the white matter 

containing the surgically transected callosal fibers. On the contrary, increased 

T2 signal was evident immediately adjacent to the transection at one week, but 

this hyper-intensity was not apparent at 2-4 months. However, the white matter 

distal to the transection did not show T2 signal abnormalities (neither reduced 

nor increased) at any time point following the lesion. In Patient 1, in which a pre

existing lesion existed (i.e., left frontal lobectomy performed 10 years prior to our 

study), the remaining frontal white matter, belonging partly to the genu, as well 

as the contralateral white matter, showed areas of obvious signal hyper-intensity 

at all time points. 

We qualitatively assessed CSF-normalized T2 signal changes over time using 

the non-diffusion weighted (b = 0 s/mm2) EPI images (Figure 8.8). Similarly 

to what we observed on the FLAIR T2-weighted images, a slight increase in T2 

signal at one week is evident in the portions of the transected tracts that are im

mediately adjacent to the lesion. However, the extent of the T2 signal changes is 

more restricted to the midline, as compared to the changes seen in the diffusion 

parameters. At 2-4 months, much of the hyper-intense T2 signal within the tracts 

appears to have resolved. The residual hyper-intensities are not as widespread as 

the dramatic changes in the diffusion parameters (Figures 8.4 and 8.5). 
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FIGURE 8.7: Diffusion measurements along the genu of the corpus callosum be
fore and after corpus callosotomy. The genu of the corpus callosum depicted in 
the pre-operative data set from Patient 3, served as a path through which the pre-
and post-operative diffusion measurements were sampled at 1 mm intervals as 
they propagated away from the lesion. The reason for the discontinuity of the plots 
near the midline is that voxels with an FA value <o.25 at any of the time points 
were presumed to be fluid (i.e., complete degradation) and were not included for 
analysis. While FA shows a decrease as soon as one week after surgery and it is 
further decreased by two months (A), the mechanisms underlying the FA reduc
tions are different for each time point. At one week after surgery, Ay shows a 
marked decrease (C) with a nearly normal Aj (D), whereas at two months after 
surgery, Ay appears nearly normal (C), but Aj shows a considerable increase (D). 
The pseudo-normalization of AM, along with an increase of Aj_, cause an overall in
crease in the mean bulk diffusivity (i.e., ADC) at two months (B). The most marked 
changes of diffusion parameters occur in the regions closest to the surgical lesion 
(particularly within the first ±20 mm), suggesting a centrifugal spread of diffusion 
abnormalities (and presumably axonal degeneration). 

- 168 -



Chapter 8. DTI of axonal and myelin degradation in Wallerian degeneration 8.4. Discussion 
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T2 Signal Intensity (Tissue/CSF) 

FIGURE 8.8: Signal intensity changes after corpus callosotomy. The genu and body 
of the corpus callosum are color-coded according to the T2 signal intensity of the 
coregistered non-diffusion weighted EPI images (i.e., b = 0 s/mm2), normalized by 
the signal intensity of cerebral-spinal fluid. Signal hyper-intensity is visible only 
in the regions immediately adjacent to the lesion at one week following surgery in 
Patient 3 (B), which likely represents edema due to surgical manipulation. Much of 
the T2 signal hyper-intensity in the genu, and less so in the body, resolves 60 days 
after surgery (C). Notice, however, that the T2 signal changes do not extend as far 
along the tracts as the diffusion parameter changes seen in Figures 8.4 and 8.5. 

8.4 Discussion 

Axonal degeneration is characterized by a series of simultaneous events. Approx

imately 30 minutes from the time of the lesion, the axons undergo centrifugal 

disintegration of the cytoskeleton, which produces sudden and rapid fragmen

tation of the axons485'502. This stage is short-lived, lasting from several hours to 

days, depending on the species, length and diameter of the axons, the tempera

ture of the tissue and the location of the fibers503. Simultaneous to the cytoskele-

tal degradation, the myelin sheaths that surround the axons become less tightly 

wrapped, and eventually break apart and form ovoids502. A couple of weeks 

following the precipitating injury, the microglia are activated and digest the ax

onal and myelin debris. Myelin phagocytosis in the CNS can last for months, 

and even years484, while formation of new myelin is almost non-existent, due to 

the apoptosis of oligodendrocytes in the first few weeks following injury504. In 

the peripheral nerve, in contrast, digestion of the debris is performed by circulat-
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ing macrophages, while Schwann cells re-myelinate regenerating axons and the 

fragmented axons reconnect486'505. 

The first stages of axonal degeneration in the CNS are virtually invisible using 

conventional MRI. Previous reports have documented T2 signal hypo-intensity 

four weeks after the precipitating injury487,488. In our present study, however, the 

only surgery-related T2 signal changes observed one week following the surgery, 

were hyper-intensities immediately adjacent to the lesion (Figure 8.8). We believe 

these signal changes were not directly related to axonal degeneration, but to tis

sue edema caused by surgical manipulation as these T2 hyper-intensities mostly 

resolved by 2-4 months. Using DTI measurements as surrogate markers of axonal 

state, the early stages of degeneration are clearly visible both qualitatively and 

quantitatively in regions distant to the precipitating injury, where neither edema 

nor inflammation is expected to occur. 

Our study after complete surgical axonal transection confirms previous reports 

in patients with stroke that reduction in diffusion anisotropy following axonal in

jury precedes T2 signal changes498. We observed reduction of diffusion anisotropy 

as soon as one week following surgery, accompanied by nearly pseudo-normal 

bulk diffusivity (i.e., ADC). Whether or not such diffusion changes could have 

been detected earlier is unknown, since the patients included in this study were 

not imaged before one week due to the presence of surgical staples. At subsequent 

time points, diffusion anisotropy showed a further reduction, while an increase in 

ADC was evident. 

As demonstrated using an in-vitro model of Wallerian degeneration in frog 

sciatic nerve, axonal and myelin degeneration causes a decrease in diffusion 

anisotropy due to reduced Ay and increased Aj_444. Myelin has been shown to 

modulate perpendicular diffusivity 20 ,23 '5°6, although it is not the only factor in

volved18. In a mouse model of retinal ischemia, Song et al.21 performed serial 

diffusion measurements of the optic nerve and showed that Ay and Aj_ can differ

entiate axonal from myelin damage during the course of degeneration. According 

to this animal model, Ay shows a significant decrease in the first days of degener

ation, which corresponds to the disintegration of the axonal microstructure, while 
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myelin remains intact. Five days after the initial injury A_L increased, which corre

sponds to the degradation of myelin sheaths. Likewise, using an ex-vivo animal 

model of spinal cord injury, Schwartz et al. demonstrated significantly increased 

Ax 14 weeks after the injury, accompanied by reduced An491; as in our study, these 

diffusion abnormalities were more severe closer to the injury. 

Increases of A^ have been shown in chronically degenerated white matter bun

dles in humans445,493. It is very likely that such an increase in Aj_ drives the re

duction in diffusion anisotropy demonstrated in other human studies of axonal 

degeneration in the chronic stage 446,494~496. Thomalla et al. reported significant 

reductions in Ay in the pyramidal tract within the first 16 days after onset of 

stroke498, corresponding to the acute phase of axonal degeneration, namely the 

fragmentation and dying-back of axons. In the former study, there is also a slight 

increase in A±, suggesting a transition between the acute and chronic phases de

scribed above. 

Examination of the eigenvalues yields interesting and clinically relevant infor

mation on the underlying causes of reduced anisotropy. In our study, a reduction 

in A|| was observed one week following corpus callosotomy. At this stage of de

generation, the axons break up into small fragments of approximately 17 }im in 

length, as demonstrated in a model of living transgenic mice485. The dimensions 

of these fragments in human brain are not known. The fragmentation of axons 

creates barriers to the longitudinal displacement of water molecules and, thus, 

a decrease of AM. On the other hand, the obstacles to radial diffusivity (namely, 

the axonal membrane and myelin) remain relatively intact in the acute phase, as 

demonstrated by the small increase in A^ at one week. As the myelin sheaths fall 

apart and axonal membranes become further degraded, water molecules become 

more mobile perpendicular to the axons, resulting in an increase of Aj_. Consis

tent with this phenomenon, we observed a marked increase of A^ in the genu and 

body of the corpus callosum during the chronic stages of degeneration (which 

was not as striking in the first week following surgery). In addition to the myelin 

degradation and subsequent increase in Aj_, the axonal fragments are cleared, al-
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lowing the water molecules to once again diffuse in the longitudinal direction, 

normalizing or even increasing Ay. 

Our serial observations in patients undergoing a highly selective surgical le

sion within a major white matter tract (the corpus callosum) demonstrate an ex

cellent temporal relationship between DTI changes and the expected underlying 

histological processes (i.e., decreased Ay at one week when axonal degradation is 

expected and elevated Aj_ at two months when myelin degradation is expected). 

These findings suggest that analysis of the full diffusion tensor can provide a mea

sure not only of the structural integrity but also an indication of the timing of in

jury and the underlying histological processes following injury to central nervous 

system white matter tracts. Diffusion-weighted images, ADC and FA maps indi

vidually are not sufficient to differentiate axonal versus myelin degeneration21'24. 

8.5 Conclusions 

Although the sample size in our present study is small, the changes in diffusion 

parameters due to axonal degeneration were marked, while they were practically 

non-existent in the repeated measurements of non-transected tracts. Corpus cal-

losotomy is a procedure performed rather infrequently, due to its palliative nature 

and restricted indications. However, the precise bisection and the long callosal 

remnants identified with tractography provide an opportune human situation for 

the serial characterization of axonal and myelin degeneration. The present study 

demonstrates that analysis of the full diffusion tensor provides reliable and useful 

information on the stages of axonal degeneration in a non-invasive manner using 

widely available methodology. Accurate information about the state of white mat

ter bundles affected by disease or trauma is likely to prove valuable for prognostic 

and therapeutic purposes. 

* * * 
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8.6 Appendix 

Despite the fact that there were no visible Tz hyper-intense regions even at 2-4 

months after corpus callosotomy, there were significant correlations between the 

degree of change of T2 signal and diffusion parameters, with respect to baseline 

(Figure 8.9). In order to compensate inter-scan T2 signal variability, T2 signal 

intensity (SI) was defined as the ratio of the tract's signal to the signal of CSF 

(SWVsicsr). 

The appendix did not appear in the published version of this Chapter. 
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FIGURE 8.9: Spearman's p correlations between diffusion measurements and T2 
signal intensity of the genu and body of the corpus callosum in three patients. 
While at one week after surgery diffusion anisotropy strongly correlates with T2 
signal changes, at 2-4 months there are a greater number of regions with consider
ably decreased FA that do not show increased T2 signal (FA, A). Diffusivity parallel 
to the tract (AM, C) is negatively correlated with T2 signal intensity changes at one 
week, while at 2-4 months the direction of this correlation is reversed. The changes 
seen in T2 signal are of several times less magnitude than those seen in perpendicu
lar diffusivity at 2-4 months (AjJ, D) These findings show the enhanced sensitivity 
of diffusion parameters to detect and follow the degenerative process. Only signifi
cant correlations are shown (p<o.oooi). The points represent the values from those 
voxels within the tracts. 
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FIGURE 8.10: Chronic T2 changes in Wallerian degeneration. Representative CSF-
suppressed T2-weighted axial slices of Patient 1. This particular patient had a 
history of a previous left frontal lobectomy several years prior to the corpus cal-
losotomy (*). As can be seen in the pre-operative scan (A), obvious signs of Wal
lerian degeneration are present. The arrowhead in A points to the peri-lesional 
white matter hyper-intensity consistent with Wallerian degeneration. The Arrow 
on the contralateral side shows an obvious hyper-intensity presumed to represent 
chronic Wallerian degeneration of inter-hemispheric fibers. Both signs are present 
in the post-operative scans. In contrast, T2 signal hyper-intensities due to corpus 
callosotomy are not seen at this level even 120 days following surgery. 
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FIGURE 8.11: FA changes following corpus callosotomy in Patient 2. Similarly to 
Patient 3 (shown in Figure 8.4 and Patient 1 (not shown), there is a marked decrease 
in FA of the genu and body of the corpus callosum following surgery, while the 
splenium (not transected) shows minimal change over time. The red line shows the 
position of the midline, and the white curved line in the images shows a 50 mm 
path along the genu of the corpus callosum, for reference. 
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FIGURE 8.12: Changes of An and A± following corpus callosotomy in Patient 1. As 
with Patient 3, there is a decrease of AH in the genu and body of the corpus callosum 
at one week after surgery. Perpendicular diffusivity (Ax) shows a marked increase 
at 2-4 months after surgery. The resection in the midline is not shown. 
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C H A P T E R 9 

RELATIONSHIP OF DTI PARAMETERS 

AND HISTOLOGY OF THE FORNIX 

Abstract 

While direct correlations between diffusion tensor parameters and histology have been 
performed in animal models, a direct comparison between DTI and histology has not 
been performed in humans. The previously identified diffusion abnormalities of the 
fornix in patients with temporal lobe epilepsy and unilateral mesial temporal sclerosis 
have been presumed to be associated with micro-structural changes of the tissue, such as 
reduced axonal packing or abnormalities of the myelin sheaths. Such diffusion abnormal
ities are not present in patients with temporal lobe epilepsy who lack evidence of mesial 
temporal sclerosis. This study provides a direct electron microscopy comparison of the 
micro-structural characteristics of the fimbria/fornix obtained from seven temporal lobe 
epilepsy patients who underwent temporal lobe surgery (four of which had evidence of 
mesial temporal sclerosis) and who had undergone a pre-surgical DTI scan. The presence 
of mesial temporal sclerosis is associated with an increased extra-cellular volume and re
duced axonal packing and density of the fornix, which could account for the previously 
demonstrated reductions of water diffusion anisotropy. 
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9.1 Introduction 

Diffusion tensor imaging (DTI) has shown to be a sensitive technique for the detec

tion of abnormalities of white matter in the acute and chronic settings. Based on 

animal models, it is generally accepted that the degree of diffusion anisotropy is 

caused by axonal membranes and homogeneous, ordered tissue architecture18-20 

and modulated by myelin20"24. The time course of axonal fragmentation and 

myelin degradation has been shown in a longitudinal study of patients under

going corpus callosotomy32 (Chapter 8), which showed an evolution of diffusion 

abnormalities similar to those reported in rodents21. In a post-mortem study of 

white human brains of patients who had multiple sclerosis, a direct relationship 

between myelin content and axonal density was found with diffusion anisotropy 

and mean diffusivity507. To this day, however, a direct correlation of diffusion 

parameters obtained in-vivo with ex-vivo quantitative microscopy has not been 

performed in any human subjects, either previously healthy or with any given 

neurological disorder. 

Based on the above mentioned studies, the previously demonstrated bilateral 

white matter diffusion abnormalities of the fornix in patients with temporal lobe 

epilepsy (TLE) (Chapters 5 and 7), which do not resolve upon seizure freedom 

(Chapter 6), are believed to be related to specific tissue alterations. Given the re

ported reduction of diffusion anisotropy and increase of perpendicular diffusivity, 

plausible candidates for their genesis include reduced axonal packing or myelin 

abnormalities. 

Although similar in clinical manifestations, TLE without mesial temporal scle

rosis (MTS) is generally considered as a distinct epilepsy syndrome from TLE 

with unilateral MTS472. Given the hippocampal neuronal death associated with 

MTS (Section 3.2.3), a certain degree of degeneration of the fimbria/fornix (the 

principal output of the hippocampus) is expected if this lesion is demonstrated. 

While much is known on the microscopic characteristics of the fimbria/fornix 

in the rat l 6 2 '5°8 , reports on the microscopic morphology of this structure in hu

mans are few and incomplete509'510. This study aims to perform a direct electron 

- 179 -



Chapter 9. Relationship of DTI parameters and histology of the fornix 9.2. Methods 

microscopic comparison of the micro-structural integrity of the surgically resected 

fimbria/fornix between patients with TLE with and without MTS. Additionally, 

an attempt is made to identify the microscopic correlates of the pre-operative dif

fusion tensor abnormalities of the fornix in patients with MTS. 

9.2 Methods 

Approval of the research protocol was obtained from our institutional Health Re

search Ethics Board and informed consent was obtained from all participants. 

Seven TLE patients were included in this study (Table 9.1). Four patients had 

clinical imaging evidence of unilateral MTS, which was also demonstrated using 

quantitative T2 mapping (Section 3.3.2). All but one of the patients with MTS were 

included in previous studies. The remaining patient (left MTS) had been previ

ously excluded based on the presence of additional extra-temporal pathology. The 

three patients with non-lesional TLE were included in the study reported in Chap

ter 7. As of time of writing, official pathology reports have been received for three 

patients. Patient 1, without imaging evidence of MTS, lacked histopathological 

changes concordant with hippocampal sclerosis. Patient 2 and 3, who had imag

ing evidence of MTS showed the corresponding signs of Ammon's horn sclerosis 

and extended neuronal loss and gliosis in the mesial temporal structures. 

Patient Diagnosis Age (y.) Gender Side Hippocampal T2 

nl-TLE 
TLE+MTS 
TLE+MTS 

nl-TLE 
TLE+MTS 
TLE+MTS 

nl-TLE 

36 

57 
34 
45 
36 
36 
57 

M 
F 
F 
F 
F 
F 
F 

Left 
Left 
Left 
Left 
Left 
Left 

Right 

109 

132 

127 

106 

149 
133 
114 

TABLE 9.1: Individual patient information. Side: Side of surgical resection. The 
quantitative T2 measurements are shown for the hippocampus ipsilateral to the 
surgical resection. 
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Imaging and tractography Cerebrospinal fluid suppressed diffusion tensor imag

ing and tractography of all subjects was performed pre-operatively in a fashion 

identical to the methodology presented in previous Chapters. Briefly, tractogra

phy of the crus of the fornix ipsilateral to the resection was performed with the 

fiber-assignment by continuous tracking algorithm55. The diffusion parameters 

of the voxels within the tract obtained were queried and averaged. Therefore, a 

single value per diffusion parameter was obtained in each patient. 

Electron microscopy A segment of the fimbria/fornix, of approximately 1-2 mm 

in length, was excised by the neurosurgeon (Dr. B. Matt Wheatley, Division of 

Neurosurgery, University of Alberta) with the aid of a surgical microscope (Fig

ure 9.1). The specimen was immediately rinsed in phosphate buffered saline (pH 

7.6) and then immersion-fixed using 4% paraformaldehyde in 0.1M phosphate 

buffer (pH 7.4). The specimen was then delivered to Dr. Daniel J. Livy (Divi

sion of Anatomy, University of Alberta) within less than one hour for subsequent 

processing for electron microscopy. The tissue was immersion-fixed overnight in 

3% paraformaldehyde, 1.5% glutaraldehyde and 0.02% CaCi2 in 0.1M cacodylate 

buffer (pH 7.2) and postfixed with 1% Os0 4 , 1.5% K3Fe(CN)6 and 0.02% CaCl2 

in 0.1M cacodylate buffer for four hours511. The tissue was stained en bloc in 2% 

uranyl acetate in 0.1M sodium acetate buffer, dehydrated through an ethanol se

ries to 100% and rinsed in propylene oxide. The tissue sections were infiltrated 

with a graded series of Epon (Em-bed 812, Electron Microscopy Sciences) begin

ning with a 1:2 mixture of Epon and propylene oxide and ending with pure Epon 

for 24 hours. The tissue was then embedded with fresh Epon and allowed to 

cure for 48 hours at 6o°C. Thick tissue sections (about 1 ^m were cut using glass 

knives on a Reichart-Jung Ultracut E ultramicrotome and stained using Richard

son's stain. Thin tissue sections (90 nm gold) were cut using a diamond knife 

in the same microtome. Sections obtained were mounted on 400 mesh copper 

grids and stained with aqueous uranyl acetate (saturated) for five min and with 

SatoSs lead citrate (aq) for 1 min. Thin sections were viewed and photographed 

at the approximate middle of the grid pore using a FEI Morgagni transmission 

- 181 -



Chapter 9. Relationship of DTI parameters and histology of the fornix 9.2. Methods 

electron microscope at a magnification of 3500X (Advanced Microscopy Facility, 

University of Alberta). Ten microphotographs were acquired using by randomly 

selecting grid pores while blinded to patient diagnosis. All the microphotographs 

were provided for further blind quantitative evaluation using a non-descriptive 

numerical code. Tissue quality was optimal for all patients, with the exception of 

Patient 7 (nl-TLE), which consisted of small specimens that made orientation for 

tissue processing difficult. Nonetheless, electron microscopy of such a sample was 

adequate for the purposes of this study. 

FIGURE 9.1: Surgical resection of the fimbria/fornix. A: Three-dimensional vi
sualization of the right fimbria/fornix with tractography, with the corresponding 
intraoperative photograph overlaid Insets show the spatial orientation and relative 
size of the structures. B,C: Intraoperative photographs of the hippocampus and 
fimbria/fornix viewed through the operative microscope. D: Fixed specimen of 
fimbria/fornix. This particular patient was not included in the quantitative analy
sis. 
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Quantitative microscopy While still blinded to name and diagnosis of each mi-

crophotograph, a total of nine fields were excluded from further analysis, as the 

section through the axons was oblique. Four of these images belonged to Patient 

3, four more corresponded to Patient 5 and one image to Patient 7. A stereol-

ogy counting frame was placed within the microscopic field at 234 nm from its 

edges. The number of axons was manually estimated using an unbiased counting 

approach (Figure 9.2). Additionally, the inner and outer diameter of the axons 

were measured. Inner diameter (d,-„) was defined as the distance between the 

axonal membranes, whereas outer diameter (dout) was defined as the distance be

tween the outer borders of the myelin sheaths of each axon. Myelin thickness was 

estimated as (djn — dout)/2. In the case where non-circular axonal profiles were 

seen, the diameter was measured based on the shorter axis of the axonal profile. 

Intracellular fraction was defined as the ratio of the sum of the areas (assum

ing circular axonal profiles) of all the axons present to the area of the counting 
n 

frame ( ( £ 7t(d,-„,/2)2)/MA while the extracellular fraction was determined as 
1=1 

n 
1 — ([yj Tt(doutj/2)2}/Af), where n is the number of axons within the counting 

1=1 
frame and Af is the area of the counting frame. Myelin area was calculated as the 

difference between the extracellular and intracellular fractions. 
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FIGURE 9.2: Rules for axonal number estimation. A counting frame was placed 
within the microscopic field, with each of its four lines lying 234 nm from the edge 
of the field. In this caricature example, 14 circular profiles are counted and shaded 
gray. Profiles lying completely outside the counting frame are not counted, neither 
those that, albeit being within the counting frame, touch either one of the thick 
red lines. Elements touching the dotted green lines are counted only if their entire 
profile can be seen in the field. 
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9.3 Results 

The qualitative blinded assessment of the microphotographs revealed striking 

morphological differences of the fimbria/fornix of patients with TLE with MTS 

as compared with those without MTS (Figure 9.3). It is particularly evident that 

patients with MTS exhibit a larger fraction of extra-cellular space, with axons that 

are loosely packed. There is no visually striking difference in the myelin sheaths of 

the axons. It is surprising that both groups showed an almost complete absence of 

non-myelinated axons given that, at least in rodents, there is a considerable num

ber of non-myelinated axons162,508. The tissue processing could be responsible for 

the lack of visualization of these structures. 

Quantitative blinded analysis of the microphotographs revealed that the num

ber of axons per field, and thus axonal density, was lower in those patients with 

TLE and MTS (Figure 9.4A). Patient 7 showed low axonal density, but this was 

perhaps due to having axons which were very large in diameter, occupying most 

of the area in the field. Indeed, it was the extra-cellular fraction that appeared to 

better differentiate the two groups, with those patients with MTS having a very 

high extra-cellular fraction (Figure 94B), which corresponds with what was ap

preciated qualitatively (Figure 9.3). Myelin thickness showed greater variability 

in patients with MTS, but overall it does not appear to be different between the 

two TLE groups (Figure 9.4B). Inner and outer axonal diameters appeared similar 

within the two groups. 

Although the sample included in this study is very small, the amount of extra

cellular space (i.e. extra-cellular fraction) appears to be inversely related to the 

degree of pre-operative diffusion anisotropy of the fornix, where diffusivity per

pendicular to the tracts (i.e. Aj_) is increased as the extra-cellular space is expanded 

FIGURE 9.3: (Page 184) Electron microscopy of the fimbria in TLE patients with 
and without MTS. Representative electron micrographs of the fimbria/fornix of 
six TLE patients are shown. Patients with mesial temporal sclerosis (i.e. Patients 3, 
4, 6 and 7) show less densely-packed axons as compared with patients with non-
lesional TLE. Contrast and brightness have been modified for Patients 1 and 2 to 
allow for better visualization of the axons. 
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FIGURE 9.4: Individual quantitative microscopy of the fimbria/fornix. The param
eters obtained from each microphotograph (n = 61) are presented (6-10 fields per 
patient). Inner diameter and myelin thickness are expressed as the mean value 
per field. Patients with TLE and unilateral MTS (TLE+uMTS) show a lower num
ber of axons than most patients without MTS (A), which translates into a higher 
axonal density for the nl-TLE patients. The inner diameter of the axons does not 
seem to be different between the two groups, although only one patient in the 
non lesional TLE group (Patient 7, nl-TLE) shows axons with large diameters (A). 
Myelin thickness does not appear to be different between the two groups (B). There 
is a relationship between the presence of MTS and extra-cellular fraction, with its 
presence being associated with a larger extra-cellular space (B). 

(Figure 9.5). The extra-cellular space appears to also increase overall diffusivity, 

but not diffusivity parallel to the tracts. As described above and shown in Figure 

9.4, the extra-cellular fraction serves as a good parameter to differentiate the two 

TLE groups. It is not surprising, then, that extra-cellular fraction and hippocam-

pal T2 (abnormal by definition in MTS patients) show a tight positive correlation 

(Figure 9.5E). Diffusion anisotropy did not appear to be related to axonal diameter 

inner or outer diameters (Figure 9.6). The overall myelin area per field and myelin 

thickness seem to have a somewhat weak correlation with diffusion parameters, 

with higher myelin thickness or area corresponding to higher FA and lower Ax 

(Figure 9.7). Lastly, the axonal density appears to have a weak relationship with 

the degree of diffusion anisotropy (Figure 9.8). 
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FIGURE 9.5: Microscopic mechanisms of diffusion anisotropy in the fornix in 
vivo with extra-cellular fraction in the fimbria/fornix post-resection. The mean 
values of all the fields analyzed per subject are shown relative to the patient's 
pre-operative diffusion parameters derived from the fornix. Patients with TLE 
and unilateral MTS, with a larger extra-cellular fraction tend to have lower diffu
sion anisotropy (A), given mostly by an increased perpendicular diffusivity (D), 
as compared with patients with non-lesional TLE. Extra-cellular fraction of the 
fornix is closely related to hippocampal T2, the imaging hallmark of MTS (E). Nor
mal diffusion parameters derived from 25 control subjects are: FA== 0.54 ± 0.02; 
MD= 0.90 ± 0.03, Ai| = 1.53 ± 0.05, and Aa = 0.59 ± 0.03 x i o " 3 m m 2 / s (Chapter 

7)-
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FIGURE 9.6: Microscopic mechanisms of diffusion anisotropy: Axonal diameter. 
Diffusion anisotropy of the fornix does not appear to be related to quantitative 
microscopy measures such as inner and outer diameter. 
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FIGURE 9.7: Microscopic mechanisms of diffusion anisotropy: Myelin. Myelin 
thickness and the total myelin area per field seem to be related with diffusion 
anisotropy (A and D) and perpendicular diffusivity (C and F), but not with parallel 
diffusivity (B and E). 
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FIGURE 9.8: Microscopic mechanisms of diffusion anisotropy: Axonal density. 
There is a weak relationship between the number of axons per field (i.e. axonal 
density) and the degree of anisotropy, with a low axonal count translating into 
reduced diffusion anisotropy (A) and increased perpendicular diffusivity (C), but 
not affecting parallel diffusivity (B). 
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9.4 Discussion 

The highly organized tissue architecture of white matter, where axonal mem

branes and myelin sheaths are coherently arranged, is thought to be responsible 

for the water diffusion anisotropy measurable with NMR of this tissue27. Al

though myelin sheaths modulate the degree of anisotropy21'23,24'512, they are not 

a pre-requisite for the presence of anisotropy, suggesting that intact axonal mem

branes are largely responsible for the observed phenomenon18. 

In humans, the biological correlates of DTI-derived parameters and histologi

cal characteristics of white matter have only been assessed indirectly after known 

lesions. White matter tracts affected by stroke or any other injury degenerate lo

cally, but also distally to the precipitating injury. This has been demonstrated with 

DTI of humans following stroke445'446'495'498, temporal lobectomy494 and congeni

tal hemiparesis493. The longitudinal changes of quantitative parameters assessed 

before and after corpus callosotomy for epilepsy treatment showed a time course 

that closely matched the expected changes due to axonal damage and myelin 

degradation (inferred from animal models and known histopathology of Walle-

rian degeneration) (Chapter 8). However, due to the difficulty of obtaining fresh 

white matter tissue samples in humans, the direct correlation of quantitative in 

vivo diffusion parameters and tissue characteristics is a difficult task. There are 

currently no reports in the literature showing such correlations in humans. 

As shown in previous Chapters, patients with TLE and unilateral MTS show 

bilateral diffusion abnormalities of the fornix (and other white matter bundles) 

that are not seen in patients who, despite having TLE, do not have evidence of 

MTS. This study provides an excellent opportunity to directly examine the tissue 

characteristics of the fimbria/fornix that account for such abnormalities observed 

with DTI. However, as of the time of this writing, the sample size is relatively 

small and any conclusions must be given careful consideration. 

Based on qualitative and quantitative assessment of the microscopic structure 

of the fimbria/fornix, it is evident that patients with MTS have larger extra-cellular 

space and loosely packed axons. This is consistent with "dying back" of axons 

- 189 -



Chapter 9. Relationship of DTI parameters and histology of the fornix 9.4. Discussion 

originating in the hippocampus following neuronal death of the cornu Ammonis. 

However, while there are some efferent fibers interconnecting CAi and the septal 

region, the majority of the hippocampal efferents originate in the subiculum167 

(Figure 3.6(a)), which is relatively spared in MTS141,45°. Hence, while some of 

the microscopic abnormalities of the fornix in MTS patients can potentially be 

attributed to Wallerian degeneration, it is still unclear if this is the only causal fac

tor. The asymmetrical degeneration of the fornix following temporal lobectomy 

has been demonstrated in a TLE patient who died one year following temporal 

lobe resection510. However, it is not possible to know what the microscopic char

acteristics of the fornix of such a patient were before surgery. 

The pre-operative quantitative diffusion parameters of the fornix hint at a cor

relation between the degree of diffusion anisotropy and the extra-cellular fraction 

and axonal density. These findings are in line with a similar study performed 

ex-vivo in normal rat cervical spinal cord513, who also found a strong correlation 

between diffusion anisotropy and extra-cellular fraction. In that study, however, 

myelin thickness was not found to be correlated with diffusion anisotropy, but the 

myelin volume fraction was. In a post-mortem study of brains of patients who had 

multiple sclerosis, diffusion anisotropy and mean diffusivity demonstrated signif

icant correlations with myelin content and axonal count. The data shown in Figure 

9.7 shows a slight correspondence between diffusion anisotropy and myelin thick

ness and area, although there is not enough data to derive a definitive conclusion. 

Contrary to what we expected (but similar to513), axonal thickness does not 

appear to influence diffusion anisotropy. However, as can be seen in Figures 9.4 

and 9.6, the inner diameter of the axons in the fornix is very small (0.5-1 pim) in 

both TLE groups and, therefore, correlations with DTI parameters are difficult for 

this micro-structural parameter. 

The lack of a control group in this electron microscopic study is unfortunate 

but unavoidable, and thus it is impossible to know how the micro-structural char

acteristics of the fornix in the two TLE groups compare to the normal population. 

That is, tissue abnormalities present in both patient groups cannot be evaluated in 

the absence of a formal definition of what is normal. Procuring specimens from 
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normal individual is, for obvious reasons, ethically impossible. An attempt was 

made to evaluate tissue integrity of the fornix obtained from a cadaver. However, 

the integrity of the specimen is greatly compromised if not fixed appropriately 

in a very short time, a feat not possible in this situation. Without proper and 

rapid fixation, myelin and macro-molecules break down promptly, defeating the 

purpose of the control specimen. It is possible that in the near future, specimens 

of the fimbria/fornix will be collected from patients undergoing temporal lobe 

resections due to reasons other than TLE (e.g. tumors not infiltrating the fimbria, 

vascular malformations, or others). This will provide an excellent opportunity to 

evaluate the normality of the fornix of patients with non-lesional TLE. 

Finally, as neither DTI nor microscopy can differentiate hippocampal afferents 

from efferents, it is impossible to pin-point the precise pathway(s) affected by 

MTS. In a similar fashion, this study does not resolve the issue of the white matter 

diffusion abnormalities identified in the fornix contralateral to MTS. It does, how

ever, partly suggest that the contralateral abnormalities could be caused by sim

ilar micro-architectural changes. As the percentage of forniceal fibers that cross 

the midline to reach the contralateral hippocampus is relatively small171, it is not 

likely that the DTI abnormalities detected on the fornix contralateral to MTS are 

merely a reflection of Wallerian degeneration of commissural fibers. 

The collection of specimens of the fimbria /fornix will continue for several 

months more, therefore increasing the sample size and allowing more meaningful 

and accurate correlations and conclusions to be made. 
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C H A P T E R 10 

C O N C L U S I O N 

Imaging methods have revolutionized the standard approach to medically in

tractable epilepsy, providing better insight into the source of various epilepsy 

syndromes. The great sensitivity and high spatial resolution these imaging meth

ods provide has led to great advancements in the field of epilepsy surgery and 

increased the chances of being seizure free for a great number of patients with 

medically intractable epilepsy Imaging is not, however, limited to the detection of 

epileptogenic lesions, but can also provide invaluable information on the patho

genesis and pathophysiology of this neurologic disorder. 

Given that epilepsy is a grey matter disorder, the study of the white matter was 

largely ignored for a very long time. With the growing recognition that epilepsy 

can be better explained as a network disorder, the study of white matter became 

absolutely relevant. While white matter used to be considered merely as a passive 

means for the propagation of seizure activity, there is now considerable interest 

in its direct repercussions in the mechanisms of epilepsy. The advent of diffu

sion tensor imaging and tractography allowed the assessment of the macroscopic 

brain connectivity in clinically feasible times and, most notably, non-invasively. 

Furthermore, the relatively straightforward interpretation of the water diffusion 

tensor permits the inference of the integrity of white matter. 

The unexpected initial finding of bilateral white matter abnormalities in pa

tients with unilateral temporal lobe epilepsy and mesial temporal sclerosis led to 

intriguing questions regarding their nature and their involvement in the genesis 
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and evolution of temporal lobe epilepsy. The work presented herein, and the work 

by others, demonstrated that abnormalities that extend beyond the hippocampus 

do not modify surgical outcome if there is a single seizure generator—a common 

occurrence in patients with unilateral mesial temporal sclerosis. The fact that these 

abnormalities do not resolve upon seizure freedom strongly suggests that they are 

structural in nature, minimizing the possibility of them being directly related to 

water shifts due to ongoing seizures. 

There are several white matter bundles in the brain (such as the corpus cal-

losum and the external capsules) that appear to be affected not only in lesional 

temporal lobe epilepsy, but also in other epilepsy syndromes. The limbic white 

matter, however, appears to be preferentially affected in patients who have mesial 

temporal sclerosis. The pattern of diffusion abnormalities in the limbic white 

matter suggests alterations of the myelin sheaths, axonal membranes and axonal 

packing. Indeed, these abnormalities are quite similar to those seen in the chronic 

stages of Wallerian degeneration, as was shown in the corpus callosum after its 

surgical bisection. While it is certainly possible that the abnormalities of the lim

bic white matter are related to the known neuronal death that occurs in the mesial 

temporal structures and subsequent Wallerian degeneration, this hypothesis does 

not explain their bilateral presentation in patients in whom neuronal death is as

sumed to be unilateral. 

The direct microscopic evaluation of fimbria/fornix in patients who under

went temporal lobe epilepsy surgery showed that, as was correctly assumed, the 

altered diffusion parameters are related to differences in axonal characteristics, 

particularly their size and packing. Notably, these differences, as well as water 

diffusion patterns, are different in patients with temporal lobe epilepsy with and 

without mesial temporal sclerosis. While these preliminary results cannot rule 

out the occurrence of down-stream axonal degeneration due to the sclerotic le

sion, it provides an important link between diffusion parameters and microstruc-

tural details of the tissue. As the pattern of diffusion abnormalities of the fornix 

(namely, an increase in diffusivity perpendicular to the axons) is similar in both 

hemispheres, it is not unlikely that this white matter structure also shows sim-
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ilar tissue changes in the hemisphere contralateral to hippocampal sclerosis. If 

this is the case, however, their relationship to Wallerian degeneration becomes 

less probable. An alternative explanation for these bilateral changes is the pres

ence of abnormalities in the hippocampal afferents, which have been shown to be 

involved in the generation of temporal lobe seizures in animal models. 

Diffusion tensor imaging and tractography are tools that have rapidly become 

adopted and utilized world-wide. Their application will certainly expand our 

knowledge on the active participation of white matter in epilepsy syndromes. The 

methodology and the results presented herein will hopefully provide grounds for 

future studies that will aid in the diagnosis and prognosis of epilepsy and perhaps 

in the identification of predisposing factors for its development. 
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LIMITATIONS AND FUTURE 

DIRECTIONS 

Virtually every experimental design has some form of design or technical limita

tion and important underlying assumptions. Certainly, the work presented in this 

dissertation is no different. 

While being extremely powerful and sensitive, and having a direct biologi

cal interpretation, the diffusion tensor model suffers from several limitations that 

were highlighted in section 2.5.1. In particular, the inability of the diffusion ten

sor to differentiate crossing fibers did not allow us to study the anterior thalamic 

radiation, which must cross the commissural fibers of the corpus callosum. As tha

lamic abnormalities have been reported in patients with temporal lobe epilepsy, 

the study of these connections would have been valuable. In a similar sense, the 

resolution attained with the scanner utilized in a clinically-acceptable time frame 

(2x2x2 mm3 voxel size) did not permit the analysis of the mammillo-thalamic 

tract, another important structure in the limbic system. Other imaging acquisition 

schemes that permit higher spatial and angular resolution and minimize artifacts 

(such as PROPELLER-EPI and HARDI) could potentially aid in the depiction of 

small white matter structures. It is theoretically possible to increase the signal 

to noise ratio by utilizing higher static magnetic fields, which permit the acqui

sition of images with higher spatial resolution. However, at high magnetic fields 

(e.g. 4.7 T) tissue magnetic susceptibility differences are more prominent, as well 
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as field inhomogeneities, which greatly increase geometric distortions and reduce 

the T2* constant of brain tissue, thus reducing the amount of signal obtained. 

Having found white matter abnormalities in several white matter structures 

of patients with temporal lobe epilepsy, it will be very important to analyze other 

fascicles in the brain, such as the uncinate fasciculus (interconnecting the temporal 

and frontal lobes) or the supra-callosal portion of the cingulum bundle. While the 

results presented herein show that the white matter abnormalities are not global 

(e.g. we did not find abnormalities in the internal capsule), it is necessary to pro

vide a fuller picture of the state of white matter throughout the brain. It is possible 

to perform these studies using the methodology presented here, and also utiliz

ing other approaches such as automated tractography, tract-based spatial statistics 

and voxel-based statistical methods. The use of CSF-suppression, however, limits 

the anatomical coverage possible within a certain time. Full brain coverage can 

be accomplished within acceptable time frames when CSF-suppression is not uti

lized. The diffusion parameters of white matter structures that are distant from 

CSF spaces can be reliably obtained from standard, full-brain DTI. Also important 

would be the correlation between white and gray matter diffusion parameters, in 

particular with those of the hippocampus, which was not analyzed. 

The DTI imaging protocol yielded images with adequate signal-to-noise ra

tio and overall quality. However, the images can be considerably improved by 

utilizing parallel imaging acquisition schemes, which minimize geometric distor

tions due to the fast traversing of k-space and increased signal due to the shorter 

effective echo time. 

Despite having reached statistical significance, the sample sizes in the experi

ments presented are relatively small and the results need to be validated by other 

groups with larger sample sizes. 

The microscopic evaluation of the fimbria/fornix presented in Chapter 9 re

quires a larger sample in order to provide more definitive answers. Furthermore, it 

unfortunately lacks the evaluation of control tissue and the only comparison possi

ble is between patients with and without temporal lobe epilepsy. This comparison 

does not allow us to discern a difference between either group with healthy indi-

- 197 -



Chapter n . Limitations and future directions 

viduals. It is however very difficult to procure an adequate fimbria specimen from 

healthy individuals, given the quick break-down of the structures if they are not 

appropriately fixed within a short time frame after death. For this reason, cadav

eric samples are unusable. Given the impossibility of procuring tissue samples 

from healthy individuals, the next best scenario is to perform a comparison with 

fimbria samples that are assumed to be free of abnormalities, resected for reasons 

other than epilepsy (e.g. after temporal lobectomies due to tumors distant enough 

from the fimbria). 

Several questions remain unanswered regarding white matter abnormalities. 

In particular, their time of apparition with respect with onset of epilepsy. Are they 

a cause or a consequence of epilepsy? While the correlations between diffusion 

parameters and disease duration presented in Chapter 7 suggest that they could, 

at least partially, be attributed to the epileptic disorder, prospective studies are 

needed to answer this specific and very important question. The study of children 

with short duration of TLE with the methodology outlined herein could shed 

some light into the temporal evolution of the diffusion abnormalities of the white 

matter. Also relevant is the relationship between white matter abnormalities and 

the occurrence of febrile seizures. A large study to evaluate this question has 

already been started. 

The limbic system is directly related to memory and cognition. It will be 

very interesting to search for correlations between the presented white matter 

abnormalities and neuro-psychological evaluations. Of considerable importance 

would be their prognostic value for the development of memory or cognition 

problems. 

Lastly, as was mentioned in the Introduction, the term "epilepsy" encompasses 

various syndromes with very diverse characteristics. It is still necessary to study 

the white matter in other forms of (non-temporal lobe) epilepsy of both focal and 

generalized onset. 

• * * 
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Part IV 

Appendices 



APPENDIX A 

ESTIMATION OF DIFFUSION 

PARAMETERS FROM TRACTOGRAPHY 

Saving the tracts in DTIstudio 2.3-2.5 

Save your tracts as two different file formats, one that is native to the software 

and a separate one, readable by amira and Matlab. The amira format (.ami) is a 

simple ASCII file that can be imported with relative ease to other applications. 

Click on the disk image next to the fiber tracking button, 

then save as the default option (save selected fibers) . Make "»""•* « * 

sure you specify a filename with the . dat appended at the end. 

The program will not do it for you. Click on the disk image 

button again, and this time select save selected f ibers in 1 

Amira's format. Again, specify the extension, this time use 

.ami. I recommend using the same filename for both formats, 

just to avoid confusion. If your scans were inverted (i.e. you 

had to load them in DTIstudio in changing the slice numbering from inf-sup to 

sup-inf, make a note of it somewhere, as it will be required in Matlab). 
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Setting the boundaries for restricted analyses 

Sometimes it is useful to define a sub-volume within which diffusion parame

ters will be calculated. For example, if you are interested in the portion of the 

cingulum directly above the corpus callosum, but not those fibers going into the 

temporal lobes. For this, imagine the sub-volume as defined by 6 different planes: 

two axial, two coronal, and two sagittal. Not all must be used simultaneously and, 

if not needed, the entire extent in that dimension will be considered. 

axstop 
A 

axstart 

In the example above, only the voxels with a tract within them (not shown) 

that are between the two green coronal lines AND between the two blue axial 

lines will be further analyzed. To know these boundaries, we will write down the 

number of the slices as they appear in the image tab of DTIstudio. In the next step, 

in Matlab, we will use the terms axs tar t , axstop, cors ta r t , corstop, sags ta r t 

and sagstop to refer to these boundaries. 

Please keep in mind that the slice numbering is as follows: 

axial inferior to superior 

coronal anterior to posterior 

sagittal left to right 

If your images do not follow that convention (e.g. they are flipped up-side-

down), then correct it at load-time in DTIstudio by changing the appropriate pa

rameters. 
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Saving diffusion maps in DTIstudio 

You must save your diffusion maps in order to analyze them in Matlab. We will 

save FA, eigenvalues 0-2 (Aj_3) and the non-diffusion weighted images. There is 

no need to save the ADC maps, as they will be calculated from the eigenvalues. 

Select whichever map you want to save (e.g. the FA map) from the image drop

down menu in the image tab. 

Now right click on the axial image, and select save t h i s 

image a s . . . 

A dialog appears, make sure raw data is selected as the image 

file format, and that you are saving the entire 3D volume. 

mmsw 
Amoifopy -
Amoiropy 
Aneotiopy 
AmoJtopy • 
Arssohopy 

•:mmm -RA 
VR 
20 FAI1-2J 
2D FAJ1-3) 
2DJAI2-3) 

Temot- h&cG 
latest Imte 
Ptanar !nde 

<-CI 
< - C p v 

e F3e Fotfflat 

Raw Data 

Go back to the drop-down menu and repeat these steps to 

save the eigenvalue-o, eigenvalue-i and eigenvalue-2, as well 

as the b — 0 image (non-diffusion weighted). For all of these 

image volumes, use a sensitive file name with a . dat appended at the end (e.g. 

Subjectl-FA.dat). 
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As we are saving in raw data format, we will need to know the dimensions of 

our images. They are all the same, regardless of the image type, so we need to do 

it only once. Right click on the axial image of any diffusion map or raw images 

and select information on t h i s image. 

Otiginal Image Paiametet 

Image Width: 25G 

Image Heigtii: 2S8 

Image Sices: 52 

FOV-Wrth: 256.00 

FOV-Haflht 256.00 

Sfoe Thickness: 2.00 

PwlS»-Wk«r. 1.00 
Pmel SIM • Hem 1.00 

Axial 

Sequencing: Infeiiof-Supefior 

Data Fsamat: Woid 

Swap Bytes: Ho 

Image OIKet: 0 

Dbplay Image Parameter 

Image Width: 256 
Image Height; 256 
Image Slices: 52 

FOV-WMh: 256,00 

FOV • Height: 256,00 

Sice Thickness: 2,00 

F«ei See-Width: 1.00 

Piael Sue • Height 1,00 

0!$pf*>< Made: Normal 

Write down the image width, height and number of slices, as well as the width 

and height of the pixel, and the slice thickness. 

We now have everything we need to analyze the tract in Matlab. 

B 

Using quanTract to extract diffusion parameters 

The idea behind quanTract is to use the tracts as a seg

mentation tool. Of course you can obtain diffusion 

values from DTIstudio from the entire tract, and even 

slice-by-slice (see statistics in the fiber tab), but in my 

opinion these have a fundamental error: they are tract-

based, not image-based. That is, the diffusion param

eter is counted for each point in every tract. However, 

the majority of the times each voxel contains several 

tracts going through it. It is therefore not correct to 

consider its diffusion parameters time and time again, for each tract penetrating 

it, as our results will be biased. As these multiple-tract-containing voxels typically 
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have a high anisotropy, one can expect the mean FA of the tract to be overesti

mated. 

Therefore, I believe the correct approach is to use the tracts to create a binary 

mask (i.e. the voxels either have at least one tract running through them, or 

they do not). The mean diffusion parameters is then taken from those voxels, 

considering the boundaries (axstart, axstop, etc). Start a matlab session and type 

quanTractv2. The following figure, plus a blank image viewer, appear. 

^^^^^^^^^^ 
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' " " 1 U 

*> iW -r 

\lavir ftHtWi* r* 

| Calculate! 

[ ] • , » * • ^ngte ski° 

w<i rat tf 

FA N/A 
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This is a very simple graphical user interface to let Matlab know what it will 

do. The first section, Volume dimensions needs your input to know what size the 

images are. This is what you wrote from what DTIstudio said in information on 

t h i s image. X, Y and Z refer to the voxel's dimensions. 

Click on Load diffusion maps and select the necessary diffusion maps you 

want to analyze. It is always necessary to input the FA volume, but the rest are 

optional. If you do not have, or do not wish to load a specific map (e.g. the 
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b = 0 images), simply press the Esc key when the dialog appears. If Matlab 

returns an error, it is likely because the image dimensions do not match what you 

are trying to load. Click on Load t r a c t and select the . ami file you wish to use 

for segmentation. If the images that you used to obtain the tracts were inverted 

in the Z dimensions (inf-sup), make sure that you tick Inverted. Now set your 

constraints using the axs tar t , axstop, etc. boundaries you need. If you do not 

wish to consider a dimension for restriction (e.g. coronal), enter 0 for start, and 

the size of that dimension as stop. 

^<*top ^ ' ssgstop ;«•,* 

i ~^a rmtfxmh j FMtjie*hr>H y j | Reset constraints j 

In the example, we have set boundaries only for the coronal dimension, axs ta r t 

and sags ta r t were set to zero, axstop was set to the number of slices available in 

this data set, and sagstop was set to the matrix dimensions in left-right. 

For left/right separation of a tract Find the midline slice in DTIstudio, note that 

number (referred as midline here). For left side, use axstar t=0 and axstop=midline, 

and for right side, use axst a r t =midline and axstop=255 (or however big your ma

trix is). 

You can also select an FA threshold, and I recommend that you do. When 

fiber-tracking, DTIstudio will still stop propagating the lines if they reach a voxel 

with an FA value lower than some user-defined threshold. However, it will still 

append the last point, where it decided to stop propagating lines. That means that 

that point was below threshold, and we probably don't want to analyze it. To do 

this, just enter the same tracking FA stop threshold you used in DTIstudio. If you 

wish to include those voxels, set it to zero. We now have everything we need to 

analyze this tract. Click on the big Calculate! button, and the results appear. 

Obtaining results The default visualization is to have a mosaic of the FA maps 

in black and white, very dimly, with bright overlays of the tract analyzed. In bright 
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red are those voxels that were indeed considered for analysis, while in bright gray 

are those that, although they were defined by tractography, were excluded by our 

constraints (in this case, co rs ta r t and corstop). You can use the zoom tools on 

individual slices, to make sure you selected your boundaries appropriately. If you 

tick view single s l i c e next to the Calculate! button, you will see only one 

slice, but you can scroll through each slice by clicking on the button next to the 

ROI button in the image viewer. A little window will appear and you can move 

the slice up and down. 

Back in quanTract, below the Calculate! button, the mean results appear. 

This is the mean values of all those voxels in red. If you did not load a map, 

you will see a NaN (not a number). ADC, Ai_3 and Perpendicular [diffusivity] are 

expressed in mm 2 / s . Voxels is the number of voxels analyzed —if you want the 

volume, multiply this number by your voxel's volume. The T2 signal is obtained 

from the non-diffusion weighted images. 

Sometimes it is just easier to copy/paste those results. For this, there is a vari

able in Matlab's workspace called meanResults. It is a 1 x 8 vector, organized as 

follows: [FA ADC lambdal lambda2 lambda3 Perpendicular b=0 voxels]. Dou

ble click that variable and you can copy/paste its contents to Excel, or whatever 

you need to do. As a matter of fact, every time you click Calculate!, the con

tents of this variable are automatically copied to your clipboard. Filling in your 

spreadsheet is a snap! 

Other variables present in the workspace are there for double-checking. 
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Mean results 

FA 0.57 

T2 signal 196 

ADC 8,85e-G04 

lambda 1 1,535e-003 

lambda 2 6.99e-004 

lambda 3 4.22e-004 

Perpendicular 5.80e-004 

Save Results 

ImFnames is a structure with the filenames of the diffusion parameter volumes 

loaded for calculation. 

Im Parameters holds the information regarding the size of those volumes, and 

whether or not they were inverted. 

TractParameters has the filename of the tract used for calculation, as well as the 

constraints imposed upon analysis. 

TractResults has all the values extracted from the tract. It is also a structure, and 

within it it has the variable a l lResul t s , which is all the parameters extracted 

from the tract regardless of the constraints (i.e. gray and red voxels), while 

the variable results has those values considering the constraints (i.e. only 

red voxels). 

If you want to save all this information for future reference, just click on the 

Save r e s u l t s button in quanTract. The filename will be automatically suggested, 

and it will be based on the tract's filename. If you load that, only one structure is 

displayed in the workspace, but it contains all the above mentioned variables. 
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Displaying colored tracts This is a handy feature to visually analyze tracts. This 

feature attempts to copy what Amira ® and ExploreDTI do very nicely, but with

out having to exit quanTractv2. First, you must select what type of data you want 

to display from the drop-down menu. Only the maps that you loaded will work, 

but the ones you didn't load will also be listed. The text box Show every n l ine 

allows for a faster visualization, as less lines will be visualized. If you want to 

clip the color scale, you can do so at the Colormap l imi t s box. The syntax is a 

vector as [minValue maxValue]. If you leave this blank, the program will use the 

minimum and maximum available from the data. Matlab's console will show you 

what it did. Click Show! to initialize the visualization. If you want to change the 

.* , , /» i... -. o«l,,g^S'!« , ' 

data that is displayed, select it from the drop-down menu then click Show! again. 

You can hide/show the axis and the color table from quanTractv2. 

There are two buggy but very useful options in the display of colored tracts: 

Hide Vertices and Hold plot. If you used some constraints such as axs tar t 

for the analysis of the tract, you can hide the line segments that are outside the 

boundaries of your constraints using Hide Vertices. Like I said, this feature 

is buggy and will sometimes appear to not respond. If this happens, close the 

visualization window (not quanTract) and click on Show! again. 

Sometimes you will want to show more than one tract at a time, for example 

the fornix from each hemisphere. To do this, show the first one, then check the box 

Hold plot , load another tract (with button load t rac t ) , obtain its mean values 
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N o t hiding vertices Hiding vertices 

sagstart = 1 1 0 

with the Calculate! button, then click on Show! again. Both tracts will appear on 

the visualization window. 

Spatial profile There are two ways to get the spatial distribution of DTI parame

ters from a tract. One is a slice-by-slice method, which is very rustic but intuitive, 

and the other is using the tracts as a path along which we sample the diffusion 

parameters (at every line vertex, similar the interpolated resolution of the data a). 

Slice profile Load your tracts as usual, calculate their mean parameters then 

select the type of spatial profile from the drop-down menu and the variable you 

want to plot (i.e. FA, ADC, etc.. .). Click on Show prof i le to display the profile. 

If you check Interpolated you will get a version of the same profile that 

ranges from position o to i, which are the minimum and maximum coordinates 

of the tract in the specified dimension (sagittal, etc...). This could be useful to 

compare several subjects, where differences in head size could be a problem. 

aThe FACT algorithm places a line vertex every time it meets a voxel boundary (Figure 2.15) 
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-Spatial profile-

jPerpenclicu,. 

D Interpolated 

Distance plots This will display a plot of DTI parameters along the length of 

a tract (see Figure 8.7). This is a very finicky function, so we must do things in 

order. First we need to define what the reference point is. In this example I will 

be working on the tapetum of the corpus callosum. For this particular subject, the 

midline is at sagittal slice 128. 

1 Load your maps and tracts as usual. Click on Calculate! 

2 Check the box Distance Profi le . 

3 Select the type of spatial profile that you want from the drop-down menu. 

4 Do not select what type of data you want to analyze yet. 

5 Click on the Compute prof i l e button. 

6 Now you can select what variable you want to plot from the drop-down 

menu (i.e. FA, ADC, etc...) 
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As you can see, this plot looks similar to the previous one, only cleaner. Measuring 

along the length of a tract makes a lot of sense if the tract is curved, such as the 

corpus callosum. 
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So, why all this business going from DTIstudio to Matlab? I feel comfortable 

using Matlab. Once I get the tracts and maps in there, I can do any form of 

analysis I want, and I'm not restricted to any particular software. I'm sure that by 

the time some one reads these instructions, some software will do exactly what 

I described here, only better, faster and cleaner. That's OK. In the meantime, I 

learned how to program, understood the dirty little details of tractography and 

had control over every single step of data analysis. Time well spent. Good luck! 
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APPENDIX B 

HOW TO REGISTER 3 D - M P R A G E 

VOLUMES TO DTI DATA SETS 

These instructions explain the procedure to morph high-resolution 3D-MPRAGE 

volumes to make them look like DTI data sets. Therefore, resolution and, most of 

the times, slice coverage are reduced. Doing this has the advantage that the nice 

contrast available in the heavily Ti-weighted MPRAGE volume can facilitate the 

drawing of ROIs or the identification of particular brain structures that are not 

easily discernable on DTI images and maps. The procedure performs an affine 

transformation of the MPRAGE volume (12 degrees of freedom) to match the DTI 

volume (in particular, the b = 0 s /mm2 image. Registration is never perfect, which 

is evident on the frontal lobes, where geometric distortions on the DTI data set 

are larger. 

There are two ways of doing this procedure. The first one (the hard way) is 

how I did it for the past four years, using SPM's a functions. In the past months 

the new version of DTIstudio (version 2.5) was released, which includes the AIR b 

registration routines built into the software, making all this a lot easier. 

ahttp://www.fil. ion.ucl.ac.uk/spm/ 
bhttp://bishopw.loni.ucla.edu/AIR5/index.html 
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The [hard] SPM way 

1 O p e n DTIstudio, go to F i l e , DTI mapping (Ctrl+D), and select Siemens, GE 

or P h i l i p s DICOM. 

2 Select the correct slice orientation and sequencing. Make sure all slices are 

going to be loaded, that the b value is correct (b = 1000 in our case) and 

that the gradient table is correct. We're going to load the DTI volume first, 

so make sure the folder (fold) wi th the images is the only pa th on the list. 

Also, make sure that there are no other files but the IMAs in said folder (the 

only other file that could be there is called f i l e p a t h ) . Here is the gradient 

table in DTIstudio-syntax for the sequence utilized throughout this thesis: 

0 .000 , 0 .000 , 0.000 

1.000, 0 .000 , 1.000 

- 1 . 0 0 0 , 0 .000 , 1.000 

0 .000 , 1.000, 1.000 

0 .000 , 1.000, -1 .000 

1.000, 1.000, 0.000 

- 1 . 0 0 0 , 1.000, 0.000 

3 Click OK and after a minute DTIstudio will show its four-panel view of the 

volume. Make sure that the image orientation is correct, and that each panel 

shows the right orientation (top right should be axial, bo t tom row is sagittal 

and coronal, from left to right) 

4 We are going to save the non-diffusion weighted image in Analyze format. 

Right-click on the AXIAL view of the volume (the slice number does not 

matter, bu t make sure it's the axial you ' re clicking). Select save t h i s image 

a s . . . . N o w select the Analyze file format and the whole 3D volume option. 

Click OK. 
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5 Save the file where you can find it with some good file name. There's no 

need to specify the extension. DTIstudio will create two files, one with an 

. img and another with . hdr extensions. 

6 Now we will load the MPRAGE. In DTIstudio, go to Fi le , MRI view 3D 

(CTRL+M). Navigate to the folder with the MPRAGE *. IMA files and double 

click on the first file. A new dialog box appears, we only need to select the 

correct orientation of the images (coronal in our case) and the slice sequenc

ing. Just make sure that image file format is set to Siemens, GE or Phi l ips 

DICOM and click OK. 

» d^-i U:dw (nws-intd **A ilMal 
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7 Again, make sure that the panels show the appropriate image orientation. 

Right click on the axial image, save image a s . . . , select Analyze format 

and whole 3D volume. Click OK and save in the same directory as the b — 0 

image with a good file name. Close the MPRAGE sub-window (we left the 

DTI data set open within the same session of DTIstudio) to free-up some 

RAM. If you're low on RAM, close DTIstudio altogether. 
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8 The co-registration step. Open Matlab. Navigate to the folder where you 

put your analyze files. In the command line, type spm. It should open 

SPM5. If a dialog appears asking for what type of SPM you want, select the 

fMRI t ime-ser ies option. Three windows appear. The top left one has the 

controls, the bottom one the options (blank now) and the right one shows 

results. Click on Coregister. 
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9 The right panel changes drastically. Now we have a lot of panels. This 

window works as a graphical interface to set up a whole lot of "jobs". We're 

going to set up just one, but you could set it up to coregister all your subjects 

in one session. Click once on New Coreg. Estimate & Reslice. It gets 

added to the job queue (the panel on the left). Now double click the newly 

created job, and it opens its branches. 
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1.0 Click once on Reference Image, then (on the upper right panel) Specify 

f i l e s . A dialog appears, select the b = 0 image (in Analyze format). When 

you select it, it will disappear from the list, that's OK. Now click on Done. 
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i i Now click on the Source image and Specify f i l e s . This time, select the 

MPRAGE volume and click Done. We are going to morph the MPRAGE to 

make it look like a DTI data set. Leave the rest of the options as they are 

and click RUN. The process will take a few minutes and you will have some 

visual feedback on the bottom left window. SPM will write the registered 

file with an "r" at the beginning of the file name. 

12 Back in DTIstudio... we are going to overlay the registered MPRAGE on 

the DTI volume. If you had closed DTIstudio, open it again in DTI "mode" 

(Ctrl+D) and have your DTI data set displayed. Now load the rMPRAGE file 

by clicking on the open folder icon below the slice numbers. 
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13 Select your rMPRAGE. hdr file. A new dialog shows up, just select Analyze as 

the Image file format and click OK. 
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14 The image shows up. Make sure it is in the right orientation. Now, to switch 

back and forth between the DTI data set and the rMPRAGE, use the drop

down menu underneath that open folder icon. Here you can select what 

is being viewed at any given time. If everything went well, the MPRAGE 

and the DTI data set must look quite similar in terms of spatial position, 

orientation, etc. Of course, the contrast is entirely different. 

15 Calculate the tensor as always. Go to the DTIMap tab (bottom right of DTIs-

tudio), click on Tensor, Color Map, e t c . Set a background noise level (40 

works) and select consider B-value. Leave the rest as is. Click OK. The 

tensor is computed, Takes about a minute. If you go back to your Image 

tab, you have more images in the drop-down menu. Almost all diffusion 

parameter maps are here now. 

16 Due to some annoying bug, we must save all files to be analyzed with ROIs 

in the same format. Since we already have our rMPRAGE in Analyze format, 

let's save the diffusion parameter maps in Analyze, too. From the drop

down menu in the Image tab, select the diffusion map to save, for example 

Anisotropy-FA. Right click on the AXIAL slice, and Save As. . . Analyze, 3D 

volume. Repeat for all diffusion maps to be analyzed. I recommend you save 

FA, eigenvalueO, eigenvaluel and eigenvalues (we already have the b = 0 

image). Close this viewer, but not DTIstudio. 
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17 GotoFile,MRI view 3D (Ctrl+M). Select the rMPRAGE. hdr file. Select Analyze 

as image file format. Again, underneath the slice numbers, click on the open 

f i l e icon. Select one of your diffusion maps, load as Analyze format and 

repeat for each diffusion map and the b = 0 image. Now the drop-down list 

has all the volumes we loaded. 

18 Select the MPRAGE volume. Goto ROI tab. Enable ROI Drawing and select 

the shape of the ROI to use (see DTIstudio's manual to learn more about 

this). After drawing an ROI, the s t a t i s t i c s show the values of those pixels 

within the ROI from the volume presently being viewed. If drawing a single 

ROI, look at the results in the (mostly recent) ROI statistics panel. 
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19 Now move back to the Image tab, select a diffusion map, for example the FA 

map, move back to ROI tab. The statistics now show the FA values within 

the ROI. Record the values shown in some excel file or your lab book. Repeat 

ad nauseaum. Importing the registered analyze files into Matlab would allow 

to script this procedure and make your life easier. 

The [easy] DTIstudio way 

1 Load your DTI data set in DTIstudio as usual. 
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2 Click on the open f i l e icon and select the first file inside the directory with 

the MPRAGE volume. These can be in DICOM format. If so, select Siemens, 

GE or Phi l ips DICOM from the next dialog. Alternatively, load any other 

image in any of the files supported by DTIstudio, making sure that the image 

dimensions and format are specified. Click OK. 

3 In the Image tab, click on the button Automatic Image Registrat ion. 

4 The default is to have the first b = 0 image as the reference image, so we will 

leave it like that. Select some noise threshold to speed up the calculation. 

The default 50 works well for the isotropic DTI data sets that I have used. 

5 You have the option to co-register all the DWis to the b = 0 image, but— 

at this point—we are only interested in co-registering the MPRAGE. Select 

your MPRAGE volume from the list titled Images to be reg i s te red and 

click on the -> button to add it to the "queue". Modify your registration pa

rameters according to your taste. I like to use Affine registration (12 degrees 

of freedom), tri-linear interpolation and the scaled least-squared difference 

image. Click OK 

6 The registration takes around two minutes to complete. As described with 

SPM's routines, the resulting MPRAGE is down-sampled to match the reso

lution of the DTI data set. This new, resampled image uses the prefix AIR to 

identify it in the drop-down image list in the Image tab. 

7 You can now draw your ROIs and perform tractography as usual, with the 

fantastic visual aid of a nice anatomical scan. 
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