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Abstract

This thesis is concerned with the application of three magnetic resonance (MR) 

techniques in epilepsy: i.) Fluid attenuated inversion recovery prepared (FLAIR) 

imaging, ii.) difiusion imaging including difiusion tensor imaging (DTI) and 

iii.)serial and high resolution imaging of the hippocampus.

I assessed the clinical value of fast FLAIR in epilepsy in a study involving 128 

patients and of 3D FLAIR in a study involving 10 patients. The conspicuity of 

neocortical lesions and hippocampal sclerosis was increased. New lesions were 

detected in 5% of patients. The extent of low grade tumours was best assessed on 

3D fast FLAIR images. Fast FLAIR was inferior to standard MR techniques for 

identifying and heterotopia.

I applied newly developed, experimental difiusion imaging techniques. In eight 

studies using different difiusion imaging techniques involving a total of 50 patients 

and 54 control subjects I investigated the mobility of water molecules in the 

human epileptic brain in vivo. I used spin echo difiusion imaging in two studies, 

echo planar imaging (EPI) based DTI in four studies and EPI difiusion imaging 

in a patient during focal status epilepticus. Finally, in a preliminary study I 

attenq)ted to use EPI difiusion imaging as a contrast to visualise transient changes 

associated with frequent lateralizing spikes. Our findings were: i.) difiusion is 

increased in hippocampal sclerosis suggesting a loss of structural organization and 

expansion of the extracellular space, ii.) displaying the directionality (anisotropy) 

of difiusion is superior to standard imaging to visualise tracts, iii.) anisotropy is 

reduced in the pyramidal tract in patients with hemiparesis and iv.) in the optic 

radiation in patients with hemianopia after temporal lobectomy suggesting 

wallerian degeneration, v.) both developmental and acquired structural 

abnormalities have a lower anisotropy than normal white matter, vi.) difl îsion 

abnormalities in blunt head trauma are widespread and may include regions which 

are normal on standard imaging, indicating microstructural damage suggestive of 

diffuse axonal injury, vii.) focal status epilepticus can be associated with a reduced 

difiusion in the affected cortex, viii.) diffiision imaging may be useful as a contrast 

for event-related (spike triggered) functional MR imaging.



With serial MRI I demonstrated hippocampal volume loss in a patient after 

generalized status epilepticus and with high resolution imaging of an anatomical 

specimen and a control subject I showed hippocampal layers on MR images. 

The results presented in this thesis emphasised the flexibility of MR imaging and 

its ability to demonstrate abnormalities in vivo. FLAIR imaging is now part of the 

clinical work up of patients with epilepsy. Diflusion imaging has been shown to 

be superior to standard imaging to visualise tracts which has far-reaching 

implications for neurological applications. Diflusion imaging also provides an 

exciting window to study cerebral microstructure in vivo. Serial imaging allows 

for the first time the visualisation of temporal changes and high resolution imaging 

has the prospect of demonstrating hippocampal layers in vivo. MR imaging is a 

constantly progressing technique. It is hoped that this thesis will help to formulate 

hypotheses for new MR experiments to study the relationship of dysfimction and 

structural abnormalities.



Contributions of the author to the thesis

I familiarized myself with the basic principles of MR imaging and new MR 

techniques. I was awarded with a student stipend by the International Society for 

Magnetic Resonance in Medicine to attend the fourth international meeting and 

an MR course on new imaging and spectroscopy developments in 1996.1 actively 

gathered information on new developments in MR in leading international groups 

in this and subsequent meetings.

At the MRI Unit at Chalfont I was involved in:

■ discussing the development of new techniques with regard to potential 

applications in epilepsy in the team

■ applying new techniques for the first time on volunteers (including mysell) 

after the development phase

assessing the initial images for artifacts and potential clinical applications 

providing feedback to physicists which often resulted in modifications and 

improvements

designing of studies to assess the feasibility and potential clinical utility 

obtaining ethical approval 

recruiting control subjects and patients 

obtaining informed consent

presenting results at MR meetings and neurological conferences 

writing scientific papers
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right: Map of the mean ADC of ADC ,̂ ADCy and ADC  ̂(ADC^J. The arrowhead 

indicates the gradient direction (direction is into the imaging plane on ADCJ.

(Page 117)
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Bottom right: Anisotropy map of the same patient showing the abnormal 

pyramidal tract. (Page 129)

Figure 3.14 - Axial fractional anisotropy maps at three slice positions (midbrain 

level, through the basal ganglia and through the corona radiata). Top row: control 

subject. Bottom row: patient with a left hemiparesis. Myelinated structures are 
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view). Adapted from Femer and Staubesand. (Page 139)

Figure 3.17 - Top: Sagittal Tl-weighted images. Bottom: Axial averaged maps 
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including the optic radiation overlayed with regions of significantly reduced 
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left optic radiation exceeding the resection line. (Note that patients left is right on 

axial images.) (Page 145)

Figure 3.18 - Fractional anisotropy and mean difhisivity in structural 

abnormalities and in the white matter of control subjects. (Page 150)
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Figure 3.20 - Diffusion tensor imaging and standard Tl weighted images in 

traumatic brain damage causing right quadrantanopia, impaired memory and 

epilepsy. Tl-weighted images (top row) show brain atrophy. Maps of the mean 

dijffusivity show widespread increase of the magnitude of diffusion (pixels with 
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(Page 156)

Figure 3.21 - DWI during status affecting the right leg. Top left: T2-weighted 

images during status. Top right: DWI during status. Bottom left: T2-weighted 

image after status. Bottom right: DWI after status. On DWI during status a high 

signal in the motor cortex of the right leg (indicating a decreased diffusion) and 

a low signal in the subcortical white matter (indicating an increased diffusion) is 

visible. Both changes resolved after status. (Page 161)
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Figure - 3.22 fMRI (BOLD) activation map. Pixels with significant change are 

shown in red. (Page 164)

Figure - 3.23 - DWI (right) activation map. Pixels with significant change are 

shown in yellow and pink. (Page 164)

Figure 4.1 - Repeatability of hippocampal volumetric measurements. The 

difference (first minus second measurement) is plotted against the mean of both 

measurement for each hippocampus. Top: SPGR measurements. Bottom: 

IRSPGR measurements. (Page 185)

Figure 4.2 - Coronal SPGR (left) and IRSPGR (right) image taken though the 

hippocanqjal head. The inset (approximately 1.5 x magnification) shows mesio 

temporal structures. Note the higher grey matter-white matter contrast and the 

higher conspicuity of the alveus on IRSPGR. (Page 186)

Figure 4.3 - Axial T2-weighted images obtained during status in 1991. An 

abnormally high signal is visible in the mesio-temporal region bilaterally.

(Page 191)

Figure 4.4 - Registration of serial MR scans using MRreg. Top: coronal Tl- 

weighted image obtained 1 year after status epilepsy. Middle: coronal Tl- 

weighted image obtained 4 years later and registered to the first scan. Bottom: 

difference image (B minus A). Dark pixels indicate loss of signal intensity 

suggestive of atrophy between A and B. Atrophy is visible in both hippocampi. 

There is also mild ventricular expansion. Windowing of the difference image: 

level=0, width= 100. (Page 193)

Figure 4.5 - Left: schematic drawing of the hippocampal head. Right: Schematic 

drawing of the hippocampal body. The numbers indicate: l=alveus, 2=pyramidal
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cell layer, 3=stratum radiatum, 4=stratum lacunosum, 5=stratum moleculare, 

6=dentate gyms with granule cell layer, 7=fimbria, 8=temporal hom, 

9=hippocampal fissure, 10=uncal fissure, ll=caudate nucleus, 12=lateral 

geniculate body, 13=subiculum. (Page 199)

Figure 4.6 - High resolution imaging of the hippocampal specimen at 7T. (Voxel 

size 0.064 x 0.064 x 1 = 0.004 mm .̂) Left: coronal sections of the hippocampal 

head. The background is dark and there are susceptibility artefacts at the edges 

because the specimen was scanned in air. The lines indicate hippocampal layers 

(fi-om top to bottom) alveus, pyramidal cell layer, stratum radiatum, stratum 

lacunosum, stratum moleculare).Right: coronal sections of the hippocampal body. 

There is an artefact caused by air a small bubble. The lines indicate (fi*om top to 

bottom) alveus, pyramidal cell layer, stratum radiatum, stratum lacunosum and 

stratum moleculare, granule cell layer of the dentate gyms). (Page 199)

Figure 4.7 - High resolution imaging of the hippocampal specimen at 1.5 T. 

(Voxel size 0.156 x 0.156 x 1 mm = 0.024 mm .̂) Left: coronal section of the 

hippocampal head. The background is white because the specimen was scanned 

in formalin. Hippocampal layers can be identified.

Right: coronal section of the hippocanq)al body. The background is white because 

the specimen was scanned in formalin. Hippocampal layers can be identified but 

the granule cell layer of the dentate gyms is difficult to identify. (Page 200)

Figure 4.8 - High resolution imaging of the hippocampus in vivo at 1.5 T. (Voxel 

size 0.47 x 0.47 x 2 mm = 0.0.442 mm .̂) Coronal FSE image showing the 

hippocampal body. The horizontal lines indicate layers presumably mainly 

representing alveus, pyramidal cell layer and stratum radiatum. The oblique line 

indicates a few pixels which are possibly representing the dentate gyms.(Page 200)

Figure 4.9 - Histological picture of the anatomical specimen showing the layers 

in the hippocampal body. (Page 118)
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Chapter 1

Epilepsy and Magnetic Resonance Imaging

1.1 Epileptic Seizures and Epilepsy

1.1.1 Definition o f Epileptic Seizures and Epilepsy

An epileptic seizure is defined as a recurrent, disorderly discharge of the nerve tissue.^ 

Epilepsy is characterized by the recurrent occurrence of seizures without consistent 

provoking fiictors. For practical reasons epileptic seizures have been divided in focal 

and primary generalized seizures.  ̂Epilepsy is a broad category of symptom complexes 

arising firom any number of disordered brain functions that themselves may be 

secondary to a variety of pathologic processes, many of them being unknown. The 

classification of epilepsy has been dominated by clinical and electrographic 

correlation.  ̂The structural or aetiological bases of epilepsy have been largely ignored, 

not least because, before the advent of MR imaging, there was no sensitive method 

for investigation. Epilepsy has both structural and functional features, and there is now 

a need to reevaluate clinical classification, in the broadest sense, in the light of the 

treatment by providing more specific clinical categorisation, allow more accurate 

prognostication and lead to prevention."^

1.1.2 Frequency, Etiology and Structural Changes in Epilepsy

The annual incidence of epilepsy has been estimated to lie between about 50 and 120 

cases per 100,000 persons, and the prevalence between 5-10/1000 persons in a 

general population.^ About 30% of patients have some additional neurological or 

psychiatric handicap. Age has a marked effect on incidence, and the age-related 

incidence of epilepsy follows a U-shaped pattern, falling firom the highest incidence 

in the first two years to low levels in midlife and rising again to peak at 70 or 80 

years.  ̂Overall, most patients with epilepsy will enter remission. In a large population- 

based study 68% of patients with definite epilepsy achieved a 5 year remisson.
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However, there is a higher than expected risk of death, especially in those with 

syn^tomatic epilepsy and about 30% the epilepsy is refractory to medical treatment/ 

Epileptic syndromes can be broadly divided into idiopathic and symptomatic epileptic 

syndromes. Idiopathic epilepsies are usually generalized and are believed to have a 

genetic background. Symptomatic epilepsies are those in which seizures are the 

consequence of an identifiable lesion or other specific etiology. Epilepsy has a wide 

range of causes, and indeed almost all grey-matter diseases can result in seizures 

(tab. 1.1). When epilepsies are presumably symptomatic but currently of unknown 

specific etiology, they are termed cryptogenic.

Table 1.1

Causes of Epilepsy

Genetic and congenital abnormalities

Anoxic and perinatal injury

Trauma

Cerebral infection

Cerebrovascular disease

Cerebral tumour

Cerebral degenerative disorders

Cerebral inflamatory and immunological disorders

Toxins and drug withdrawal

Metabolic disorders

1.1.3 Changes associated with an ictal event

Epileptic seizures represent the clinical manifestations that result from excessive, 

synchronous, abnormal firing patters of neurons that are located predominantly in 

the cerebral cortex.**̂  Many environmental and physiological factors modulate the 

probability of seizure occurrence: sleep deprivation, alcohol withdrawal and 

others. However, it is unknown how these perturbations translate into increased
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epileptic susceptibility at the cellular level. In most patients, it is not possible to 

identify external or internal factors that explain why a seizure happened at a 

particular time. Changes that alter the neuronal excitability or the potential for 

synchronous interactions among neurons are undoubtedly important but remain 

to be specified in detail. There are two essential physiologic elements for sei2aire 

generation. The first is an abnormality of cellular excitability, arising fi*om 

mechanisms that affect membrane depolarization and repolarization. The second 

is a "network defect" which derives from mechanisms underlying the development 

of aberrant neuronal integration, abnormal synchronization of neuronal 

populations, and propagation of the epileptic discharge within neural pathways. 

Seizures are associated with a number of physiological changes including a 

substantial increase in the cerebral blood flow.*®’*̂

LI .4 Methods in Epilepsy

Different zones play a role in seizure generation and propagation (tab. 1.2). These 

include the irritative zone, the ictal onset zone, the epileptogenic lesion, the 

symptomatogenic zone, the functional deficit zone and the epileptogenic zone.^  ̂

Several methods have been used for the detection of these zones.
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Table 1.2 Abnormal brain areas in partial epilepsy

Brain area Definition Measure

Irritative zone Area of cortex that generates interictal spikes EEG

Ictal onset zone Area of cortex that initiates or generates 

seizures

EEG

Epileptogenic lesion Structural pathology of the brain that is the 

direct cause o f seizures

MRimaging, CT, 

tissue pathology

Symptomatogenic zone Portion of the brain that produces the first 

clinical symptoms

EEG, behavioural 

observation, SPECT

Functional deficit zone Cortical area producing nonepileptic 

dysfunction

Neurologic exam., 

neuropsychology, 

PET, SPECT

Epileptogenic zone Total area of brain that is necessary to 

generate seizures and that must be removed 

to abolish seizures

Unknown

EEG allows the detection of cortical epileptic discharges and is the method of 

choice for the detection of irritative zone and ictal onset zone. The method is 

limited by the fact that large areas of cortex are inaccessible for surface EEG 

recordings and that invasive recordings are prone to sampling errors.*  ̂Clinical 

observation is the most important method to localize the symptomatogenic zone 

and has been extensively used in video EEG telemetry. SPECT allows ictal 

perfusion measurements and has been used to localize the symptomatogenic 

zone.^  ̂However, low temporal resolution, the unreliable timing of the injection 

of the tracer and artefacts limit the clinical use. PET studies can provide 

information about activation during seizures but are only possible in patients 

without head movement.**’*̂

The clinical examination and neuropsychological testinĝ ® are the most important 

methods to detect functional deficit zone. Interictal PET and SPECT studies have 

been widely used to detect the functional deficit zone.^* Flow studies may be 

useful as an indirect marker of abnormal neuronal fimction. More importantly, 

receptor studies give insight into the mechanisms of seizure generation and PET 

remains the only non invasive method for receptor studies in humans.^^’̂^
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Structural neuroimaging is the method of choice for the detection of an 

epileptogenic lesion in vivo. Since the early days of neuroimaging it has been used 

in the diagnostic work up of patients. With advent of modem imaging in particular 

MR imaging stmctural neuroimaging has gained an important role in epilepsy.

1.2 MR Imaging

1.2.1 Introduction

MR imaging is a very powerful tool for the detection of abnormalities in vivo. A 

number of fundamental physical discoveries made it possible to use the physical 

properties of nuclei for image generation (tab. 1.3). One of the most outstanding 

characteristic of MR imaging is its ability to alter the contrast between different 

tissues by changing the imaging parameters. This allows the detection of abnormal 

tissue and often gives information about the microstmcture of tissue and fimction. 

The following paragraphs will explain some of the basic physical principles of MR 

signal and contrast generation in MR imaging.
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Table 1.3Scientific and technical milestones MRimaging(adapted from Ref^)

Scientific and technical milestones Researcher (year)

Equations governing electric and magnetic fields Maxwell (1873)

Statistical mechanics of atoms and molecules Maxwell(1860)3olzmann(1872), Gibbs( 1878)

Radiowaves Hertz (1887)

Superconductivity Onnes (1911)

Atomic structure/atonic nuclei Rutherford (1911)

Quantum theory Bohr, Schrôdinger, and others (1913-1926)

Nuclear magnetism Pauli (1924)

Electron spin Uhlenbeck and Goudsmit (1926)

NMR concept Gorter (1936)

NMR observed in atomic beams Rabi(1939)

NMR observed in solids and liquids Bloch, Purcell (1946)

Equations for spin relaxation (T l, T2) Bloch (1946)

NMR relaxation mechanism Blombergen, Pound, Purcell (1948)

Spin echos Hahn (1950)

High field superconductors Matthias, Kunzler (1960)

Fourier transform NMR Ernst, Anderson (1966)

X-ray computed tomography Oldendorf (1961), Hounsfield (1973)

Whole-body NMR for medical diagnosis Jackson (1968), Damadian (1972), Abe (1973)

Gradient fields for imaging (zeugmatography) Lauterbur (1973)

Selective slice excitation Mansfield (1974), Hoult (1977)

Human imaging using gradient fields Aberdeen, Nottingham, EMI (1976-1979)

Whole body image using field focusing Damadian (1978)

High field (1.5 T) whole-body magnets for 

human imaging

General Electric, Oxford Instruments (1981)

Widespread clinical applications with many 

submodalities

Many contributors (1980-present)
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1.2.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance is a process involving the absorption and emission of 

energy by nuclei.̂ ^̂ ’̂̂ ^̂  ̂ Nuclei are subjected to a strong magnetic field bg 

(typically ranging fi-om 0.5 Tesla to 4 Tesla) (fig. 1.1) and acquire a net nuclear 

magnetization (M). To induce an MR signal, a second magnetic field b,, must be 

applied perpendicular to the main magnetic field bq and must rotate at the resonant 

radiofi-equency. This is accomplished by using a radio fi-equency (RF) pulse. A RF 

pulse is an electromagnetic wave that results from the brief application of an 

alternating electric current through a transmitter coil. The RF pulse tips M, after

Figure 1.1 - Incident illustrating the strength of the main magnetic field bg. 
Ferromagnetic equipment (oxygen cylinder) has been attracted by the 
magnet (1.5 Tesla). Courtesy of D. MacManus.

the pulse the spins (group of similar nuclei) seek to return to their initial alignment 

parallel to bg with equilibrium magnitude Mg. During this process, which is called 

relaxation, energy is released in form of radiofi-equency waves. The resonance 

radiofi-equency is specific for the nucleus at the given field strength (Lamor 

frequency). For example the Lamor frequency of protons at 1.5 Tesla is 64 MHz.
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In MR imaging of the human body the strongest signal is obtained if the 

radiofrequency for nuclei of hydrogen nuclei (or protons) is chosen. Hydrogen 

nuclei are ubiquitous in the human body, they are predominantly bound in water 

and water accounts for about 70-80% of the total human bodyweight.^^

L2.S Tl and T2 relaxation

Two time constants, Tl and T2, account for the reestablishment of thermal 

equilibrium of the nuclear magnetization following an RF pulse. Tl (or spin-lattice 

relaxation) describes the regrowth of longitudinal magnetization (M j, whereas T2 

(or spin spin relaxation) describes the decay of the transverse components (M  ̂and 

My). The Tl relaxation time represents the time required for M  ̂ to increase to 

about 63% to its final value. The T2 relaxation time represents the time required 

for M  ̂or My to decay to about 37% of their maximum values (fig. 1.2).
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The practical implications of the relaxation process in medical imaging may be 

understood by considering the "tumbling rate" of water molecules in tissue. For

Mo

Mz

63% Mo

Tl

Mxy

37%

T2

Figure 1.2 - Tl is the time for the longitudinal magnetization to regrow from 
0 to (l>e~*),or about 63% of its final value. T2 is the time for the transverse 
magnetization to decay to e'\ or about 37% of its initial value.
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effective Tl relaxation the molecule must tumble at frequencies close to Lamor 

frequency. The free water molecules tumbling faster relax ineffectively and 

therefore more slowly in Mz and have a long Tl. The bound water molecules in 

biological tissue tumble close to Lamor frequency, relax effectively and therefore 

have a short Tl. (At the other extreme, in the crystalline state molecules tumble 

much slower than Lamor frequency and have a long Tl.)^^ The difference in Tl 

relaxation between these tissue water states forms the basis of an important tissue 

contrast in MR imaging.

E
H
eo

Tl

T2

slow fast
M olecular “Tum bling” Rate
large molecules small molecules 

solids liquids
“bound” “free”

Figure 1.3 -The relationship between Tl or T2 and molecular tumbling rate. 
(o)l = Lamorfrequency). Adapted from Elster AD.̂ ^

The behaviour of water in tissue also affects the T2 relaxation. Anything causing 

Tl relaxation also causes T2 relaxation, but T2 relaxation may occur without Tl 

relaxation because T2 relaxation can take place without energy dissipation. 

Therefore the numerical value of T2 is always less than or equal to Tl ; it is never 

greater. For most biological tissues, Tl values are typically 5 to 10 times longer
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than T2 values. The bound water molecules have a short T2, free water molecules 

have a long T2 relaxation (fig. 1.3). Several mechanisms affecting the Tl and T2 

relaxation times in tissue have been identified. These include dipole-dipole 

interaction of molecules, J coupling, chemical exchange, difiusion, chemical shift 

anisotropy and others.^^

Tl and T2 relaxation are tissue properties specific for a given tissue. However, 

there is at present no comprehensive theory for reliable predictions of Tl and T2 

relaxation in tissue, because of the complex mechanisms affecting the Tl and T2 

relaxation time.

1.2.4 T2*-relaxation and Diffusion

In any real nuclear magnetic resonance experiment the transverse magnetization 

decays much faster, this rate is denoted as T2* and can be considered as the 

observed T2. T2* results principally from inhomogeneties in the main magnetic 

field. The true T2 time can be calculated if the field inhomogeneties are known. 

These inhomogeneties may be the result of intrinsic defects in the magnet itself or 

of susceptibility-induced field distortions produced by tissue or haemoglobin. 

Susceptibility artefacts caused by haemoglobin have been used as a source of 

contrast in fimctional MR imaging. (Blood oxygenation level dependent (BOLD) 

contrast.) Oxygenated haemoglobin has different susceptibility properties than 

deoxygenated haemoglobin. T2* relaxation time is dependent of the level of 

oxygenated haemoglobin weighted images. Local neuronal activation is associated 

with a local increase in local blood flow and the level of oxygenated blood 

overshoots the oxygen demand of the tissue at least under physiological 

conditions, resulting in a change in T2* relaxation. However, signal changes 

between rest and activated state are small (about 5% at 1.5 Tesla).^° Difiusion (the 

molecular motion of water molecules) affects the magnitude of the MR signal. If 

a proton moves by difiusion throughout the course of an MR imaging experiment, 

it experiences an unrecoverable phase shift ("dispersion") resulting in signal 

attenuation as it travels through magnetic field gradients. This is a pure T2 effect
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and can be used to quantity diffusion. Diffusion has been used as an independent 

contrast mechanism in MR imaging.^

1.2.5 MR echoes

Whenever a RF pulse is applied to a sample, a free induction decay (FID) signal 

is generated because the RF pulse tips some component of the longitudinal 

magnetization into the transverse plane. This signal (echo) can be recorded by a 

receiver coil. The FID signal persists until the phase coherence of the spins has 

been completely destroyed by T2* decay. The FID signal has the form of a rapidly 

decaying sine wave. In distinction to the FID, a spin echo (SE) is formed by the 

combined effect of two successive RF pulses. The first RF pulse tips part of the

*- 4

Spin echo
Figure 1.4 - Spin echo sequence. TR = time to repeat, TE = time to echo, FID 
= free induction decay, t = time.

longitudinal magnetization into the transverse plane and generates a short lasting 

FID signal. The second RF pulse refocuses the dephased components of the 

original FID into a SE (fig. 1.4).̂  ̂There are other methods of generating an echo 

including gradient echo and stimulated echo. A gradient echo arises from the 

action of a single RF pulse coupled with a gradient reversal.̂ "* If three or more RF 

pulses are applied a stimulated echo occurs. This technique is employed in MR 

spectroscopy under the name STEAM (stimulated echo acquisition mode). A 

repeating unit which is composed of a series of one or more radio frequency
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pulses with the measurement of one or more signals is called a pulse sequence.

1.2.6 Modifying contrast

Modifying contrast is one of the most important characteristics of MR imaging. 

There are a number of different ways to modify contrast based on the physical 

principles of MR. In standard MR imaging contrast depends on the equipment 

parameter TR and TE which can be varied. The TR ("Time to Repeat") is the 

interval between two successive pulse cycles. The TE ("Time to Echo") is the time 

interval from one pulse (or a series of pulses in a more complicated pulse cycle) 

to the measurement of the MR signal.

Using a long TR reduces the effect of Tl relaxation in producing contrast and 

using a short TE reduces the effect of T2 in producing contrast. Varying TR and 

TE is therefore a strategy to modify the contrast on MR images. To produce a "Tl 

weighted" image a short TR pulse and a short TE should be used, to produce a 

"T2 weighted” image a long TR and a long TE should be used. To produce a "spin 

density" image, a long TR and a short TE is necessary. It should be kept in mind 

that the concept of Tl and T2 weighting is an oversimplification. In reality all MR 

images display tissue contrasts that depend complexly on spin density, T l, and T2 

simultaneously.^  ̂Furthermore, different tissues in different parts of the image may 

have completely different "weightings".

There are a number of other strategies of varying contrast. The application of 

contrast material, usually gadolinium diethylenetriamine pentaacetic acid 

(GdDTPA), which shortens the Tl (and to a lesser extent the T2) relaxation time. 

The application of "difiusion gradients" in diffusion imaging which makes the 

sequence sensitive to the molecular motion of water (this is discussed in detail in 

chapter 4). The utilization of off-resonance (not Lamor frequency) saturation 

pulses to modify contrast.^^ The application of a physiological stimulus which is 

followed by a focal increase of the concentration of oxygenated haemoglobin 

resulting in a change in T2* in functional imaging. "Labeling spins" in perfusion 

imaging and other methods.
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1.2.7 Limitation o f MR studies

Theoretically, relaxation times of Tl and T2, difiusion, perfusion and 

magnetization transfer ratio can be measured accurately and reproducibly in the 

brain.^ ’̂̂*’̂  ̂However, scanner performance and artefects due to the subject (i.e. 

motion) can degrade both accuracy and reproducibility. Quality assessment and 

carefiil interpretation is crucial for quantitative MR studies in humans. 

Postprocessing studies like volumetry and fractal analysis are another examples 

for quantitative studies in MR imaging. In volumetry the volumes of structures are 

measured by detecting boundaries on images.'*® Fractal analysis provides a measure 

of the complexity of a structure.'** Different manual, semiautomatic and automatic 

methods are available. All volumetric and fractal analysis methods have in 

common that the boundary detection is based on signal intensities. Thus the 

accuracy and reproducibility of volumetry and fractal analysis can be degraded by 

poor scanner performance or artefacts due to the subject like any other 

quantitative MR method.

Magnetic resonance spectroscopy and chemical shift imaging are other examples 

of quantitative MR techniques which will not be discussed in the thesis.

1.2.8 Creating an MR image

In MR imaging magnetic field gradients are used to attach spatial information to 

the MR signal. A magnetic field gradient is a quantitative change in magnetic field 

magnitude form one point in space to another. Gradients are characterized by the 

gradient strength (in mT/m), and their duration (in ms). Because of technical 

inç)erfections gradients cannot be switched on and off immediately. The slew rate 

defines the time required to reach maximum strength. Apart from imaging 

purposes gradients are used in diffusion imaging and as "crusher" gradients to 

eliminate eddy currents. When a gradient is imposed to the main magnetic field by 

sending a current through a gradient coil, the field strength is varied (slightly). 

Since it needs three points in space to localize a point in space, we need three
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magnetic field gradients oriented along the major axes in space (and therefore 

three gradient coils). In order to produce an image, one gradient is used to locate 

the level of each plane and is known as the "slice select" or z gradient. The other 

two gradients are used to locate points of intensity within each plane. They are 

called "fi-equency" (or x) and "phase encoding" (or y) gradients. Signal arising 

fi-om each part of an imaged object are thus spatially encoded by differences in 

fi-equency and phase. A Fourier transform (FT) allows an MR signal to be 

decomposed into a sum of sine waves of different fi-equencies, phases, and 

amplitudes. FT is used for image generation. The steps the scanner takes to 

achieve its goal of producing an image can be divided into three conceptual stages:

1. producing matrices where each row is a different repetition and each column 

is a point in time (k-space); 2. transforming these "repetition time" matrices into 

matrices where each column is a firequency point and each row is a phase encoding 

angle; and 3. performing a 2D Fourier transformation, which transforms these 

"phase-fi-equency" matrices into images, i.e., matrices whose rows and columns 

represent points on the x and y axis of the part being imaged.

1.2.9 Fast MR imaging

The way k-space is filled has important implications on the acquisition time and 

resolution, k-space is the matrix of data that is initially obtained when the signal 

in measured: each element in the matrix is the amplitude of the signal at a point in 

time corresponding to the element's column, and for a repetition corresponding to 

the element's row. Usually, the k-space matrix is obtained such that the columns 

on the left and the rows on the top are the most negative, the columns on the right 

and the rows on the bottom are the most positive, and zero lies somewhere at the 

centre. When this is the case, it turns out that the centrally located rows and 

columns affect the contrast of the final image, whereas the peripheral rows and 

columns affect the detail or resolution of the image. In other words, k-space is 

essentially partitioned into regions which specialise in either contrast of resolution. 

In half Fourier imaging k-space is only half filled, the other half is extrapolated
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mathematically thus halving the acquisition time but also the signal to noise ratio.

1.2.9.1 Fast Spin Echo Imaging

Fast spin echo (FSE) imaging resembles a routine multiecho SE sequence in that 

it uses 180° refocusing pulses after a single 90° pulse to generate a train of echoes. 

The FSE technique, however changes the phase-encoding gradient for each of 

these echoes (the standard multiecho sequence collects all echoes in a train with 

the same phase encoding.) As a result of changing the phase encoding gradient 

between echos, multiple lines of k-space can be acquired within a given TR thus 

reducing acquisition time. The number of echoes acquired with in a given TR 

interval is known as the echo train length. Each echo train has been acquired with 

a different TE. However, the global image contrast is dictated by the echo train 

at which low order steps were performed (effective TE).

1.2.9.2 Echo Planar Imaging

In EPI all k-space is sanq>led by rapid gradient reversals and echo collection after 

a single set of RF pulses.Images can be obtained in 30 to 40ms therefore EPI 

holds the promise of "real time" MR imaging. Echoplanar imaging is used for 

forms of functional imaging in which a preparation sensitive to physiology is 

applied before the echoplanar readout. In order to spatially encode the signal after 

a single RF pulse imaging gradients have to be fest. Gradient coils must be able 

to generate 20 to 40 mT/m fields with rise times less than 200ms. Disadvantages 

of EPI include Chemical shift artefacts and acoustic noise. Various other k-space 

trajectories can be generated: zigzag, rectangular and spiral pattern.

1.2.10 Three dimensioned acquisitions

An alternative way of producing an image is 3DFT. In 3D FT imaging, the slice 

select gradient is no longer employed for each individual slice. Instead a single
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slice is selected that is thick enough to contain the first and last shoes of the 

desired imaging volume; and then each of the three orthogonal axes is encoded: 

fi-equency along the x axis and phase along the y and the z axis. The main 

advantage is that once the imaging volume is obtained, any number of sets of very 

thin contiguous shoes in any direction may be produced. The main disadvantage 

is in increased acquisition time. Usually gradient echo sequences with short TR are 

used for this type of imaging.

1.2.11 Resolution and signal intensity

Each element of the image is a pixel. The pixel size and therefore the resolution 

of a MR image is determinated by the number of fi-equency encoding steps (N^) 

and phase encoding steps (Ny) and the field of view (FOV). The in plane pixel 

dimensions for either 2DFT or 3DFT are x=FOV^/N,, and y=FOVy/Ny. In 2DFT 

imaging the pixel depth equals the shoe thickness. In 3DFT imaging the number 

of phase encoding steps in the z direction (NJ = "slab thickness" needs to be 

known: Resolution is inversely correlated with signal intensity. The

smaUer the pixel the smaller the number of protons participating in the MR 

experiment the lower the signal. This can result in unacceptable signal to noise 

ratios. Averaging be may required to increase the signal to noise ratio (tab. 1.4).
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Table 1.4 (adapted from Ref*̂ )

Adjusting imaging parameters to improve signal-to-noise ratio (SNR)

Change in Parameter Disadvantage/Trade-off

Increasing voxel size Decreased spatial resolution

Increasing number of signal averages (number of Increased imaging time disproportionally

excitations NEX) to gain in SNR (doubling NEX increases 

SNR b y /2 )

Using narrow bandwidth technique Limits number o f slices available for a 

given repetition time (TR); increases 

chemical shift artefacts, increases motion 

artefacts.

Increasing interslice gap (reducing RF 

interference/cross talk)

May miss lesions

Using 3DFT instead of 2DFT acquistions Increases imaging time; increases motion 

artefacts

Reducing systematic noise (flow compensation. Various time and hardware limitations

gating, antialising) dependent on strategy selected

1.2.9 Artefacts in MR imaging

A number of artefacts can affect the image quality. They are partly due to the 

signal to noise ratio of MR imaging but also to imperfections of the scanner. It is 

important that artefacts are recognized which can be particularly difficult if 

quantitative methods are used. Tab. 1.5 lists typical artefacts.
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Table 1.5 MR artefacts

Artefact Cause Appearance on images

erroneous T l (too long or 

too short)

scanner imperfection variation o f signal intensity 

from scan to scan

too short T2 (scanner imperfection) 

poor refocusing o f 180° pulse

variation of signal intensity 

from scan to scan

chemical shift artefacts spatial misregistration due to 

different frequencies of protons 

bound in fat and in water

dark and bright bands around 

edges

truncation artefacts finite sampling of frequencies in 

the Fourier transform

multiple fine bands at 

interfaces, pseudosyrinx

susceptibility artefacts local distortions o f the magnetic 

field caused by two juxtaposed 

materials of different magnetic 

susceptibility

image distortion and intensity 

changes at interfaces

wraparound object exceeding the field of view back o f image attached to the 

front in the phase-encode 

direction

motion artefacts change of the position o f the 

scanned object

blurring, ghosts

zipper like artefacts a) extraneous source (poor RF 

shielding of the scanner room)

b) stimulated echos (imperfect 

slice selection profiles or 

improper RF transmitter 

adjustments)

a) band in phase encoding 

direction

b) band in frequency encoding 

direction

herringbone artefacts data error in Fourier transform crisscross artefact

cross talk imperfect slice profiles increased noise
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1.3 MR imaging in Epilepsy

1.3.1 Introduction

There is growing interest in MR imaging in epilepsy. About 10% of all 

publications in epilepsy from 1984 to 1998 have used MR imaging and there has 

been a continous increase in the number of publications per year (fig 1.5). A 

substantial body of literature about MR imaging in epilepsy has developed since 

the first publications 15 years ago (fig 1.6)."*̂  '̂ '̂  MR imaging is a developing 

technology and continuous assessment of new developments is important. 

Guidelines how to assess the clinical efficacy of a new technique have been 

proposed (tab. 1.6). However, new MR techniques are often applied in a clinical 

environment without rigorous assessment. A study trying to evaluate the clinical 

efficacy of MR imaging in general has shown that only 5% of articles involved 30 

or more patients and dealt with diagnostic accuracy, effect on diagnosis, or other 

more treatment related aspects of clinical efficacy."*̂  Moreover, of this 5%, four

Publications in Epiiepsy 1984-1998

aising MR! (2226 )

without MR] (26277

Figure 1.5 - Publications in epilepsy from 1884 to 1998. The number in 
brackets is the number of publications. (Source PubMed.)
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fifth were rated in the lowest of four categories of méthodologie quality and only 

one-seventh dealt with the effect of MR imaging on treatment or treatment plans. 

Studies about MR in epilepsy are no exception. For clinical purposes the impact 

of MR imaging on five issues is important: detection and diagnosis, 

pathophysiology and pathogenesis, treatment (both surgical and medical), 

prognosis and outcome and the prevention. The exact role of MR imaging in 

particular with regard to these issues has still to be defined."  ̂ With the 

development of new MR techniques the role of MR imaging continues to change 

and there is the need for assessment of the clinical value of new techniques. This 

thesis focusses on the role of MR imaging on detection and diagnosis to a lesser 

extent on pathogenesis and the consequences of treatment. The following 

paragraphs will give an update on the current role of MR imaging in epilepsy.

400

300

200

19841986198819901992199419961998
Year

Figure 1.6 - Publications about Epilepsy using Magnetic Resonance 
Imaging from 1984 to 1998. (Source PubMed.)
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Table 1.6 (adapted from Ref^)

Three dimensions to classification of studies of a diagnostic test

1. What disease is being studied?

2. What level of clinical efficacy is addressed?

2.1. Technical capacity: A study showing the ability of a new test to measure or show certain 

findings in one or a few case-patients.

2.2. Diagnostic accuracy: A study with enough cases to calculate one or more accuracy statistics, 

such as sensitivity or specificity, with confidence intervals

2.3. Diagnostic impact: A study showing how the new test compares with an existing alternative or 

how the new test can replace or complement the alternative to improve accuracy in diagnosis

2.4. Therapeutic impact: A study showing how the new test leads to changes in the therapeutic 

planning, such as offering more accurate staging with associated changes in treatment for cancer 

patients

2.5. Patient outcomes: A study showing that use of the new test improves quality of life, leads to 

substantial relief, improvement in function, or decreased mortality.

3. Are the study methods adequate for internal validity and external generalizability?

Grade A: Studies with broad generalizability to most patients suspected of having the disease of 

concern, with no substantial flaws in research methods: a prospective comparison of a diagnostic 

test result with a well defined final diagnosis when assessing diagnostic accuracy or a large 

randomized control trial when assessing therapeutic impact or patients outcomes.

Grade B: Studies with narrower spectrum of generalizability, with only a few flaws that are well 

described so their impact on conclusions can be assessed, but still requiring a prospective study of 

diagnostic accuracy or a randomized trial for therapeutic effects or patient outcomes.

Grade C: Studies with several flaws in research methods, small sample sizes, or incomplete 

reporting. Often retrospective studies of diagnostic accuracy or effect and nonrandomized 

comparisons for therapeutic impact or patient outcomes.

Grade D: Studies with multiple flaws in research methods, obvious biases in selection o f patients, 

or opinions without substantiating data.

1.3.2 The current role o f MR imaging in Epilepsy

MR imaging demonstrates brain anatomy in lavish detail and has supplanted CT 

in the investigation of epilepsy.'^ ’̂'** Since the initial application to epilepsy,
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standard MR imaging using Tl- and T2-weighted sequences has been consistently 

superior to x-ray CT in terms of sensitivity and specificity for identifying structural 

abnormalities associated with e p i l e p s y U s i n g  CT only 60% of MR 

imaging detected dysembiyoblastic tumours (DNT), 40% of MR imaging detected 

cortical dysplasia and 30% of MR imaging detected subependymal heterotopias 

can be identified, HS and band heterotopia are usually undetectable on CT 

images/^ Structural abnormalities can be detected in > 70% in patients with 

refractory seizures and candidates for epilepsy surgery^  ̂and in about 50% in less 

selected patients with MR imaging/^ MR imaging is now the standard of reference 

in the evaluation of patients with epilepsy, particularly those with medically 

intractable seizures. CT retains a role, supplementary to MR imaging, in the 

recognition of intracranial calcifications that may not easily detected on MR 

images.

The rationale of imaging the brain of patients developing epilepsy is to identify 

underlying pathologies and to assist the formulation of syndrome-based and 

aetiological cfiagnoses.̂  ̂For exan^le hippocampal sclerosis either detected by MR 

imaging is part of the syndrome of mesio-temporal epilepsy. There is continuing 

interest in MR imaging in epilepsy research. MR imaging can be used to correlate 

the localization of structural abnormalities with the seizure semiology. Studies like 

this can contribute valuable information on the localisatory value of seizure 

symptoms^® in particular in regions which are difficult to assess with surface 

EEG.̂ ^

1.3.3 Important pathologies

1.3.3.1 Hippocampal sclerosis

Hippocampal sclerosis (HS) is the single most common pathology underlying 

partial seizure disorders that do not respond to antiepileptic drug therapy, but 

which are amenable to surgical treatm ent.Tw o thirds of patients with HS 

become seizure free after anterior tendra i lobe resection. However, patients with 

morphogically normal hippocampus become only rarely seizure free after temporal
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lobe resection.Therefore the in vivo detection of HS is crucial importance for 

patients with temporal lobe epilepsy. By 1990 MR techniques had advanced 

sufficiently enough to allow the identification of HS on MR images.^ HS is best 

identified on coronal images. Some authors recommend to scan the hippocampus 

perpendicular to its longitudinal axis to improve the visualisation of the 

hippocampus. MR imaging criteria of HS are hippocampal volume loss and a 

prolonged T2-relation time. Both volume loss and change in relaxation time can 

be either visually (qualitatively) or quantitatively assessed. Findings associated 

with HS, sometimes called secondary findings,^  ̂ include loss of the internal 

architecture of the hippocampus on MR images, temporal lobe volume loss, 

dilatation of the temporal horn, narrowed collateral white matter, blurring of the 

grey matter white matter margin in the temporal neocortex, smaller fornix and 

atrophic mamillary bodies. They are variably accompanying features to the 

changes of HS but not reliable in their own right. Some of these features may be 

found in normal subjects.

Sensitivity and specificity of MR imaging with regard to the detection of HS are 

difficult to assess because a reliable histological goldstandard is only available in 

the highly selected minority of patients who undergo temporal lobectomy. 

However, patients with the clear-cut signs of HS on MR images have always 

histological signs of HS with cell loss in CAl. On the other hand endfolium 

sclerosis and mild cells loss in CAl are usually undetectable on MR images.^ 

Further in^rovement of the MR techniques may increase the sensitivity for HS. 

MR imaging is a good predictor of the outcome of temporal lobectomies. Patients 

who fulfill the MR criteria for unilateral HS have a 70% to 90% chance to be 

seizure free one year after temporal lobectomy, patients with normal MR images 

have only a 30% chance to be seizure free after temporal lobectomy.

1.3.3.2 Malformations o f cortical development

Malformations of cortical development (MCDs) are sometimes found in patients 

with epilepsy with or without a neurodevelopmental deficit. These abnormalities
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are increasingly being recognized in patients with seizure disorders that were 

previously regarded as being cryptogenic. Gross abnormalities may be identified 

on x-ray CT, but are seen much more clearly on MR images. More subtle MCDs 

are difficult to detect or undetectable on x-ray CT but are readily detectable on 

MR images with XI-weighted contrast and high resolution. MCDs detectable with 

MR imaging include schizencephaly, agyria, difiuse and focal macrogyria, focal 

polymicrogyria, subependymal grey matter heterotopias, bilateral subcortical 

laminar heterotopia, tuberous sclerosis, focal cortical dysplasia and 

dysembryoblastic neuroepithelial tumours.^®

1.3. S. 3 Granulomas

Tuberculomas and cysticercosis are the most common identified causes of epilepsy 

in developing countries. Epilepsy is the most common manifestation of 

neurocysticercosis. Whilst X-ray CT will often demonstrate neurocysticercosis, 

MR is more sensitive in demonstrating various stages in the development of 

noncalcified cerebral cysticerosis lesions.

1.3.3.4 Cavernomas

Cavemomas are an important diagnostic group as surgical removal carries up to 

70% chance of subsequent seizure remission. MR imaging is sensitive and specific 

for the detection of cavemomas since they have a characteristic appearance on 

MR images.

1.3.3.5 Other pathologies

Tumours, scars, cysts, ischaemic and traumatic lesions underlying and associated 

with epilepsy are well demonstrated with MR imaging.
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1.3.3.6 Transient changes

Generally, single brief complex partial seizures do not appear to affect the signal 

on T2-weighted images. Partial status and generalized status may result in 

transient increased signal on T2-weighted images.̂ '̂̂ '̂̂ '̂̂ "*'̂  ̂This finding needs to 

be differentiated firom an underlying lesion such as a glioma or inflammatory 

process.

1.3.3.7 No abnormalities detected on standard MR imaging

This is the largest group in a non presurgical population. Patients with generalized 

epilepsy are MR negative on standard MR imaging including hippocan^al 

volumetric measurements. However, patient with clear-cut partial seizures can be 

MR negative. Recent studies showed group differences in patients with epilepsy 

with generalized epilepsy compared to normal control groups. This is a very 

interesting a promising finding.*  ̂However, further evaluation of this finding is 

necessary.

1.4 Technical advances in recent years in Epilepsy

1.4.1 Three D gradient echo acquisition technique in epilepsy

There have been many technical advances made in recent years and these 

continue.^^ One of the most important advances was the 3D gradient echo 

acquisition technique which allows the generation of contiguous T1-weighted 

coronal images with high resolution (slice thickness < 2 mm). T1-weighted images 

provide a high contrast for grey matter and white matter thus resembling 

anatomical specimens. The relative brightness of white matter on T1-weighted 

images arises fi-om myelin and is likely to be determinated by cholesterol of 

myelin.^^’̂* Studies indicate that using coronal T1-weighted images with high 

resolution in the investigation of patients with epilepsy increases the sensitivity for

51



the detection of structural abnormalities, in particular for the detection of 

hippocanç)al sclerosis/^ 3D T1 weighted data sets allow quantitative volumetric 

measurements.*® Other experimental quantitative approaches in epilepsy include 

measurements of grey matter and white matter volume*  ̂*̂ *̂ *̂ , morphometry of 

the temporal lobes,curvilinear reconstruction of 3D MR imagel^ and fractal 

analysis.*̂  All methods detected differences between control subjects and patients 

with epilepsy. However, the numbers are small and diagnostic impact of these 

measurements has to be assessed.

1.4.2 Fast spin echo (FSE) acquisition technique in epilepsy

The use of the FSE technique to obtain high resolution coronal images with T2- 

weighted contrast was another important advance in epilepsy. Coronal fast spin 

echo images have been successfully used as an alternative the XI weighted 3D 

gradient echo acquistion technique to identify hippocampal sclerosis.** *̂

1.4.3 Off resonance imaging in epilepsy

Off resonance imaging has been used in the context of epilepsy in small studies in 

dysgenetic lesionŝ ® and hippocampal sclerosis?  ̂ In both studies abnormalities 

abnormal magnetization transfer rates have been demonstrated suggesting that the 

method can be used to identify abnormal tissue. A problem is that the difference 

between normal and abnormal grey matter is much smaller than the difference 

between normal white matter and demyelinated white matter.^  ̂Further studies 

with larger sample sizes are necessary for rigorous assessment.

1.4.4 Functional Magnetic Resonance Imaging (fMRimaging) in epilepsy

Functional imagmg has been applied in various areas in recent years. One of the 

main roles of functional imaging in epilepsy could be the non invasive 

identification of the primary motor cortex and the dominant hemisphere in patients
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with epilepsy who are candidates for epilepsy surgery.^^’̂"* Occasionally fMRI has 

been successfully used to identify regions of increased blood flow in partial 

seizures.^^ Using fMRI in combination with EEG recordings allows the 

registration of spikes but the technique is time consuming and therefore limited to 

cooperative patients/^

L4.5 Other MR techniques in epilepsy

MR imaging provides a number of constrast which are yet to be applied in 

epilepsy. Hardware limitation currently limit the application of some. However, 

quantitation of proton density and characterization of the transverse magnetisation 

decay curve are possible and have potential inqwrtance in epilepsy. Proton density 

reflects the density of free water.^ Measurements of the T2-relaxation time in the 

hippocampus are performed in addition to volumetric measurements.^*’̂  ̂ The 

number of exponentials of the transverse magnetisation (T2) decay curve reflects 

the number of different water pools (for example intra cellular and extra 

cellular). These parameters are likely to be altered if the celluar make-up 

changes in epilepsy during or after a seizure and are therefore of potential 

importance in epilepsy.

1.5 New MR techniques in epilepsy discussed in this thesis

1.5.1 Aim o f the thesis

The aim of this thesis was to apply new MR techniques in epilepsy including fast 

FLAIR, serial and high resolution imaging of the hippocampus and difiusion 

imaging.
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1.5.2 FLAIR imaging in epilepsy

The fluid attenuated inversion recovery (FLAIR) sequence combines cerebrospinal 

fluid (CSF) signal suppression with heavy T2-weighting. Lesions which have a 

signal intensity similar to CSF on conventional T2-weighted images become the 

brightest object on the CSF suppressed FLAIR images thus increasing the lesion 

conspicuity'®* which makes the sequence interesting for epilê})sy. Early 

applications of FLAIR were limited by the long acquisition time, but these have 

been reduced with the RARE readout in fast FLAIR̂ ®̂  and with interleaved 

inversion pulses in OIL FLAIR. We evaluated fast FLAIR in a large group of 

patients with epilepsy and also present initial experience with a 3D version of 

FLAIR in epilepsy.

1.5.3 MR imaging o f the hippocampus

Quantitative measurements of the hippocampal volume are the most commonly 

used quantitative method in epilepsy. This method has undoubtedly contributed 

to the detection of hippocampal atrophy non-invasively and has kindled the 

interest of clinicians in MR imaging. Various methods have been used

and the exact role of volumetric measurements in the context of epilepsy remains 

to be assessed. In this thesis we present our own data regarding the repeatability 

of measurements of the hippocampal volume on different sequences. We applied 

hippocampal volumetric measurements in serial MR imaging in a patient who 

developed epilepsy after status epilepticus. Finally, we present an experiment on 

the microscopic structure of the hippocampus. Histologically hippocampal 

sclerosis is characterized by cell loss and gliosis affecting mainly the pyramidal cell 

layer in sector CAl (or Sommers' s e c to r ) .To  evaluate, if layers give contrast 

on MR images we performed MR experiments at different field strength using a 

hippocampal anatomical specimen and on a volunteer.
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L5Â Diffusion imaging in epilepsy

DifiRision imaging is a technique which is sensitive to the molecular motion of 

water. Biological membranes restrict water difiusion in the human brain. 

Microstructural changes associated with pathological processes including neuronal 

swelling, shrinkage or widening of the extracellular space or the loss of tissue 

organization all result intransient or permanent changes of difiusion and difiusion 

anisotropy. Difiusion imaging is a promising technique in epilepsy because 

epileptic seizures are membrane associated events with may cause measurable 

diffusion changes. Animal models of chronic epilepsy

following status have demonstrated that persistent difiusion changes can also 

develop. These persistent difiusion changes are likely to reflect the 

microstructural damage in such animals which include widened extracellular space, 

low neuronal densities, reduced dendritic branching and loss of cellular 

organization. In humans the technique is currently at an experimental state and still 

developing. In this thesis we provide our results on dMision imaging in epilepsy.

1.6 Summary

■ MR imaging is a rapidly devolping technique. Only a firaction of the

dififerent MR contrasts have been rigorously evaluated.

■ MR techniques providing images with standard XI- and T2-weighted

contrast allow the in vivo detection of structural abnormalities associated 

with epilepsy including hippocampal sclerosis.

■ MR imaging assists the formulation of syndrome-based and aetiological

diagnoses.

■ In 1999 MR imaging demonstrates structural abnormalities in about 80% 

of highly selected presurgical patients but less fi*equently in non-selected 

patients.

■ MR imaging has altered treatment and has prognostic value in patients

who are candidates for epilepsy surgery.
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MR studies aimed at investigating brain function in epilepsy are 

experimental.
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Chapter 2

Fluid Attenuated Inversion Recovery prepared 

(FLAIR) Imaging in Epilepsy

2.1 FLAIR Imaging

2.1.1 Introduction

Conventional T2-weighted spin echo MR imaging (fig. 2.1) has been a mainstay 

of the evaluation of many pathologic processes of the brain. ̂ Most of these 

processes (eg multiple sclerosis, inferction) increase the T2 relaxation times of the 

affected tissue, causing the lesion to have a signal intensity intermediate between 

those of CSF and normal grey or white matter on T2-weighted images. This 

intermediate signalintensity usually necessitates the acquisition of both T2- and 

proton density-weighted images for accurate interpretation, particulary when these 

lesion are close to CSF. A technique called fluid-attenuated inversion-recovery 

(FLAIR) (Picker, Cleveland, Ohio) '̂  ̂'̂  has been developed to solve this problem. 

FLAIR produces heavily T2-weighted CSF-nuUed images by coupling an inversion 

pulse followed by long inversion time (TI), to a long echo time (TE) readout 

(fig.2.2). With nulling of the CSF, a tissue abnormality usually becomes the 

brightest object in these images, thereby enhancing its conspicuity. Furthermore, 

while the length of the TE used in T2-weighted SE imaging is limited by the 

increasing artifact and partial voluming effects of CSF as the TE is increased,^ 

these longer TEs can be used in FLAIR, and images can thus be acquired with 

greater T2-weighting, because the CSF signal is nulled out. Although FLAIR has 

had great success in displaying lesion not seen with conventional T2-weighted 

sequences,  ̂it has been limited by long acquistion times caused by the long TIs and 

long repetition times (TRs) required to both null CSF and allow non-CSF tissues 

adequate signal recovery before readout. For example, 13 minutes is required to

66



Figure 2.1 - sagittal FSE T2- Figure 2.2 - Fast FLAIR images of
weighted image of a normal the same control subject as in fig.
control subject. CSF returns a 2.1. The signal from CSF is
high signal on the FSE T2- suppressed (“nulled”),
weighted images.

obtain 10 images with a resolution of 128 x 256 with use of a 6000/160/2100 (TR 

msec/TE msec/TI msec) sequence. However, the FLAIR technique has been 

constantly improved since the first publications in 1992. The acquisition time has 

been reduced with the rapid acquisition with relaxation enhancement (RARE) 

readout in fast FLAIR ( 1994),  ̂with interleaved inversion pulses in OIL FLAIR

(1996)* and with echo-planar imaging (EPI) FLAIR (1997).  ̂ The constrast has 

been optimized for the detection of lesions (1995).'® A 3D version of FLAIR

( 1 9 9 7 ) 1 1  providing thin slices without interslice gap has been developed at the 

Institute of Neurology. We evaluated 2D fast FLAIR in epilepsy using a large 

group of patients firom a tertial referral centre for epilepsy,'^ and applied the new 

3D FLAIR version on 10 selected patients with typical structural abnormalities to 

obtain inital experience.'^

Imaging in Epilepsy with a fast FLAIR sequence

2.2.1 Introduction

In a small study using the original version of FLAIR in patients with partial 

epilepsy several additional abnormalities had been detected.'^ However, the long 

acquisition time of this version of FLAIR limited the application to highly selected
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patients who were motivated and able to cooperate. With fast FLAIR images 

covering the whole head can be acquired in 8 minutes, which makes the 

application of FLAIR possible in virtually all patients with epilepsy. The aim of 

our study was to assess the diagnostic value of this fast FLAIR sequence in 

epilepsy. We compared fast FLAIR with a protocol of sequences which has been 

especially developed in recent years for patients with epilepsy.

2.2.1 Material and methods

2.2.1.1 Patients and controls

One-hundred and twenty-eight consecutive adult patients attending a tertiary 

referral centre for epilepsy were included in the study. Classification of the 

epileptic seizures was based on electro-clinical data.̂  ̂ Twenty patients had 

epilepsy with generalized seizures, 98 had epilepsy with partial seizures and 10 

had non-classified epilepsy. Ten normal control subjects were also evaluated.

2.2.1.2 MR imaging

We used a 1.5-Tesla GE signa scanner (GE Medical Systems, Milwaukee, WI) and 

scaimed all subjects with the following sequences: 1. Spin echo (SE) Tl- weighted 

(TR/TE/NEX 620/16/1) sagittal sequence, 256 x 256 matrix and 24 x 24 cm field 

of view (FOV), 5 mm slice thickness, 2.5 mm interslice gap. 2. Inversion recovery 

prepared fest spoiled gradient echo (IRSPGR) (predominantly) Tl- weighted 

(TR/TE/TI/NEX 17.4/ 4.2/ 450/1, flip angle 20°) coronal sequence, 256 x 192 

matrix, 24 x 18 cm FOV, 1.5 mm slice thickness, 3 dimentioned acquisitions. 3. 

Fast spin echo (FSE) mild and heavily T2-weighted (TR/TEefl /TEefZ/NEX 

2000/38/95/1) coronal sequence, 256 x 192 matrix, 24 x 18 cm FOV, 5 mm slice 

thickness, no g ^  (81 patients, all controls) or spin echo (SE) (TR/TE1 /TE2/NEX 

2000/30/120/1) weighted coronal sequence, 256 x 192 matrix, 24 x 18 cm FOV, 

5 mm slice thickness, no gap (47 patients, 2 controls). Images were obtained 

perpendicular to an axis drawn fi*om the orbitofi'ontal cortex to the splenium.
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which is ^proximately parallel to the long axis of the hippocampus. 4. Fast FLAIR 

(TR/TEefTFNEX 11000/164/2600/1) coronal sequence, 256 x 192 matrix and 24 

X 18 cm FOV with 5 mm slice thickness, no gap. Forty two images covering the 

whole brain were obtained in 8 minutes. Images were obtained using the same 

plane as in 3. Volumetric measurements of the hippocampi and the intra-cranial 

space were performed on the IRSPGR Tl-weighted images and the hippocampal 

volume was corrected for the intracranial volume using methods described 

previously.*^ Clear-cut unilateral hippocampal sclerosis (HS) was defined as 

asymmetry of more than 20%. Borderline hippocampal atrophy was defined as 

asymmetry between 10% and 20%. Hippocampal volumes were corrected for intra­

cranial volume to identify bilateral HS. Bilateral HS was defined as a volume more 

than 2 standard deviations smaller than the mean hippocampal volume of a normal 

control group on both sides.IRSPGR Tl-weighted images with 1.5 mm slices, 

SE-, or FSE-images along with the volumetric measurements were regarded as the 

“standard protocol”. Images of all sequences were compared by an unblinded 

neuroradiologist (J.S.) and a neurologist (U.W.). In addition, two blinded 

independent raters (S.F., A.E.) inspected only the fast FLAIR images of 40 

subjects. Twenty subjects had abnormal hippocampal volumes on measurement, 

17 had unilateral small hippocampal volumes with asymmetry >10%, 2 had 

bilateral symmetrical small hippocampal volumes and 1 had bilateral small 

volumes in addition to asymmetry. Twenty subjects had normal hippocampal 

volumes on measurement (10 control subjects and 10 patients) to evaluate the 

detectability of HS on fest FLAIR images. To evalute the conspicuity of HS on fast 

FLAIR images they compared fast FLAIR and T2-weighted FSE and SE T2- 

weighted images of 23 patients with known HS (detected by volumetric 

measurement) on a dififerent day.

2.2.2 Results

2.2.2.1 Controls

The standard protocol was normal in all 10 control subjects. On fast FLAIR images
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the temporo-mesial structures returned a higher signal than the cortex of the 

cerebral convexities in 7 of 10 controls. Two of these 7 control subjects were rated 

as abnormal by the blinded raters when they rated fast FLAIR images in isolation 

from other data. Although CSF suppression was generally excellent, high signal 

was present around the basal cisterns, the wall of the ventricles and the aqueduct. 

In 4 control subjects the whole third ventricle returned a high signal. The white 

matter adjacent to the occipital horn and the CSF adjacent to the choroid also 

returned a high signal. The gray matter/white matter contrast was generally lower 

than on Tl- or T2- weighted images. The white matter returned a more 

heterogenous signal on fest FLAIR, with a higher signal being evident in 9 controls 

in the expected position of the cortico-spinal tract.

2.2.2.2 Patients

2.2.2.2.1 Neocortical lesions detected by the standard protocol

A non-dysgenetic neocortical lesion was shown in 22 patients by the standard 

protocol, (traumatic damage (n=5), presumed glioma (n=2), non-specific damage 

(n=10), temporal lobectomy (n=3), Sturge-Weber Syndrome (n=l), cyst (n=l), 

additional HS was present in 4 patients.) The lesions were more conspicuous on 

fast FLAIR images and the extent of the lesion was clearly shown. However, 

similar information could be obtained from conventional T l- and T2-weighted 

images when viewed in combination.

2.2.2.2.2 Dysgenetic lesions detected by the standard protocol

In 13 patients a probable dysgenetic lesion was visible (presumed band heterotopia 

(n=3), presumed nodular subependymal heterotopia (n=3) one with additional 

borderline hippocampal atrophy, polymicrogyria (n=l), schizencephaly (n=l), 

frontal pachgyria (n=l), presumed hypothalmic hamartoma (n=2), presumed 

dysembryoplastic neuroepithelial tumour (DNT) (n=2)). The schizencephaly was 

evident on every sequence. On fast FLAIR images hypothalamic hamartoma and
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DNT returned a high signal (fig. 2.3). Both were more conspicuous on fast FLAIR 

than on IRSPGR Tl-weighted images. However, band heterotopia and nodular 

subependymal heterotopia were less conspicuous on fast FLAIR than on coronal 

IRSPGR Tl-weighted images with 1.5 mm slices or proton-density weighted 

images and could have easily been overlooked (fig. 2.4 and fig. 2.5). 

Polymicrogyria and pachgyria were also less conspicuous on fast FLAIR.

2.2.2.23 Normal standard MR imaging

The standard images of 58 patients were reported as normal. In 3 out of these 58 

patients a small area of high signal was detected on fast FLAIR images. In all 3 

patients slight signal changes were also identified on the proton-density and T2- 

weighted images but considered not to be clearly abnormal. In one case the area 

of signal change agreed with the clinical and EEG localization of seizure onset (fig. 

2.6). In the other cases the epilepsy had been classified as generalized.
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Figure 23 - Presumed DNT. Coronal spin echo T2-weighted image (top left), 

proton density weighted image (top right), Tl-weighted image (bottom left) 

and fast FLAIR image (bottom right). A small cortical mass is shown in the 

right posterior temporal lobe. The signal intensity change is most conspicuous 

on fast FLAIR. The patient had partial epilepsy.
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Figure 2.4 - BAND HETEROTOPIA. Coronal spin echo T2-weighted image 

(top left), proton density weighted image (top right), Tl-weighted image 

(bottom left) and fast FLAIR image (bottom right). A band of ectopic grey 

matter underlying the cortex (“double cortex”) is shown (arrow). The 

abnormality is bilateral and fairly symmetric. The heterotopic grey matter is 

most conspicuous on the Tl-weighted image and could be overlooked on fast 

FLAIR. The patient had partial epilepsy.
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Figure 2.5 - NODULAR SUBEPENDYMAL HETEROTOPIA. Coronal spin 

echo T2-weighted image (top left), proton density weighted image (top right), 

Tl-weighted image (bottom left) and fast FLAIR image (bottom right). 

Ectopic grey matter is shown adjacent to the right ventricle (arrow). The 

signal intensity of the ectopic grey matter is similar to normal greymatter and 

not more conspicuous on fast FLAIR. The patient had partial epilepsy.
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Figure 2.6 - NORMAL STANDARD IMAGING. Coronal spin echo T2- 

weighted image (top left), proton density weighted image (top right), XI- 

weighted image (bottom left) and fast FLAIR image (bottom right). A small 

area returning a high signal is visible on fast FLAIR (arrow). Slight signal 

changes on the proton-density and T2-weighted images in this area are not 

clearly abnormal The patient had frequent simple partial seizure with tingling 

on the right side, the EEG changes were in keeping with a left seizure focus.

75



2.2.2.2.4 Hippocampal sclerosis

The volumes of 35 patients were abnormally small suggesting hippocampal 

sclerosis (HS). (28 patients had unilateral clear-cut HS, four patients had unilateral 

borderline hippocampal atrophy, 3 patients had bilateral HS). On fast FLAIR 

images the sclerotic hippocampus returned a high signal and was usually more 

conspicuous than on SE-T2 weighted images because the CSF of the temporal 

horn was suppressed (fig 2.7 and fig 2.8). However, the CSF suppression was not 

complete in every case and the choroid plexus often also returned a high signal. In 

addition, both mesio-temporal regions were brighter than the neocortex in normal 

control subjects as well as in the patients. We assessed detectability of HS with the 

help of two blinded raters (SF, AE) using the images of 20 randomly chosen HS 

cases (13 clear-cut HS, 4 borderline atrophy and 3 bilateral HS) and 20 normal 

cases (10 normal controls and 10 patients, all with normal hippocampal volumes) 

were rated. The raters detected all but one of the clear-cut HS cases. The case they 

missed had also a normal signal on SE T2-weighted images to visual inspection. 

They missed all cases with borderline hippocampal atrophy, one rater missed one 

bilateral case and both raters had 2 felse-positive results. To assess the conspicuity 

of HS on fast FLAIR images the 2 blinded raters compared fast FLAIR and FSE 

T2-weighted images of 23 randomly chosen HS cases (unilateral volume loss 

ranging fix)m 20% to 53% in 22, one with bilateral HS) on a different day. In three 

cases the raters felt that visual assessment was difBcult (the reasons were 

movement artefects, bilateral HS and images not imaged in standard size) and the 

patients were excluded. In more than 50% of the remaing 20 patients HS was more 

conspicuous on fast FLAIR (rater A.E. 11 of 20, rater S.F. 18 of 20). There was 

agreement between the raters in 9 patients.
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Figure 2.7 - Left HIPPOCAMPAL SCLEROSIS. Coronal images of the 

hippocampal body. Spin echo T2-weighted image (top left), proton density 

weighted image (top right), T1-weighted image (bottom left) and fast FLAIR 

image (bottom right). The left hippocampus (arrow) is smaller than the right 

and returns a high signal on T2-weighted images. This is most conspicous on 

fast FLAIR since CSF signal has been suppressed.
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Figure 2.8 - Left HIPPOCAMPAL SCLEROSIS. Coronal images of the 

hippocampal head. High resolution T1-weighted images (upper) and fast 

FLAIR images (lower). The left hippocampus is smaller than the right and 

returns a high signal on fast FLAIR. The patient had temporal lobe epilepsy 

and later underwent a left temporal lobe ectomy. Hippocampal sclerosis was 

histological confirmed.
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Tab. 2.1 Appearance of lesions associated with epilepsy on fast FLAIR

lesion appearance on fast FLAIR

hypothalamic hamartomas more conspicuous than SE-T2

DNT more conspicuous than SE-T2

low grade glioma more conspicuous than SE-T2

brain damage more conspicuous than SE-T2

Sturge Weber Syndrome cortical lesion conspicuous

clear-cut HS high signal in all but one case

borderline hippocampal atrophy signal similar to controls

schizencephaly detectable, but not conspicuous

heterotopic gray matter not conspicuous

pachygyria, polymicrogyria difficult to detect

clear-cut HS = hippocampal sclerosis with asymmetry >20%, borderline 

hippocampal atrophy = with asymmetry of 10-20% on volumetric measurement. 

DNT = dysembryoplastic neuroepithelial tumour.

2.2.3 Discussion

The capability of fast FLAIR to demonstrate structural abnormalities varied 

considerably and depended on the aetiology. Neocortical brain damage and lesions 

diagnosed as presumed hamartomas and DNT were always more conspicuous on 

fest FLAIR. Takanashi et al reported a similar result for the detection of tubers in 

tuberous sclerosis.

Fast FLAIR was inferior to coronal IRSPGR T1-weighted images with 1.5mm 

slices in detecting nodular subependymal heterotopia and laminar heterotopia 

because of the low grey-matter white-matter contrast, and fast FLAIR was inferior 

to IRSPGR T1-weighted images in detecting polymicrogyria and pachygyria 

because of the thicker slices. Heterotopia, polymicrogyria and pachygyria often
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underlie apparent “cryptogenetic”epilepsy.^  ̂Heterotopia may be associated with 

HS,^ as in one of our cases. The detection or exclusion of heterotopia is important 

in the presurgical evaluation since patients with heterotopia are often are not 

seizure fiee after temporal lobectomy,Thus fast FLAIR cannot replace IRSPGR 

with thin slices in the investigation of patients with epilepsy.

Clear-cut HS (asymmetry > 20%) was detectable on fast FLAIR images in nearly 

all cases, because of the high signal returned by the sclerotic hippocampus. HS 

usually is associated with a high signal on T2-weighted images^  ̂ making an 

abnormality on T2-weighted images an important diagnostic criterion for HS. In 

most, but not all, cases clear-cut HS was more conspicuous on fast FLAIR images 

than on SE or FSE T2-weighted images. In theory, a hippocampus with a high T2- 

signal should be the brightest (and most conspicuous) object on fast FLAIR images 

because the CSF signal of the temporal horn should be suppressed. On SE T2- 

weighted images the CSF of the temporal horn returns high signal which has to be 

distinguished fi*om the hippocampal signal. Thus, HS should always be more 

conspicuous on fast FLAIR images compared to SE T2-weighted images. 

However, on some fest FLAIR images the CSF suppression was incomplete in the 

temporal horn and the choroid plexus also retumed a high signal; in these cases the 

sclerotic hippocampus was not more conspicuous on fast FLAIR images than the 

T2-weighted images. One patient with clear-cut HS on volumetric measurements 

was missed by the two raters because the signal was not abnormal. This case had 

also a normal signal on visual inspection of SE-T2 weighted images but in fact 

yielded a measured T2 value on subsequent T2 mapping which was outside the 

normal range. Nevertheless, HS is not in every case associated with a change in T2 

relaxation and an increased signal is not specific for sclerosis but may also occur 

in other types of pathology such as neoplasias and dysplasia. Therefore, the 

estimation of
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hippocampal volume loss which is associated with HS, either visually or with 

volume measurements is equally important. Volume loss was not reliable 

assessable on fast FLAIR images because of the relatively low resolution and the 

large slice thickness (5mm). In addition to these problems the raters failed to 

recognize all cases of borderline hippocampal atrophy (asymmetry 10%-20%) on 

fest FLAIR images and called two false positive results. This may be explained by 

the feet that the mesio-temporal region was always brighter than the neocortex on 

fast FLAIR images and there was a high interindividual variability in signal 

intensity in control subjects making it difficult to decide whether the signal was 

pathological in borderline cases. HS is the most common lesion in temporal lobe 

epilepsy. The probability of a seizure-free outcome following temporal lobectomy 

is greater for patients with HS than for patients with normal histologic findings.^ 

MRI with contiguous thin coronal T1-weighted images and coronal T2-weighted 

imageŝ "* improves the sensitivity of detecting HS, and further improvement is 

possible using quantitative methods like volumetric measurements and T2- 

m^ping.^-^ Fast FLAIR increases the conspicuity of clear-cut HS but in this study 

it seemed not to be as sensitive as quantitative methods, and although fast FLAIR 

indeed may be useful for MRI units Wiich lack the resources to carry out adequate 

quantitation, borderline hippocampal atrophy and bilateral HS will remain difficult 

to detect.

Usually, an abnormal fast FLAIR signal was associated with abnormalities on the 

other sequences. In only 3 cases fast FLAIR showed a clearly abnormal signal, 

when SE T2-weighted images were suspicious but not definitely abnormal. In 

contrast to this result, Bergin et al reported additional lesions detected by FLAIR 

in 30% of their cases. The different findings of the two studies may be explained 

by several fectors. Firstly, Bergin et al implemented the sequence differently, using 

a 1.0 tesla Picker MR-scanner, their TR value was half as long as ours and they did 

not employ the RARE readout. The TR and TE values used in our sequence have 

been optimized for the detection of white matter lesions in multiple sclerosis but 

may have been suboptimal in the detection of lesions relevant in epilepsy. The 

echo-spacing of the RARE readout may also have been suboptimal in our sequence 

perhaps causing edge-related artefacts.^  ̂Secondly, Bergin et al in their smaller
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study without control subjects described lesions in the amygdala and the adjacent 

hippocampus (accounting for 5 of 11 additional cases). With the fast FLAIR 

sequence we observed a high interindividual signal variation in the temporo-mesial 

region in control subjects. The temporo-mesial region also retumed a higher signal 

than the neocortex on 6st FLAIR images in control subjects. Consequently, slight 

signal changes in the amygdala were not regarded as abnormal in our study. 

Probably most important however, is that we compared the fast FLAIR with a 

different protocol of sequences than Bergin et al. We applied a volume acquisition 

sequence with a slice-thickness of 1.5 mm, performed hippocampal volumetric 

measurements and obtained the T2-weighted images perpendicular to the long axis 

of the hippocampus. Bergin et al used XI- and T2-weighted axial and coronal 

sequences with 6mm slice-thickness. The sensitivity for HS is higher on sequences 

vsdth thin slices. Thus, the chance to detect additional HS with fast FLAIR was 

lower in our study.

2.2.4. Conclusion

The major advantages of fast FLAIR are increased conspicuity of neocortical 

lesions and clear-cut unilateral HS, fest FLAIR may also demonstrate lesions when 

other sequences are normal in a limited number of cases. Heterotopia, borderline 

hippocampal atrophy and subtle cortical dysplasia may be missed on fast FLAIR.

2.3 Fast Fluid-attenuated Inversion-Recovery Imaging: First Experience 
with a 3D Version in Epilepsy

2.3.1 Introduction

In the 2D implementation of the FLAIR technique the slice thickness was 

relatively large (3mm or more). It would be desirable to decrease the slice 

thickness since the yield of MRI in epilepsy can be increased if thin slices are used. 

In standard, 2D, FLAIR imaging the application of thinner slices is not only 

limited by crosstalk but also by the limitations of the CSF suppression technique. 

On thin slices inflowing unsuppressed CSF into the slice results in incomplete CSF
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suppression. A 3D acquisition technique has certain advantages compared to a 2D 

technique. By phase-encoding in the slice direction the reduced gradient strength 

requirements of phase encoding relative to (thin) slice selection allow the "slice 

thickness" to be reduced and the 3D acquisition improves the signal to noise 

ratio.Theoretically an inversion pulse applied to the whole slab rather than a 

slice will also reduce the artefacts of inflowing unsuppressed CSF. Unfortunately 

a "true" 3D FLAIR sequence acquiring all the data in one slab would have a very 

long acquisition time. Currently, a technique available for FSE obtains 3D data in 

a reasonable scan time using long echo train lengths (ETL) and a hybrid 2D/3D 

acquisition scheme.^  ̂Within a slab (of 10 "slices"), it can be thought of as a 3D 

technique, as phase-encoding is done in the z-direction. However, many slabs are 

excited (16 for the 96 slice version used here) within each TR period, in a 2D 

manner. These are concatenated in the z-direction in a similar manner to normal 

multi-slice data. The 3D FSE sequence was modified by our group to perform 3D 

fast FLAIR by implementing the Inversion Recovery pulses in an optimised 

interleaved scheme. The sequence has been described elsewhere.^® Since a very 

long echo-time is desirable for contrast reasons in fast FLAIR, (unlike many FSE 

applications) the use of a long ETL with fast FLAIR is not a disadvantage. 

However, the implementation of the hybrid 2D/3D technique to fast FLAIR has 

certain implications. Like all 3D techniques, the hybrid 2D/3D technique is 

susceptible to "wraparound" artefacts, which means that some slices at each end 

of each slab have to be dropped. This gives a ~30% reduction in acquisition 

efficiency and may generate a bandlike artefact at slab interfaces on reformatted 

images.̂  ̂Our current inplementation of 3D fest FLAIR uses a relatively short TR 

(4600 ms) which makes the sequence more efficient with regard to scanning time. 

However, this affects the contrast, which may limit the usefulness of 3D fast 

FLAIR con^ared to the established 2D sequence with a long TR (11000 ms). To 

evaluate the usefiilness of 3D fast FLAIR we scanned 10 patients with lesions on 

standard spin echo magnetic resonance imaging with the 3D fast FLAIR, 2D fast 

FLAIR and a "true" 3D gradient echo sequence.
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2.3.2 Methods

Ten patients with focal epileptic seizures and known lesions on spin echo magnetic 

resonance images were included. The lesions were head injury n=l, hippocampal 

sclerosis n=2, low grade glioma n=2, dysembryoplastic neuroepithelial tumour 

(DNT) n=2, polymicrogyria n=l, perinatal infarct n=l, presumed thrombosed 

aneurysm n=l. In one patient with hippocampal sclerosis and one patient with 

DNT the diagnosis was histologically confirmed. MRI scans were performed on 

a 1.5 T scanner (Signa Horizon, Echospeed, GE Medical Systems, Milwaukee, 

WI). The 2D fast FLAIR images were obtained coronally oblique perpendicular 

to an axis fi*om the orbitofi*ontal cortex to the splenium, which is approximately 

parallel to the long axis of the hippocampus. The 3D fast FLAIR images and the 

3D IRSPGR images were obtained coronally. 3D fast FLAIR and 2D fast FLAIR 

images and 3D fast FLAIR and 3D IRSPGR images were con^ared. Lesion 

detectability, lesion conspicuity, contrast for tracts and cranial nerves, grey 

matter-white matter contrast, CSF suppression and artefacts were visually 

assessed by a neuroradiologist and a neurologist. In addition 3D fast FLAIR and 

3D IRSPGR images were reformatted on a separate workstation to visualize the 

extent of lesions (Advantage Windows, GE Medical Systems, Milwaukee, WI). 

The standard SE MRI sequences were a sagittal spin echo (SE) T1-weighted 

sequence (TR/TE/NEX 620/16/1), FOV 24 x 24 cm, matrix 256 x 256, slice 

thickness 5 mm, interslice gap 2.5 mm and a coronal oblique SE T2-weighted 

sequence (TR/TE1/TE2/NEX 2000/30/120/1), matrix 256 x 192, FOV 24 x 18 

cm, contiguous 5 mm thick slices. The T2 weighted images were obtained in the 

same orientation as the 2D fast FLAIR images. Table 2.2. shows the scanning 

parameters of 2D and 3D FLAIR and IRSPGR.
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Table 2.2. Scanning parameters

2D fast FLAIR 3D fast FLAIR 3D IRSPGR

TR[ms] 11000 4600 17.4

TE[ms] 144(eff) 136(eff) 4.2

TI[ms] 2600 1739 450*

ETL 8 24 na

bandwidth[kHz] 7.81 31.8 10.4

number of slices 42 96 124

number of slabs na 16(in 2 acquisitions) 1

slices per slab na 10(6 used) 128(124 used)

slicethickness[mm] 5 1.5 1.5

FOV[cm] 24x18 25x25 24x18

matrix 256x192 256x192 256x192

pixel dimensions [mm] 0.9375x0.9375 0.9766x1.302, acquired 

0.9766x0.9766, reconstructed

0.9375x0.9375

NEX 1 1 1

scan time [min] 8 12 8
* Note that this is not a FLAIR CSF suppression pulse, but gives increased T1-weighting, 

TR=repetition time, TE = echo time, (eff) = effective, I I  = inversion time, ETL = echo train length, 

FOV = field of view, NEX = number of excitations, na = not applicable.

2.3.3 Results

CSF suppression was excellent on both 2D and 3D fast FLAIR. The walls of the 

ventricles on the 3D fast FLAIR images retumed a high signal, as on 2D fast 

FLAIR. On 3D fest FLAIR subtle bandlike “Venetian blind” artefacts were visible 

on slab interfeces in the skull on reformatted images orthogonal to the imaging 

plane. This is a recognised characteristic of multi-slab acquisition methods. 

However, only minor artefacts were visible within the brain. If the patient had 

moved between acquisitions images of first and second acquisition were not 

aligned, consequently reformatting resulted in artefacts which appeared as “steps” 

in the skull and distortion of anatomical structures. This problem occurred in one
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patient. In the remaining patients reformatted images of diagnostic quality could 

be obtained. Grey matter-white matter contrast and the contrast for the myelinated 

tracts was higher on 2D than on 3D fast FLAIR. As reported previously the 

mesiotemporal region retumed a higher signal than the neocortex on 2D fast 

FLAIR. This was not the case on 3D fest FLAIR. Fat retumed a high signal on 3D 

fast FLAIR but a low signal on 2D fast FLAIR. Cranial nerves retumed a low 

signal on both 3D and 2D fast FLAIR. The optic nerve was very conspicuous on 

3D fest FLAIR because of the high contrast between nerve and the intraorbital fat. 

On 2D fast FLAIR the optic nerve was less conspicuous. The conspicuity of the 

trigeminal and acoustic nerves in their extra-cerebral course was low on both 2D 

and 3D fast FLAIR.

All lesions detected on standard SE MRI were also visible on 2D and 3D fast 

FLAIR. Tumours, hippocanç)al sclerosis and traumatic brain damage all retumed 

a high signal on both 2D and 3D fast FLAIR. In the patient with presumed 

traumatic brain damage a second small area returning a high signal in the frontal 

lobe, presumably also of traumatic origin, was detectable on 3D fast FLAIR. This 

lesion was only retrospectively visible on 2D fest FLAIR images and had also been 

overlooked on the standard MRI images. The abnormal hippocampus in 

hippocampal sclerosis retumed a high signal on both 2D and 3D FLAIR rendering 

hippocampal sclerosis more conspicuous on FLAIR than on IRSPGR images. 

However direct comparison of 2D and 3D FLAIR revealed that hippocampal 

sclerosis was less conspicuous on 3D than on 2D fast FLAIR. Tumours were the 

brightest object on both 2D and 3D fast FLAIR images rendering tumours more 

conspicuous than on standard spin echo and IRSPGR images. The tumours were 

better demarcated on 3D FLAIR than on the T1-weighted 3D IRSPGR sequence.
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On reformatted 3D IRSPGR the extent was difficult to assess because the signal 

intensity of tumours and grey matter was similar (fig. 2.9). The extent of the 

abnormal signal could be visualized in all dimensions on reformatted 3D fast

%

Figure 2.9 - REFORMATTED 3D IRSPGR images (predominantly Tl- 
weighted); the 3D data set has been rotated 360® in steps of 30® around the 
vertical axis. The cortex around the right calcarine sulcus is thicker than the 
cortex around the left calcarine sulcus but no clear-cut abnormality is 
visible. R=right, L=Ieft, A=anterior, P=posterior
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FLAIR images (fig. 2.10). In a tumour with a cystic appearance on standard 

imaging 3D fast FLAIR allowed to distinguish between CSF-filled cyst and non 

CSF-filled lesion (fig. 2.11).The consequences of a perinatal infarct with loss of 

brain tissue and cerebral atrophy was visible on both 3D and 2D fast FLAIR.

%

ie l

Figure 2.10 - REFORMATTED 3D fast FLAIR of the same patient. A lesion 
is clearly visible in the cortex above the anterior extremity of the right 
calcarine sulcus involving the isthmial gyrus. Note also Venetian blind 
artefacts at slab interfaces (best visible on reformatted images in the sagittal 
plane, which is orthogonal to the imaging plane).



Thickened cortex and polymicrogyria in cortical dysgenesis was less conspicuous 

on both 3D and 2D fast FLAIR than on the 3D IRSPGR images because o f the 

lower grey matter white matter contrast o f fast FLAIR. In this patient the white 

matter underlying the area o f dysplastic cortex retumed a high signal on T2 

weighted images. This signal change was visible on both 3D and 2D fast FLAIR.

%

Figure 2.11 - ADDITIONAL INFORMATION ON TUMOUR 
TEXTURE obtained with 3D fast FLAIR. Spin echo T2-image (top left), 
proton density weighted image (top right), Tl-weighted image (bottom 
left) and 3D fast FLAIR image (bottom right). A lesion is shown in the 
right parietal lobe. Contrast is low on the proton density weighted image, 
Tl- and T2-weighted images provide high contrast. However, both lesion 
and CSF (for example in the occipital horn of the left lateral ventricle) 
have similar signalintensities (low on Tl- and high on T2-weighted 
images). FLAIR provides a high contrast for the lesion. The fact that the 
signal from the lesion is not suppressed on FLAIR indicates that the 
lesion is not a CSF filled cavity but a solid tumour. The patient had 
partial epilepsy.
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The conspicuity of the presumed thrombosed aneurysm was similar on 3D and 2D 

fast FLAIR and IRSPGR images.

2.3.4 Discussion

The 3D fast FLAIR sequence is an innovative pulse sequence which provides 

images with FLAIR contrast and thin slices which are suitable for postprocessing 

including reformatting. Our study showed that the sequence was useful in epilepsy 

patients. All lesions in this pilot study, which represented the typical spectrum of 

lesions in epilepsy,^  ̂were detectable on 3D fast FLAIR images. 3D fast FLAIR 

provided a higher conspicuity for DNT and other low grade tumours than 

IRSPGR or standard spin echo images. In addition 3D fast FLAIR improved the 

detectability of lesions in our study. One small, presumedly traumatic, lesion which 

had been overlooked on standard spin echo images was first detected on 3D fast 

FLAIR and only retrospectively identified on 2D fast FLAIR. 3D fast FLAIR had 

advantages in the investigation of patient with tumours. Tumour margins were 

difficult to assess on 3D IRSPGR images because the signal intensity was similar 

to the signal intensity of grey matter on this predominantly Tl-weighted sequence. 

3D fast FLAIR images allowed visualization of the extent of abnormal signal in 

all directions. In low grade tumours the extend of the abnormal signal is likely to 

represent the extent of the tumour because there is only minor or no perifocal 

oedema.^^ Thus 3D fast FLAIR may also provide a better estimation of tumour 

size. This is of particular importance in epilepsy. Low grade glial neoplasms are 

often the cause of epilepsy. Complete resection of the tumour is more often 

associated with a seizure fi*ee outcome than subtotal resection, '̂* so assessment of 

the tumour margins is therefore inçjortant in the presurgical work up. Reformatted 

3D fast FLAIR images may provide useful information when the extent of the 

resection is planned. 3D fast FLAIR can eilso provide additional information on 

tumour texture: in a lesion with a cystic appearance on standard imaging in our 

study 3D fest FLAIR allowed to distinguish between CSF-filled cyst and non CSF- 

filled lesion. Although overall the contrast of 3D and 2D fast FLAIR was similar.
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the contrast for hippocampal sclerosis was lower on 3D fast FLAIR than on 2D 

fast FLAIR. The difference in contrast is likely to be caused by the different 

repetition time. The TR of the 3D fast FLAIR sequence was 4600ms, less than 

half of the TR of the 2D fast FLAIR sequence. Visibly lower contrast between 

sclerotic hippocampus and neighbouring brain tissue on the 3D fast FLAIR 

resulted in lower lesion conspicuity of hippocampal sclerosis on 3D fast FLAIR 

compared to 2D fast FLAIR. There was also a lower contrast between grey and 

white matter and between myelinated tracts and surrounding white matter on 3D 

fast FLAIR than on 2D fast FLAIR images. In most studies reporting high 

contrast for a variety of lesions^  ̂and for myelinated tracts^  ̂on FLAIR images a 

TR of 6000ms or longer was used. In one study using a TR of only 3000ms the 

FLAIR sequence provided still high lesion conspicuity for plaques in multiple 

sclerosis.^^ However, contrast optimization studies have shown that contrast 

between a sclerotic plaque in multiple sclerosis and surrounding white matter is 

optimal with a TR exceeding 10000ms. It is likely that this is also true for 

hippocampal sclerosis. The relatively short TR used in our 3D fast FLAIR may 

have been suboptimal. In our small series hippocampal sclerosis was still 

detectable on 3D fast FLAIR. However, larger studies are required to assess the 

detectability and conspicuity. Cortical dysplasia with thickened cortex was less 

conspicuous on both 3D and 2D fest FLAIR than on Tl-weighted images because 

of the lower grey matter-white matter contrast of fast FLAIR. The same would 

apply for many cases of heterotopic grey matter since the T2- relaxation time of 

the heterotopic grey matter is often similar to normal grey matter. As on 2D fast 

FLAIR heterotopic grey matter may therefore be overlooked on 3D fast FLAIR. 

The 3D IRSPGR sequence remains the sequence of choice to detect cortical 

dysplasia. Neither 2D nor 3D fast FLAIR provided additional information in the 

patient with the giant aneurysm. More patients with small aneurysms are required 

to evaluate the use of 3D fast FLAIR in the detection of this type of lesion. 

Calcified lesions may also be less conspicuous on both 2D and 3D fast FLAIR 

than on T2*-weighted sequences.
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2.3.5 Conclusion

In recent years several sequences have been developed including gradient echo 

imaging/^ fast spin echo imaging/^ magnetization transfer imaging'^̂ ’'̂ * short tau 

inversion recovery (STIR) imaging"*̂  and difiusion imaging/^ All have advantages 

compared to standard spin echo magnetic resonance imaging in certain special 

applications. 3D fast FLAIR provides a high contrast for lesions with long T2 

relaxation time in combination with thin slices which results in high conspicuity 

and good demarcation of tumours. Thus, 3D fast FLAIR may be a useful 

diagnostic tool in the presurgical work up of patients with non enhancing tumours 

where assessment of the tumour margins with standard imaging is difficult.
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Chapter 3

Diffusion Imaging in Epilepsy

3.1 Introduction

3.1.1 Principles o f diffusion

Difiusion imaging allows the quantitative measurement of a single physical 

process, the random molecular motion of water. Difiusion can be accurately 

mathematically described and plays an important role in the physiology of 

biological systems. Therefore MR difiusion imaging is an interesting tool in 

imaging. The interpretation of quantitative difiusion measurements is more 

straightforward than the interpretation of Tl- and T2-imaging or off-resonance 

imaging, which depend on several different complex physical processes including 

dipole-dipole interaction of molecules, J coupling, chemical exchange, chemical 

shift anisotropy and others.* In the following paragraphs the mathematical 

description of difiusion is shown and the measurement of diffusion in MR imaging 

is explained.

Difiusion is a process by which matter is transported from one part of a system to

Figure 3.1 - Classic description of diffusion.
another as a result of random molecular motion. In the classic description of 

difiusion, a system is considered which contains two compartments separated by 

a barrier, as shown in fig. 3.1. The compartments contain two different fluid 

molecular species separated by a barrier (A). When the barrier is removed, the
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molecules mix together (B). The microscopic, transitional motion is due to the 

thermal energy possessed by the molecule, causing them to constantly move in a 

random feshion and interact with one another. In a homogeneous fluid of infinite 

extent (which is known as an isotopic substance), diflusion is a truly random 

phenomenon. The mathematical theory of diffiision in isotropic substances is based 

on the hypothesis that the rate of transfer of diflusing substance through unit area 

of a section is proportional to the concentration gradient measured normal to the 

section. The equation which describes this is

J -  - D —  (3.)

where J is the rate of transfer per unit area of section, C is the concentration of the 

diflusing substance, x is the co-ordinate chosen perpendicular to a reference 

surfece through which the substance difluses and D is the coefficient of diflusion 

of the substance under consideration. (Pick's laws of diflusion.) Pick's laws apply 

equally well to a single molecular species (usually water in MR imaging) and such 

considerations are referred to as selPdiflusion. Prom these equations it is possible 

to calculate how far a diflusing particle has travelled in time t. Por a single 

measurement, a molecule may have travelled a range of distances. It is more 

appropriate to consider the average displacement during a time, t.

Por a single molecule the probability p(x)dx for a displacement between x and 

x+dx during time t, can be calculated.^

- X 2

4 D  t
d  X (3,2)

where t is the diflusion time and D the diffiision coefficient. The mean square of 

displacement, (x̂ ) is

(x") = 2Dt (3.3)
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If displacements in three dimensions are considered then the displacement is

(r") = 6 Dt (3.4)

This is commonly referred to as the Einstein equation^ which may be interpreted 

as a description of molecules undergoing a random walk. The probability that a 

given molecule travels a distance x in time t is given by a Gaussian distribution. 

The difiiision coeflBcient D is a measure of the mobility of the molecules in the 

difiusing medium D is dependent on the substance and the temperature. For pure 

water at 37®C the difiiision coefficient has a value of ~3.0 x 10̂  mnî /sf In this 

case, the root mean square (RMS) displacement for a difiusion time of 30 ms is 

about 2 0  pm

3.1.2 Effect o f diffusion on the NMR signal

Signal reduction of spin echoes by difiusion was considered by Hahn^ and others^’̂  

before the advent of imaging. In the presence of a spatially varying magnetic field, 

random motion of protons in difiusing water results in irreversible dephasing of 

the MR signal, producing a reduction of its amplitude. Since spatially varying 

magnetic fields are used for slice selection and spatial encoding in all MR images, 

diffiision of water molecules results in a reduction in signal intensity in all images, 

although the effect is normally quite small. By deliberately applying large magnetic 

field gradients in particular directions, diffiision can be made the dominant image 

contrast mechanism, enabling variations in diffusion to be visualised, including 

their directional dependence.

3.1.3 Pulsed gradient spin echo technique

Early measurements of diffiision employed a Hahn spin echo collected in the
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presence of a constant applied gradient. The nominal diffusion time Td is equal to 

TE/3 with this sequence, forming an undesirable link between contrast due to 

restricted diffusion and that due to T2-relaxation. In 1965 Stejskal and Tanner 

introduced the pulsed gradient spin echo (PGSE) technique, in which sensitivity 

to diffusion was provided by gradient pulses placed on either side of the 180° 

refocussing pulse.*

90 180 Echo

Gi
Figure 3.2 - Pulsed gradient spin echo sequence. Diffusion gradients are 
applied before and after the 180® pulse. The gradient strength G, the 
duration of the gradient ô and the time between the leading edges of the 
diffusion gradients A determine the diffusion weighting of the sequence.

Neglecting terms due to small conventional slice selecting and spatial encoding 

gradients, the diffusion attenuation S/Sq with this sequence is then given by

S/Sq = exp -y2G202(A- (3.5)
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where y is the gyromagnetic ratio, G is the amplitude of the gradient pulses, delta 

is their duration, DELTA is the time between their leading edges and D is the 

difiiision coefiScient. For the POSE sequence, Td=DELTA-delta/3. The composite 

parameter b (the difiiision sensitivity parameter)^ is given as

b=G2Ô2( A- 4")  (3-̂ )

b determines the overall signal attenuation (in conjunction with the D) and has 

units of seconds per millimetres squared (fig.3.3). It has to be kept in mind that 

equation 3.6 is a simplification. The b-value is also afiected by the ramp time of 

the difiiision gradients by imaging gradients and background gradients arising as 

a result of susceptibility variations in the sample or poor magnetic field 

homogeneceity. Equation 3.5 can also be written as

ADC = -  W  (3.7)

The POSE technique has a number of advantages. It decouples difiiision contrast 

from T2 dependent contrast, since S/Sq no longer depends on TE. In addition, by 

using very narrow pulses (making delta small in comparison to the average time 

required to difiiise between barriers), it enables the difiiision time to be 

determinated accurately.
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In order to obtain a sufficient b values strong gradients are necessary, in particular 

if a short delta is chosen. In experimental scanners with strong gradients sufficient

b [s/m m2]

Figure 3.3 - Spin echo EPI sequence with pulsed diffusion gradients. Sagittal 
images of a control subject were acquired with increasing b values. 
Increasing b values results in signal attenuation. Signal attenuation is highest 
in regions of high diffusion (the CSF filled spaces). The slope of the curve 
represents the diffusion coefficient D (which becomes the apparent diffusion 
coefficient D* in biological systems, see 3.1.4.3).

b values can be obtained with very short ô which allows measurements at varying 

Td for the determination of barrier spacing. Because of the limited gradient 

strength in clinical scanners measurements are usually performed with a fixed and 

long Td which is not suitable for measurements of barrier spacing but which 

allows accurate measurements of the apparent diffusion coefficient.

Other less commonly used methods of measuring diffiision include stimulated echo 

technique, the gradient echo technique and diffusion measurements with B1 field 

gradients.'®

102



3.1.4 Diffusion in bounded systems

3.1.4.1. Restricted and hindered diffusion

The divisional motion of molecules in a medium consisting of boundaries, which 

behave as barriers to difiiision, modifies the RMS displacement of the difilising 

species as a fimction of time over which the difiiision is observed. This 

phenomenon is referred to as restricted or hindered difiiision. If the

barriers are conqiletely inqienetrable (restricted difiiision), molecules which reach 

the barriers are reflected back into the medium. In this case the difiiision distance 

no longer increases indefinitely with difiiision time, but saturates and reaches a 

plateau when all the molecules have reached the boundary (fig. 3.4).

'S

fi*ee diffusion 

restricted diffusion

(Diffusion time^^ )̂

Figure 3.4 - Free and restricted diffusion.
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The value of the restricted difiusion asymptote is a measure of the spacing 

between the barriers. In the case of hindered diffusion, the boundaries may be 

semi-permeable so that interactions with the barrier hinder the progress of the 

diffusing molecules passing through. In this case the difRision characteristics 

become more complicated. If the barrier spacing is known, it is then possible to 

estimate the barrier permeability.*  ̂However, the geometrical arrangement of the 

medium is generally unknown in biological systems. The Stejskal Tanner sequence 

can be used to study the effect of restricted or hindered diffusion by obtaining 

measurements of the diffusion coefiBcient at a range of diffusion times by altering 

the value tj=(A-ô/3). The effects of restricted or hindered diffiision may be 

reduced by decreasing the diffusion time to a value to such a value that few 

difBising molecules reach the boundaries.

3.1.4.2. Anisotropic diffusion and the diffusion tensor

The case of a medium consisting of barriers orientated in a given direction may 

result not only in restricted or hindered, but anisotropic diffusion. If the degree of 

restriction is orientationally dependant the molecular mobility of the diffusing 

species will not be the same in all directions. Thus, diffusion anisotropy reflects 

the directionality and structural anisotropy of the material giving rise to restricted 

or hindered diffusion. Mathematically, the appropriate description of anisotropic 

diffusion is provided by a tensor quantity which is referred to as the diffusion 

tensor. In this case equation (3.1) may be re-written as

^ x x ^ x y ^ x z

^ y x ^ y y ^ y z

D z x D z y D z z  j

aC/sx 
a C/ay 
aC/az

(3.8)
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Where is the rate of transfer per unit area (or flux) and dCldx the concentration 

in the x direction. The diagonal elements of the diffusion tensor scale fluxes and 

concentration gradients in the same direction and off-diagonal elements couple 

fluxes and concentration gradients in orthogonal directions. For a medium in 

which self-diffusion is isotropic, such as water, the off-diagonal elements of the 

diffusion tensor are zero.

3.1.4.3 Diffusion in biological systems

The theory developed in this chapter has been used to describe diffusion in simple 

isotropic systems. Having then considered restricted and anisotropic dijflusion, the 

subject of di&ision in biological systems will now be considered. The description 

of diffusion in biological systems presents a formidable task, since tissue is 

heterogeneous, containing multiple subcon^artments (tissue microstructure). The 

diffusion process may be restricted by impermeable membranes, hindered by 

semi-permeable membranes and may also be affected by the presence of 

macromolecules around which diflusing water molecules may execute a tortuous 

path. DiSusion in tissue may be anisotropic, as for example is the case in white 

matter̂ ®’*̂’̂®’̂ ' or peripheral nerves. Anisotropy in peripheral nerves is determinated 

by axons and, if present, by myelin.^ ’̂̂  ̂Evidence for time dependent diffusion has 

been demonstrated in rat liver,̂ "* fi*og muscle^  ̂and human red blood cells.̂ '̂̂  ̂In 

the case of water diffusion. Pick’s law no longer applies, but the theory concerning 

the attenuation of the MR signal may be utilised by replacing the diffusion 

coefficient D by the apparent diffusion coefficient (ADC) in equation (3.5) and 

specifying the direction of the diffiision sensitising gradients and stating the 

diffusion time, t̂ . The most complete description requires the evaluation of the 

diffiision tensor. In order to reflect the influence of tissue structure and diffiision 

time on the diffusion tensor, the term apparent diffiision tensor (D“pp) is used. 

Attenuation of the NMR signal in tissue may be caused by processes other than 

those of diffusion. These processes include the flow of spins in the blood or CSF 

out of the image slice, signal losses due to tissue motion and the microcirculation
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within the typical dimensions of a voxel, microcirculation can be modified as a 

pseudo-difiusion process/ '̂^^

3.1.5 MR diffusion imaging

3.1.5.1 History o f diffusion imaging

The earliest difiRision-weighted MR images were obtained in 1985 by applying 

diffiision sensitising gradients (as described by Stejskal and Tanner) to spin 

echô ®*̂  ̂and stimulated echo^  ̂imaging sequences. However, the suggestion that 

is was theoretically feasible to combine difiRision pulsed gradient experiments and 

Fourier NMR imaging was raised earlier by Mansfield^  ̂and studies of the effect 

of diffision on conventional MR images investigated by Wesbey et al.̂ "* Calculated 

difiusion mapŝ  ̂may be constructed fi*om sets of diffusion weighted images, with 

different degrees of difiusion weighting (by altering the gradient b factor for each 

image), and the difiusion coefficients obtained by fitting the natural logarithm of 

the attenuated signal against the gradient b factor according to equation (3.5) on 

a pixel by pixel basis. Thus, the resultant map represents the spatial distribution 

of diffiision coefficients in the object, where regions of high (fast) difiusion are 

bright and those of areas of low (slow) difiusion are dark. The maps are 

independent from Tl- and T2-relaxation.

3.1.5.2 Diffusion tensor imaging

Methods for the estimation of the apparent difiusion tensor using MR imaging 

(diffiision tensor imaging or DTI), were developed by Basser et al.̂  ̂ The six 

elements of D®pp may be determinated from seven measurements of the NMR 

signal, with diffiision sensitisation along seven non-collinear directions. (Note that 

in theory, six difiusion-weighted images are the minimum number required to 

estimate For a given estimation of the D“pp in a voxel, a local orthogonal

co-ordinate system may be constructed (which is referred to as the principal co-
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ordinate axes) along which the difiusive fluxes and concentration gradients are 

decoupled (that is the off-diagonal elements o fD ^  are zero). The three diffiision 

coefficients which correspond to these principal directions are referred to as the 

principal diffusivities. The three eigenvectors of and § , define the

directions of the principal co-ordinate axes and the three eigenvalues 

A<3 , represent the principal diffusivities within the voxel. In other words, the 

eigenvector associated with the largest eigenvalue defines the direction of the 

tissue fibre tract axis. In summary, DTI allows measurements of the magnitude 

and directionality of diffusion in a three dimensional space.

3.1.5.3 Measurements o f magnitude and directionality o f diffusion

For clinical studies of water diffusion in tissue, it is often desirable to measure a 

quantity that is independent of tissue fibre orientation. The average ADC (ADCgJ 

is defined as

ADC,, .  (3.9)

where x, y and z are the orthogonal directions of the diffusion measurements. The 

ADCgy is measured in mnf/s. ADCĝ  can be used as a first approximation but is not 

rotationally invariant. A rotationally invariant measure is the mean diffiisivity (D®pp)

(D>PP) = ( ^ 1  + A, + A3) (3.10)

(A,i,+A,2+A.3 ) /3  is the trace of the diffusion tensor. Like ADC^v, (D^) is measured 

in mmVs.

Diffusion anisotropy may be indicated qualitatively by inspecting diffusion- 

weighted images obtained with difiusion sensitivity in different directions. In order 

to describe diffusion anisotropy in voxels containing tissue, an anisotropy index
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may be calculated based on measurement of scaler diffiision coefficients in each 

direction. A scalar anisotropy index, the standard deviation index (AI), that is 

proportional to the standard deviation of three ADCs measured in three mutually 

perpendicular directions, divided by their mean value viras proposed by van 

Gelderen.^*

AI =
1 /(ADC, - A D C J  + (ADC  ̂ - ADCJ^ .(ADC, - A D C j  
6 ADC.av

This index scales from 0 (isotropic medium) to 1 (maximum anisotropy). AI has 

the advantage that measurements are only required in three direction. However, 

this anisotropy index does ignore the off-diagonal elements of the difiusion tensor 

and is therefore not strictly quantitative.

A rotationally invariant quantitative index of anisotropy is the fractional anisotropy 

index (FA) proposed by Basser and Pierpaoli^^

m

difiiision deviatoric of D (bold not italicized) and D:D is the tensor dot product 

of D. Like AI, the FA index scales from 0 (isotropic medium) to 1 (maximum 

anisotropy).

FA overestimates anisotropy if the SNR is low. There are other indices for the 

measurement of anisotropy. One of them, the lattice index is less noise sensitive 

than the FA."*°

3.1.5.4 Problems o f in vivo diffusion imaging

Diffusion imaging has met with a number of difficulties. Most notably, is the 

problem of motion artefacts. In diffusion imaging one attempts to measure 

movements of water molecules over very short distances, typically less than 1 0 0  

pm. Not surprisingly, difiusion imaging is extremely sensitive to any macroscopic
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motion. Motion can be caused by head movements in uncooperative subjects. 

Pulsatile brain motion caused by the inflow of blood into the skull is the other 

important source of motion artefacts in diffiision imaging. Brain motion is largest 

during the first 300 ms of the cardiac cycle.' '̂ In MR sequences where k-space is 

filled over several cardiac cycles uncorrected diffiision weighted images are 

degraded by ghosts. This affects conventional spin echo, fast spin echo and 

multishot EPI imaging techniques. In single shot EPI imaging k-space is filled in 

about 100 ms. Therefore, only diffusion weighted images which are acquired 

during the first 300ms of the cardiac cycle are affected (fig. 3.5 and 3.6). This 

results in an overestimation of the apparent diffiision coefficient in regions where 

the brain motion was parallel to the difiusion gradient. There are at least five ways 

of reducing artefects firom brain motion. Restraining the head, applying sequences 

with short acquisition times, such as single shot EPI,"*̂  using cardiac gatingt  ̂

correcting motion artefacts using a second non-phase-encoded navigator echo,'*̂  

or, with single shot EPI, oversampling and rejecting outliers."̂  ̂Other problems of 

difiusion imaging include the estimation of the contribution of flow and perfusion 

to the difiusion measurements, the exact calculation of the contribution of imaging 

gradients to the b-value, the optimal number of b-values steps, the optimum b 

value and the optimum signal to noise ratio."̂  ̂In clinical studies a compromise has 

to been made between reasonable acquisition time and the available scanner 

hardware and software. It has to be kept in mind that this compromise may affect 

the accuracy of measurements. Other factors potentially affecting quantitative 

measurements are scanner stability and other artefacts. This has to be taken into 

consideration when clinical images and quantitative maps are interpreted. Regular 

measurements of difiusion in a water phantom at a known temperature can be 

used as a quality assessment. At the same time scanning of normal control subjects 

and the interpretation of their scans is important.
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Figure 3.5 - Experiment illustrating the influence of pulsatile brain motion 
on the apparent diffusion coefficient (ADC). A single shot EPI diffusion 
sequence was gated from the right common carotid artery. The diffusion 
sensitising gradient was applied in the frequency encoding (superior- 
inferior) direction. Average ADC maps of 24 experiments of a control subject 
are shown for different trigger delays (20ms, 70ms, 180ms, 230ms). For short 
trigger delays the ADC is artificially high in midline structures (arrow).

3.1.5.5 Single shot EPI in diffusion imaging

We used single shot EPI for the tensor imaging studies in the thesis. Single shot 

EPI has the advantage of being the least motion sensitive technique and fastest 

MR acquisition technique. However, single shot EPI has number of disadvantages. 

The hardware requirements for EPI imaging are severe.'̂  ̂Susceptibility artefacts 

in the orbito-frontal and temporal region and parts of the brainstem make these 

regions inaccessible to single shot EPI. Single shot EPI is prone to image 

distortions due to eddy currents. These distortions change when difiusion 

gradients are applied which results in misregistration of images acquired with and
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without difiiision gradients causing inaccurate calculations of diffusion parameters. 

Corrections, for example co-registration, are usually required.'*  ̂Individual single 

shot EPI images have a low SNR. Averaging techniques, using a low resolution 

or filtering are all suitable to increase the SNR, but there are obvious trade-offs.
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Figure 3.6 - Box plots of the 24 measurements of the ADC in a region of 
interest (arrow in fig.4.5). Scanning parameters as in figure 3.5. For short 
trigger delays the ADC is artificially high due to the pulsatile motion. For 
trigger delay 230ms the measured ADC equals the expected value (0.7 x 10  ̂
mm Vs).

3.2. Diffusion Imaging of Neurological Disease

3.2.1. Experimental studies

Experimental studies have observed difiusion changes in biological systems in a 

number of pathological conditions. These include models of stroke and 

experimental cytotoxic oedema, models of excessive electric discharges and 

models of nerve damage. In all models changes in diffusion were observed 

(tab.3.1).
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Table 3.1
Experimental models of nervous disease and development associated with diffusion changes

Disease/development Model Diffusion change

stroke and cytotoxic 

oedema

acute experimental

stroke**®’™’̂ ’

acute global ischemia^^^ -̂  ̂

experimental brain 

oedema®̂

decreased ADC 

decreased ADC 

decreased ADC

status epilepticus, 

seizures, epilepsy and 

migraine

experimental status 

epilepticus (kainic 

acid,^’̂ ’-̂ *’*® bicuculline,^ 

flurothyl®* induced) 

electroshocks,® spreading 

depression(KCL induced or 

in ischemia),®’̂ ’“ ’“  

chronic models of 

epilepsy®

decreased ADC (reversible if  

treated)

initially decreased, later increased 

ADC

hypoglycaemia acute severe experimental 

hypoglycaemia®

decreased ADC

traumatic head injury severe trauma®’’® increase followed by decrease in 

ADC

various acute nervous 

disorders

osmotically driven cell 

volume changes in nerves

increased cell volume decreased 

ADC and vice versa

wallerian degeneration experimental nerve 

damage’^

decreased anisotropy

brain development serial scanning’^ increasing anisotropy

The theoretical considerations and experimental studies discussed so far have 

important implications for the clinical use of water difiusion imaging. 1 . 

Measurements of water diffusion are quantitative and independent of Tl- and T2- 

relaxation. 2. Water diffusion in biological systems provide information on tissue 

microstructure including the density of the tissue (reflected by the restriction of 

water difiusion), the asymmetrical organisation (reflected by the anisotropy of 

water difiusion) and the main direction of difiusion (reflected by the principal
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eigenvector). 3. Pathophysiological changes are associated with water difiusion 

changes.

3.2.2 Clinical applications o f diffusion imaging

Currently, the main clinical application of difiusion imaging is the early detection 

of ischemia in stroke. During the early stages of ischemia (less than 2 hours), 

diffusion is reduced which has been interpreted as cytotoxic oedema. The 

current understanding is that the extracellular space where difiusion is less 

restricted shrinks and water is trapped in cells resulting in an overall reduction of 

difiusion. The licensing of the recombinant tissue plasminogen activator (rtPA) for 

thrombolysis in human stroke in the USA has kindled the interest in techniques 

sensitive for the early detection of ischemia such as difiusion imaging.^*’̂ ’̂*® There 

are only few studies using diffusion imaging in other conditions including multiple 

sclerosis,**’*̂ brain tumoursf^'^ traumd  ̂ and Pelizaeus Merzbacher diseas^f 

Alzheimers disease,*^’** and Creutzfeldt-Jakob disease.*^

In the following we are describing our application of difiusion imaging.

3.3 Water Diffusion in the Human Hippocampus in Epilepsy

3.3.1 Introduction

Animal models of chronic epilepsy following status have demonstrated that 

persistent ADC changes can develop (tab.3.1) These persistent ADC changes are 

likely to reflect the microstructural damage in such animals which include widened 

extracellular space, low neuronal densities, reduced dendritic branching and loss 

of cellular organization. In humans the hippocampus plays a central role in the 

generation and propagation of seizures in complex partial seizures. Hippocampal 

sclerosis (HS) is a common structural abnormality in patient with refractory 

temporal lobe epilepsy.^’̂  ̂The aim of this study was to investigate difiusion in the
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hippocampus in epilepsy during the interictal stage. To evaluate the difiusion 

changes associated with HS in epilepsy we established a normal range and 

performed measurements in patients with and without the MR criteria of HS.

3.3.2. Methods

3.3.2.1 Subjects

Seventeen patients and six control subjects without a history of neurological 

disease were scanned. Three patients had to be excluded from further analysis 

because of severe motion artefacts resulting in 14 patients (4 female, 10 male, 

mean age 33 years, range 20-50 years) and six controls (2 female, four male, mean 

age 31 years, range 29-36 years). Patients were recruited from a tertiary referral 

centre for epilepsy, were investigated with EEG and standard MR imaging, and 

were interviewed and examined by the investigator. The following clinical data 

were collected: age, age at onset of epilepsy, duration of epilepsy, cause of 

epilepsy, seizure types, frequency of seizures, severity of epilepsy, history of status 

epilepticus, EEG findings, findings on standard MR imaging. Seizures and epilepsy 

were classified according to the proposals of the commission for the classification 

of seizures and epilepsies.̂ '̂^  ̂ All patients had both partial and secondary 

generalized seizures. Presumed cause of epilepsy, predominant seizure type and 

the results of measurements are shown in tab. 3.2.

Table 3.2
Presumed aetiology of epilepsy, predominant seizure type and quantitative measurements.

Pat presumed aetiology seizure HVr/1 T2r/I ADCm r/1 AIr/1

1 prolonged FC CPS 3061/1891 88/101 0.96/1.08 0.05/0.02

2 childhood meningitis CPS 2801/2173 85/91 0.84/0.94 0.10/0.03

3 cryptogenic CPS 2401/1584 86/95 0.84/0.93 0.13/0.06

4 cryptogenic CPS 2972/3079 85/84 0.94/0.96 0.18/0.16

5 stroke in infancy SPS 1274/1505 116/108 1.42/1.21 0.03/0.03
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Pat presumed aetiology seizure HVr/1 T2r/I ADC^ r/1 AIr/1

6 childhood meningitis CPS 2125/3056 99/89 1.13/0.92 0.09/0.18

7 perinatal damage CPS 2125/2050 104/100 1.14/0.99 0.07/0.08

8 perinatal damage CPS 2975/2496 93/93 1.14/1.05 0.16/0.07

9 cryptogenic CPS 2808/3313 87/88 0.95/0.92 0.06/0.02

10 cortical dysgenesis SPS 2603/2746 88/87 0.89/0.85 0.03/0.02

11 cryptogenic CPS 2625/1955 86/94 0.89/1.09 0.06/0.08

12 Rassmussens' enc EPC 3012/819 92/103 1.27/1.53 0.06/0.03

13 cryptogenic* CPS 255/2489 114/99 1.30/1.05 0.06/0.06

14 cryptogenic* CPS 525/2492 107/88 0.96/0.72 0.04/0.11
Seizure = predominant seizure type, HV = hippocampal volume in m m \ ADC,^ = apparent diffusion 

coefBcient in x 10 mm Vs, AI = anisotropy index, 1 = left, r = right, FC = febrile convulsion, CPS 

= complex partial seizures, SPS = simple partial seizures, EPC = epilepsia partialis continua. * = 

patient had with previous anterior temporal lobe ectomy.

The neurological examination was normal in eight and abnormal in six patients 

(hemiparesis n=5, ataxia n=l). Standard MRI scans of all control subjects were 

normal, HS was detected in 11 patients (unilateral in 8  and bilateral in 3).

3.3.2.2 Measurement o f ADC and AI

Subjects were scanned with a 1.5T Signa Horizon system (maximum gradient 

strength of 22 mX/m). We used a cardiac-gated (2RR), navigated, difiusion- 

weighted version of a conventional dual-echo spin-echo (TE 1/TE2=75/103ms) 

sequence. Matrix 128 x 256, field of view 24 cm, slice thickness 5 mm. One to 

four slice positions at the level of pons were taken in the coronal plane. In three 

patients images were acquired in the axial plane to cover both hippocampi and the 

occipital area. Difiusion sensitising gradients were applied along all three gradient 

axes in turn (b=720 s/mm̂ ).̂ '̂  Motion correction, postprocessing and 

measurements were performed on a separate workstation (Sun Sparc 20). Motion 

correction was performed using the second non-phase-encoded navigator echo. 

The phase correction step was performed in the fi-equency domain after the first
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Fourier transform of the data in the readout direction."^ Images were visually 

inspected to control the effects of movement correction: after correction no 

movement artefacts were detectable by visual inspection in the mesio temporal 

region in all controls and in 14 of 17 patients. In three patients residual movement 

artefacts (ghosting and signal loss) remained after correction in at least one 

difiusion-weighted image. These patients were excluded from further analysis. 

ADC maps were generated using the Stejskal Tanner formula. A map of the mean 

ADC (ADC^v) was calculated on a pixel-by-pixel basis. The hippocampal ADC 

was measured in the anterior part of the hippocampal body in a region of interest 

(ROI) on maps of ADC ,̂ ADCy and ADC  ̂and on the map of the ADC^v by a rater 

who had a detailed knowledge of the hippocampal anatomy (U.C.W). The ROI 

was carefiiUy drawn to avoid partial volume effects from cerebro-spinal fluid and 

included CA^-CA  ̂ and the dentate gyrus but excluded the alveus. The same 

technique has been successfully used by others to measure the T2 relaxation 

time.^^

To estimate the difiusion anisotropy in the hippocampus we calculated the 

anisotropy index (AI) proposed by VanGelderen et al. (see 3.1.5.2). We calculated 

the AI in the hippocan^us and for conq)arison in the corpus caUosum, a structure 

which is known to be highly anisotropic^® and in a water phantom which is 

isotropic.
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3.3.2.2 Measurement ofT 2 relaxation time and hippocampal volume

For T2-relaxation time measurements, subjects were scanned with a dual-echo 

spin-echo T2-weighted sequence (TR/TE l/TE2/NEX=2000/30/120ms/1. Matrix 

256 X 192, FOV 24 x 18, 5 mm thick contiguous slices.) T2-maps were generated 

and T2-measurements performed in a ROI in the hippocampus in a position 

corresponding to the ADC measurements. For hippocampal volume measurements 

subjects were scanned with an IRSPGR volume acquisition 

(TR/rE/n/NEX=l 7.4/4.2/450/1, flip angle 20"). Matrix 256 x 192, FOV 24x18

Figure 3.7 - Coronal maps of the apparent diffusion coefficient (ADC) of a 
control subject. Top left: ADC derived from measurements in the x-direction 
(ADCJ. Top right: ADC derived from measurements in the y-direction 
(ADCy). Bottom left: ADC derived from measurements in the z-direction 
(ADCJ. Bottom right: Map of the mean ADC of ADÇ , ADÇ and ADp 
(ADCgJ. The arrowhead indicates the gradient direction (direction is into 
the imaging plane on ADCJ.

cm, slices thickness 1.5mm. On each slice the hippocampus was manually outlined, 

the area calculated and the volume calculated by multiplying the sum of the area 

with the slice thickness. The hippocampal volume was corrected for intracranial
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volume - the intracranial volume was estimated by outlining the cranium on 10 

slices and multiplying the sum of the area by 15 mm. The methods of 

measurements hippocampal T2-relaxation time and hippocampal volume 

measurements and normal values are described in detail elsewhere.^^’̂*’̂ ’̂̂ °® 

Hippocampal sclerosis (HS) was assumed when the hippocampal volume was 

reduced (volume smaller than the mean minus 3 standard deviations (SD) of 

normal controls) and the T2-relaxation time prolonged (T2-relaxation time larger 

mean plus 2 SD of normal controls). In two patients an anterior temporal lobe- 

ectomy involving the hippocan^al head had been previously performed and HS 

was histologically confirmed. In these patients measurements were performed in 

the sclerotic remnant.

3.3.2.3 Statistical analysis

ADCgy and AI were correlated with T2-relaxation time and hippocampal volume 

using Pearson's correlation coefficient. In addition, group comparisons were 

performed. Hippocampi were divided into the following three groups according 

to their volume and T2-relaxation time characteristics. 1. Hippocampi of patients 

which fulfilled the MR criteria for HS, 2. hippocampi of patients which did not 

fulfill the criteria for HS ("HS negative") and 3. hippocampi of normal controls. 

The mean ADC^v and the AI of the three groups were compared. A one way 

ANOVA (a=5%) was used to test the significance of differences between the 

three groups. SPSS 6.1 was used for all statistical calculations.

3.3.3 Results

3.3.3.1 Control subjects

The mean ADCgy was 0.91 x lO’̂ mmVs, the SD 0.03 x lO’̂ mmVs, the coefficient 

of variation (COV) 4%. The mean AI in the hippocampus was 0.09 (SD 0.04, 

COV 46%). The mean AI in the corpus callosum was 0.55 (SD 0.10, COV 18%),

118



in the water phantom (theoretically 0) was <0.01. The mean hippocampal 

T2-relaxation time was 85.5 ms (SD 1.59ms, COV 2%). The mean hippocampal 

volume corrected for intracranial volume was 2941 mm̂  (SD 88 mm\ COV 3%). 

Fig. 3.7 shows ADC maps in a control subject.

3.3.3.2 Patients

3.3.3.2.1 Correlation o f  T2 time and volume with ADC^ and AI

The hippocampal ADĈ  ̂was elevated (>mean + 2SD of control subjects) in eight 

patients (bilaterally in five and unilaterally in three)(fig.3.8). Hippocampal

Figure 3.8 - Coronal maps of the ADC,y of the mesiotemporal region. A: 
patient with temporal lobe epilepsy, B: normal control. The signal is higher 
in the right hippocampus than in the left hippocampus in the patient, 
measurements revealed an elevated ADC,  ̂on the right.

T2-relaxation time and hippocampal ADĈ  ̂ and were positively correlated 

(r=0.76, p<0.001) (fig. 3.9). Hippocampal volume and hippocampal ADC^̂  were 

negatively correlated (r=-0.61, p<0.001) (fig. 3.10). There was also a weak
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correlation between hippocampal T2-relaxation time and hippocampal AI 

(r=-0.39, p=0.01) and hippocanpal volume and hippocampal AI (r=0.37, p=0.02). 

Group comparisons ADC and AI in HS, HS negative hippocampi and controls. 

Fourteen hippocampi of 11 patients fiilfiUed the MR criteria for HS (8 had 

unilateral, three had bilateral HS). Fourteen hippocampi of patients did not fiilfiU 

MR criteria for HS ("HS negative"). In 12 hippocampi the T2-relaxation time and 

volume were both within normal limits, in two the T2-relaxation time was 

prolonged but the volume normal. All values of T2-relaxation time and volumes 

of control hippocampi were within the normal range.
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Figure 4.9 - Correlation of hippocampal T2-relaxation time and ADC^. The 
triangles represent hippocampi of control subjects, the squares represent 
hippocampi of patients.
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Figure 3.10 -Correlation of hippocampal volume and ADC^ The triangles 
represent hippocampi of control subjects, the squares represent hippocampi 
of patients.

The ADCav was significantly increased in the HS group compared to the HS 

negative and the control group (p=0.0004, posthoc comparison with least mean 

square (LSD) and Bonferoni test). The mean ADC^v in the HS group was 1.13 x 

10‘̂ mmVs (SD 0.17 x lO’̂ mmVs), in the HS negative group was 0.94 x lO'^mmVs 

(SD 0.13 X lO'^mmVs), and in the control group was 0.91 x lO’̂ mmVs (SD 0.03 

X 10‘̂ mmVs) (p=0.0004). (fig. 3.10).

The AI was significantly reduced in the HS group compared to the HS negative 

and the control group (p=0.04, posthoc comparison LSD). The mean AI in HS 

was 0.05 (SD 0.02), in HS negative hippocampi was 0.09 (SD 0.06), and in 

hippocampi of control subjects 0.09 (SD 0.04) (p=0.04) (fig. 3.12).

3.3.3.2.2 Outliers

In the HS negative group two hippocanpi had outlying ADC^v values indicated as 

points in fig 4.11 Both had a normal hippocampal volume but a prolonged T2
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relaxation time (patient 12 and patient 8). The AI in these patients was 0.06 and 

0.16 respectively.

1.6 
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Figure 4.11 - Boxplot showing ADC^ in sclerotic hippocampi (HS), HS 
negative hippocampi of patients (no HS) and control hippocampi. Boxes 
contain the 50% of values falling between the 25th and 75th percentiles, and 
the ^whiskers  ̂ lines that extend from the box to the highest and lowest 
values, outliers are indicated by dots. The line across the box is the median.
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Figure 3.12 - Boxplot showing AI in sclerotic hippocampi (HS), HS negative 
hippocampi of patients (no HS) and control hippocampi. (For explanation 
see fig. 4.11)

3.3.4 Discussion

Our measurements showed that water difftisicn is frequently abnormal in 

hippocampi of patients with epilepsy. We found a positive correlation of 

hippocampal T2-relaxation time and ADC^v and a negative correlation of 

hippocampal volume and ADC • This is in keeping with the observed trend of 

Zhong et al.̂ ®’ We also found a negative correlation of T2-relaxation time and AI 

and a positive correlation of hippocampal volume and AI. However, correlations 

for AI were weak and the coefiScient of variation in control subjects of AI 

measurements was higher than the coefiBcient of variation of ADC^y 

measurements. AI measurements may be less robust than ADC^y measurements 

because they propagate noise differently. Both ADC^v and AI are not rotationally 

invariant."*® Variation occurs if brains are not scanned in the same position, a 

condition which is in practice unlikely to be satisfied because of the interindividual
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anatomical differences and variations of head position in the scanner. The 

measurements used here are therefore a relatively crude estimates. Other methods 

to quantify anisotropy which provide rotationally invariant measures. Despite the 

limitations, we found significant differences between normal and abnormal 

hippocampi for both ADĈ y and AI. In hippocampi with reduced volume and 

prolonged T2-relaxation time difiusivity was significantly increased and anisotropy 

significantly reduced. The combination of reduced volume and prolonged 

T2-relaxation time in the context of epilepsy is predictive of 104,105,106

Therefore it seems to be reasonable to assunfe that difiusivity is increased and 

anisotropy reduced in HS.

Our findings imply that the tissue texture in the sclerotic hippocampus must be 

conç)romised in a way that allows increased water mobility rather than restriction. 

Measurements using in vitro models have shown that both the expansion of the 

extracellular space and the increased permeability of membranes can cause an 

elevation of the ADC (see tab. 3.1). However, changes in membrane permeability 

only occur in severe and acute disturbance of cellular function, and the major 

factor for the increased difiusion in a chronic lesion like HS seems to be an 

expansion of the extracellular space. We interpret our findings as showing that the 

cells are not as densely packed and not as asymmetrically organized as in normal 

hippocanpL This information could not be derived fi*om T2-measurements which 

are relatively nonspecific.̂ ®  ̂Our findings are likely to reflect neuronal loss and 

reduction of dendritic branching, microstructural changes believed to be the 

associated with epüeptogenesis. For practical reasons the visual inspection of 

standard MR images including fast FLAIR will probably remain the method of 

choice to detect HS in a clinical setup.*®* However, quantitative measurements of 

diffusion may help to clarify cases where visual inspection, measurements of 

volumes and measurements of T2-relaxation time are not concordant. Interestingly 

in our study the ADĈ y was elevated in two hippocampi with normal volume but 

prolonged T2-relaxation time which may suggest damage on the microstructural 

level in these hippocampi. Further studies correlating pathological (and clinical) 

parameters with T2-relaxation time and ADQy are necessary to determine if
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ADCav or T2-measurements are more sensitive.

3.3.5 Conclusion

In summary we showed that hippocampal difiiision is frequently abnormal in 

patients with epilepsy. Our findings are compatible with an expansion of the 

extracellular space in HS.

3.4 Diffusion-weighted MRl Demonstrates Abnormal Pyramidal Tract in 

Hemiparesis

3.4.1 Introduction

The main clinical application of DWI so far has been the early detection of the 

cytotoxic oedema in stroke. However, DWI can also be used as a tool to

investigate the microstructural organization of white matter. Difiiision in the white 

matter is anisotropic, water molecules travel predominantly parallel but not 

perpendicular to tracts (tab. 3.1). Therefore DWI provides information on tracts. 

We used DWI in patients with longstanding hemiparesis to investigate the 

pyramidal tract.

3.4.2 Methods

3.4.2.1 Subjects

Six control subjects (2 female, four male, mean age 31 years, range 29-36 years) 

without a history of neurological disease and normal neurological examination and 

two patients with a right sided hemiparesis were investigated.

Patient one was a 38 year old left-handed man who developed partial epilepsy, a 

right hemiparesis and aphasia after an encephalitic illness age 8. Symptoms
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partially resolved in the month after the disease but he developed epilepsy and was 

treated with polypharmacotherapy. EEG examinations had shown left sided 

abnormalities. At the time of the DWI investigation he was functioning 

intellectually below average (non verbal reasoning test IQ=75). The clinical 

examination showed a mild aphasia of Broca’s type, a right spastic hemiparesis 

(power 4/5) with impaired fine finger movements on the right. The Edinburgh 

Inventory showed that the patient was strongly left handed (13 activities out of 13 

performed with the left hand).

Patient two was a 37 year old man who developed epilepsia partialis continua at 

age 6 with jerking in the right face and hand. Subsequently he developed a right 

sided hemiparesis, hemianopia to the right and global aphasia, and declined 

intellectually but his deficit has been stable for the last 15 years. He had episodes 

of generalized tonic clonic status epilepticus and was treated with 

polypharmacotherapy. EEG examinations had shown left sided abnormalities. He 

was functioning intellectually at borderline level. On examination he had the 

following findings: a mild global aphasia, intermitted jerking in the right side of his 

fece, a spastic right hemiparesis more pronounced in the arm, (the power was 3/5 

in the arm and 4/5 in the leg, fine finger movements were impaired), a hemianopia 

to the right, sensory disturbances on the right side. The Edinburgh Inventory 

showed that the patient was strongly left handed (13 activities out of 13 performed 

with the left hand) at the time of DWI but there was evidence that he was right 

handed as a child. His syndrome was compatible with Rassmussen’s encephalitis.

3.4.2.2 MR imaging

We used a 1.5T Signa Horizon system (maximum gradient strength of 22 mT/m). 

All subjects were scanned with the following standard sequences: 

l.Spin echo (SE) T l- weighted sagittal localizer (TR/TE/NEX=620/16/1), 

256x256 matrix and 24x24 field of view (FOV), 5mm slices, 2.5mm interslice gap. 

2.Inversion recovery prepared 3 dimensional fast spoiled gradient echo (IRSPGR) 

(predominantly) Tl- weighted sequence (TR/TE/TI/NEX=17.4/ 4.2/ 450/1, flip 

angle 20°), 256 x 192 matrix, 24x18 FOV, 1.5mm slices. 3.SE T2-weighted
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sequence (TR/TEl/TE2/NEX=2000/30/120/l), 256 x 192 matrix, 24x18 FOV, 

5mm contiguous slices. Sequence 2 and 3 were obtained in the coronal plane. 

For DWI we used a cardiac-gated, navigated, diffiision-weighted version of a 

conventional dual-echo spin-echo (TEl/TE2=75/103ms) sequence. The sequence 

was triggered by every second R wave detected by a periphal pulse oximeter 

attached to the index finger. Matrix 128 x 256, FOV 24 cm, slice thickness 5mm. 

One to four slice positions at the level of the pons were taken in the coronal plane. 

Care was taken to position both patients and controls straight in the scanner. 

Difiiision sensitising gradients were applied along all three gradient axes in turn 

(b=720 s/mm^)."^ Motion correction, postprocessing and measurements were 

performed on a separate workstation (Sun Microsystems, Palo Alto CA). Motion 

correction was performed using the second non-phase-encoded navigator echo." 

Images were visually inspected to check the success of motion correction: after 

correction no movement artefacts were detectable by visual inspection in any 

subject. Maps of the ADC ,̂ ADCy and ADC ̂  and of the mean ADC (ADC ) 

were generated. A map of the anisotropy was calculated using the index proposed 

by Van Gelderen et al. ADĈ v measurements were performed in a region of 

interest in structurally abnormal regions and in corresponding regions in control 

subjects. All images and maps were visually inspected and the appearance of DWI 

images compared with the known anatomy.

3.4.3. Results

3.4.3.1 Standard MR imaging

All six control subjects had normal standard MR images. In both patients standard 

MR images revealed a difiuse left hemispheral damage with consecutive 

enlargement of the ventricles.
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3.4.3.2D W I

In control subjects structures which were undetectable on standard MR images 

were visible within the white matter on DWI. The location of these structures 

corresponded well with the known location of tracts (fig.3.12). Prominent tracts 

were the corpus callosum, the superior longitudinal (arcuate) fasciculus, the 

cingulum and the pyramidal tract. The direction of difiiision on difiiision weighted 

images also corresponded with the known orientation of the tracts: on difiusion 

weighted images with the direction of the difiusion gradient from left to right the 

corpus callosum appeared dark indicating high difiusion from left to right parallel 

to the main orientation of the corpus callosum. On difiusion weighted images with 

the direction of the diffusion gradient from superior to inferior the pyramidal tract 

appeared dark indicating high diffusion from superior to inferior parallel to the 

main orientation of the pyramidal tract on coronal images. And finally, on 

diffusion weighted images with the direction of the diffusion gradient from 

anterior to posterior the cingulum and superior longitudinal fasciculus appeared 

dark indicating high diffusion from anterior to posterior parallel to the main 

orientation of the these pathways on coronal images. On anisotropy maps tracts 

appeared bright regardless of their orientation because of the calculation of the 

anisotropy index effectively removes directional information. In all controls the 

appearance of tracts was symmetrical.

In both patients a gross asymmetry between left and right hemispheres was present 

on standard imaging but tracts were not detectable. On anisotropy maps the 

pyramidal tract appeared to be disrupted and anisotropy reduced on the clinically 

affected side. In addition in both patients the left arcuate fesciculus was abnormal. 

Measurements of the ADC in structurally abnormal regions in the left hemisphere 

revealed abnormally high values (ADCgy > 1.0 x 10'^mnf/s, mean ADC^v in control 

subjects 0.90 x 10‘̂ mmVs, SD 0.03 x lO'^mmVs).
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Figure 3.13 - Top left: schematic drawing of a coronal section through the 

hemisphere. The pyramidal tract consists of projection fibres and forms the 

posterior limb of the internal capsule. Top right: Anisotropy map of a 

normal control subject. Bottom left: Tl-weighted image of a patient with 

hemiparesis. Bottom right: Anisotropy map of the same patient showing the 

abnormal pyramidal tract.
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3.4.4 Discussion

DWI provided high contrast for structures within the human white matter which 

are undetectable with standard MR imaging. These structures detectable by DWI 

corresponded with the known anatomy of white matter tracts. This finding 

together with similar observations by other g r o u p s / s t r o n g l y  suggests that 

DWI is capable of demonstrating the principal tracts in the human white matter. 

The capability of DWI to give contrast for tracts can be explained by considering 

the physical properties of water difiusion in the brain. It has been established that 

difiusion in the white matter is anisotropic: water molecules can move more in 

some directions than in others. The underlying mechanisms of anisotropic 

diflRision are not fully understood but there is evidence that the parallel orientation 

of myelinated fibres in the stem of tracts is an important factor. Water molecules 

can diffuse parallel but only to a limited extent perpendicular to myelinated 

tracts.’** Unmyelinated tracts appear to impair difiusion less than myelinated 

tracts.”^

The pyramidal tract is known to be a highly myelinated t r a c t . Ou r  patients had 

neurological signs including weakness and impaired fine finger movements which 

indicated a dysfunction of the pyramidal t r a c t . We  showed with DWI that the 

anisotropy was reduced in the clinically dysfiinctional pyramidal tract. This implies 

that the movement of water molecules perpendicular to the dysfunctional tract was 

increased. Loss of axons and myelin may explain this finding. Experimental models 

of Wallerian degeneration showed that anisotropy is reduced in damaged fibres 

with myelin breakdown.

The second abnormal structure on DWI in both patients was the left arcuate 

fesciculus. Both patients had impaired language fimctions. The arcuate fasciculus 

is a major association tract connecting the speech centres of Broca’s and 

Wernicke’s area. Damage to the arcuate fesciculus or secondary degeneration of 

the fasciculus would be compatible with the clinical findings.

Our finding suggests that DWI and in particular anisotropy measurements can be 

used as a tool to visualize abnormal tracts and hence connectivity as a
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morphological correlate of dysfunction. This would be of interest for a better 

understanding of the relationship between structure and dysfunction. Anisotropy 

measurements depend on the parameters of the DWI sequence. The spin echo 

sequence used in our study for DWI had a slightly higher resolution and a higher 

signal to noise ratio than typical ultra fast echo planar imaging sequences, giving 

a theoretical advantage in particular in regions with con^lex anatomy and crossing 

fibres. However, the anisotropy index used here is not rotationally invariant and 

ignores the off diagonal elements of the diffusion tensor. Therefore anisotropy in 

certain regions (in particular in tracts diagonal to the diffusion gradients) may have 

been underestimated. However, our technique was sufficient to demonstrate the 

gross abnormality of the pyramidal tract in our patients. Technical improvements 

of DWI may allow the investigation of more subtle anisotropy changes and may 

enable us to apply the method in conditions where the changes are likely to be 

smaller.

3.4.5 Conclusion

We have shown that DWI is superior to standard MR imaging in the visualization 

of the normal white matter tracts in vivo. Furthermore we showed that DWI can 

visualize the morphological correlate of a clinically dysfunctional pyramidal tract 

in two patients with longstanding hemiparesis.
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3.5 Anisotropy of Water Diffusion in Corona Radiata and Cerebral Peduncle 

in Patients with Hemiparesis - a Diffusion Tensor Imaging Study

3.5.1 Introduction

Diffusion tensor imaging (DTI) is a new imaging technique which allows the 

measurement of magnitude and directionality (anisotropy) of water diffusion in a 

3 dimensional space (see chapter 3.1.5.2). Measurements of the anisotropy of 

water diffusion potentially provides valuable information on white matter tracts. 

The aim of this study was to assess the association between dysfunctional tracts 

and anisotropy of water diffusion using DTI. As a model for a dysfunctional tract 

we chose the pyramidal tract in patients with hemiparesis. We measured fi*actional 

anisotropy index (FA) in the expected position of the pyramidal tract at two levels 

(corona radiata and cerebral peduncle) and compared measurements of patients 

with chronic hemiparesis (n=10) and normal controls (n=10).

3.5.2. Methods

3.5.2.1 Subjects

Ten control subjects and 10 patients with hemiparesis were included. The mean 

age in control subjects was 33 years (range 29-39 years) in patients 38 years 

(range 19-54 years). The mean age when the hemiparesis was acquired was 4.5 

years (range 0-16 years). The cause of the hemiparesis was perinatal brain damage 

(n=5), traumatic brain damage (n=l), surgical and radiation related brain damage 

(n=l) cortical dysgenesis (n=2), mitochondrial cytopathy (n=l). All patients had 

partial epilepsy. Three patients had a severe hemiparesis with severe impairment 

of the function of the affected hand. Seven patients had a mild hemiparesis. All 

patients had supratentorial structural abnormalities on standard Tl- and 

T2-weighted magnetic resonance imaging affecting the primary motor area.

132



3.5.2.2 DTI parameters

Scans were performed on a 1.5T Horizon Echospeed scanner (GE, 

Milwaukee,USA). Maximum gradient strength = 22 mT/m, slew rate =120 T/m/s. 

We used a single shot diSusion-weighted spin echo planar sequence (TR = 2700 

ms, TE = 78 ms, FOV 24 cm, acquisition matrix 96 x 96, reconstruction matrix 

128 X 128, 5mm slice thickness, 5mm interslice gap). Pulsed unipolar difiusion 

gradients were used for difiusion sensitisation (delta= 28 ms DELTA= 35 ms). 

Four linearly increasing b-values were applied in 7 non-coUinear directions (xx, yy, 

zz, xy, xz, yz, xyz) at 6 slice positions = 703 s/mm^). Four averages were 

acquired per series, 2 interleaved series were obtained. Images were transferred 

to a separate workstation (Sun Microsystems). Image distortion due to eddy 

current from the difiusion gradients were corrected by coregistration. Movement 

artefects caused by brain pulsation, were reduced by using a filter algorithm which 

rejects outlying pixels. From the measured signal on T2-weighted and difiusion 

weighted images, and the b matrix calculated from the pulse sequence parameters, 

we estimated the effective difiusion tensor, in each voxel using the method of 

Basser et al.̂  ̂ The difiusion tensor matrix was diagonalised to give the three 

eigenvalues and their associated eigenvectors.^^ From this information the 

fractional anisotropy index (FA) was derived, on a pixel by pixel basis as described 

by Basser and Pierpaoli and calculated images (maps) generated.^^ Thus we 

obtained images with a T2-weighted contrast, difiusion weighted images and maps 

of FA and mean difiusivity in 12 axial slice positions. The appearance of structures 

on images and maps was cong)ared with the known anatomy. Measurements of 

FA were performed in regions of interest (ROI) using the Displmage software. 

This software calculates mean and standard deviation (SD) of pixel values of 

pixels included in the ROI. Regions were drawn in the cerebral peduncle and the 

corona radiata in the white matter underlying the precentral gyrus on FA maps. 

For measurements in the corona radiata the central sulcus and the precentral gyrus 

were identified. The ROI was placed in the subcortical white matter underlying the 

precentral gyrus in the expected position of the corona radiata. Visual qualitative
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inspection had revealed an increased signal intensity on T2-weighted images in aU 

patients in this region. The cerebral peduncle was identified by its characteristic 

shape. On visual inspection of T2-weighted images the cerebral peduncle to not 

return a clearly increased signal in any patient but appeared to be smaller on the 

affected side in 2 patients. All measurements were performed by one investigator 

who has detailed anatomical knowledge (U.C.W.). The size of the ROI was 

adjusted to the size of the given structure for each measurement. Only ROI with 

a SD 0.05 or less were accepted to minimize the contamination of the ROI by 

neighbouring structures or CSF. To establish a normal range the mean FA and the 

SD for all 10 normal controls was calculated for both corona radiata and cerebral 

peduncle. Measurements in patients outside mean ± 3SD of control subjects were 

considered as abnormal.

3.5.3 Results

3.5.3.1 T2-weighted images and mean diffusivity maps

In all patients the structurally abnormal supratentorial regions returned an 

abnormally high signal on T2-weighted images and had increased mean difiusivity 

values. This included the Corona radiata where the FA measurements were 

performed. The brain stem was asymmetrical in two patients, signal intensities 

were within the normal limits in all patients.

3.5.3.2 FA measurements

In control subjects the range of FA values was narrow in both corona radiata (CR) 

and cerebral peduncle (CP) (the coefficient of variation (COV) in CR was 12%, 

the COV in CP was 4%). The mean FA in control subjects was 0.74 in CR and 

0.86 in CP. This difference was statistically significant (p<0.001 T-test, a = 5%). 

There was no difference between left and right side in either CR or CP in control 

subjects (FA in the right CR=0.74, in the left CR=0.72 p=0.6, FA in the right
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CP=0.87, in the left CP=0.86, p=0.5). In all patients FA was significantly reduced 

(<mean-3SD) in CR contralateral to the clinically afifected side in the 

supratentorial lesion. In CP FA measurements were within the normal range in 

seven patients and abnormally low contralateral to the clinically affected side in 

three patients. All three had a severe hemiparesis. In all patients measurements in 

CR and CP contra lateral to the clinically normal side were within the normal 

range. The mean difiusivity was elevated in structurally abnormal regions. Fig.

3.14 shows maps of a normal control subject and a patient. Fig. 3.15 and tab. 3.3 

show measurements of FA in CR and CP in control subjects and patients.

Tab. 3.3

Mean fractional anisotropy in Corona Radiata and Cerebral Peduncle

Corona Radiata Cerebral Peduncle

Control Subjects 0.74 (0.09) 0.86 (0.03)

Functional Pyramidal Tract in Patients 0.73 (0.08) 0.86 (0.03)

Dysfunctional Pyramidal Tract in Patients 0.36 (0.08) 0.76 (0.08)

The standard deviation is given in brackets.
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3.14 - Axial fractional anisotropy maps at three slice positions (midbrain 

level, through the basal ganglia and through the corona radiata). Top row: 

control subject. Bottom row: patient with a left hemiparesis. Myelinated 

structures are symmetrical in the control subject. 1 = right cerebral 

peduncle, 2 = right posterior limb of the internal capsule, 3 = subcortical 

white matter in the expected position of the right corona radiata. In the 

patient with a left sided hemiparesis anisotropy is reduced in the right 

cerebral peduncle, the right posterior limb of the internal capsule, and the 

right corona radiata.
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Figure 3.15 - Fractional anisotropy measurements in the corona radiata (A) 

and the cerebral peduncle (B) in patients in dysfunctional and functional 

pyramidal tract and in control subjects. The anisotropy is reduced in the 

dysfunctional pyramidal tract in the corona radiata. At the level of the 

cerebral peduncle the anisotropy is significantly reduced only in three 

patients in the dysfunctional tract. All three had a severe hemiparesis.
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3.5.4 Discussion

We measured the anisotropy of water difiusion in the human corona radiata and 

cerebral peduncle in the expected position of the pyramidal tract in normal 

controls and patients with hemiparesis. In subjects with normally functioning 

pyramidal tract the anisotropy was high indicating directional movements of water 

molecules. Our measurements were in agreement with the measurements of 

Pierpaoli et al. performed in a healthy control subject. The range of anisotropy 

measurements in our study was relatively narrow, indicating that there is small 

interindividual variability of the internal microstructural organisation of the tract. 

Histological studies support both findings. Most fibres are myelinated (>90%) 

allowing the water molecules to move only parallel to tracts, there is only little 

interindividual variability of the myelination (SD 7.14%) in the normal pyramidal 

tract. There was a small but significant increase in FA fi*om corona radiata to 

cerebral peduncle in normal controls suggesting that directionality of difiusion 

increases fi*om rostral to caudal This is in keeping with the known anatomy of the 

pyramidal tract. In the corona radiata the fibres are not parallel orientated resulting 

in a relatively lower directionality of difiusion. In addition they are crossed by 

u-fibres. Directionality increases as pyramidal fibres converge in the cerebral 

peduncle (fig.3.16).

In all patients with chronic hemiparesis anisotropy was reduced in the area which 

appeared abnormal on T2-weighted images in the expected position of the corona 

radiata on the side contra lateral to the hemiparesis. This reduction implies a loss 

of directionality of the molecular motion of water molecules. Loss of myelin was 

one explanation for the reduction of anisotropy in the tract. A possible explanation 

is the replacement of myelinated fibres with less structurally organized tissue 

including glia cells or, in the patients with dysgenesis, an abnormal (structurally 

disorganized) development. In patients with severe hemiparesis a measurable 

reduction of anisotropy was also detected remote fi*om the supratentorial lesion 

in the cerebral peduncle. A possible explanation is wallerian degeneration of fibres
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Figure 3.16 - Schematic drawing of the right pyramidal tract (right posterior 
view). (Adapted from Ferner and Staubesand with permission).

secondary to the supratentorial lesion. Wallerian degeneration (degeneration of the 

axon with secondary disappearance of the fibre, including the myelin sheet) is 

associated with reduced anisotropy.

Our experimental results are in keeping with a recent study of Pierpaoli et al. who 

also demonstrated a reduction of anisotropy in the midbrain and medulla 

oblongata in stroke patients with a chronic supratentorial infarction.These and 

our results suggest that DTI may be useful to study the consequences of lesions 

on the structural integrity of nerve fibres remote to the lesion. Previously, standard 

Tl and T2 weighted MR techniques have been used to study wallerian 

degeneration qualitatively.*^  ̂ DTI has the advantage that measurements are 

quantitative and that there are good experimental models concerning the 

underlying mechanisms. Measurements of anisotropy should be performed in 

regions with coherent orientation of fibres like the cerebral peduncle. Anisotropy 

measurements are of limited value in regions with crossing fibres like the pons. In 

the majority of patients the anisotropy of water difiusion was within the normal 

range in the cerebral peduncle. In these patients with relatively circumscribed 

supratentorial damage to the pyramidal tract remaining normal fibres of the 

pyramidal tract may constitute the majority of fibres in the region of interest in the 

cerebral peduncle, the average anisotropy in the region of interest may be thus

139



within the normal variation. Use of a pixel by pixel approach and higher resolution 

may inqjrove the sensitivity of DTI to detect anisotropy changes in regions distant 

to lesions.

3.5.5 Conclusion

Our findings suggest that reduced anisotropy is associated with chronic 

hemiparesis, sometimes distant to the structural abnormality. Measurements of 

anisotropy may be used in other neurological syndromes to investigate the 

structure - (dys-) function relationship.
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3.6 Wallerian Degeneration in the Optic Radiation after Temporal 

Lobectomy Demonstrated in vivo with Diffusion Tensor Imaging

3.6.1 Introduction

Temporal lobectomy is the most common surgical procedure performed for 

medically refractory symptomatic epilepsy. The optic radiation can be damaged 

during surgery resulting in visual field defects. The clinical consequences of 

temporal lobectomy with regard to visual field defects range from quadrant 

anopia, which is commonly seen in en bloc resections, to hemianopia, if the 

resection extends more posteriorly.*̂ * The aim of this study was to investigate the 

microstructural changes in the optic radiation after temporal lobectomy. We used 

diffusion tensor imaging (DTI) which is a new magnetic resonance (MR) 

technique suitable for the visualization of tracts (MR tractography).*^^

3.6.2 Methods

3.6.2.1 Subjects

One patient with homonymous hemianopia and two patients with clinically fiill 

visual fields were selected for this study to compare the optic radiation of patients 

with and without clinical deficit after surgery. Twenty two control subjects (14 

male and 7 female subjects, mean age 30 years, range 19-45 years) without a 

history of neurological disease were also studied. All three patients were operated 

for the treatment of medically intractable temporal lobe epilepsy, all had a normal 

neurological examination prior to surgery. One patient (patient 1 ; male, age 20) 

had an amygdalo-corticectomy 6 months prior to scanning. Two patients (patient 

2; female age 50 and patient 3; female, age 32) had standard en block resections 

of the temporal lobe more than 5 years prior to surgery. Patient 3 developed a 

homonymous hemianopia after surgery. Patient 1 and patient 2 had clinically full 

visual fields.
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3.6.2.2 DTI parameters

Scans were performed on a 1.5 T Horizon Echospeed scanner (GE, Milwaukee, 

USA). We used a difiusion weighted sequence based on a single shot fluid 

attenuated inversion recovery prepared (FLAIR) spin echo planar imaging 

sequence (TR = 5000 ms, TE = 78 ms, Tl = 1835 ms, FOV 24 cm, acquisition 

matrix 96 x 96, reconstruction matrix 128 x 128, 5 mm slice thickness, 5 mm 

interslice gap). Two b-values were applied in 7 non-coUinear directions at 14 slice 

positions (bg,ax=703 s/mm^). Two interleaved series with five averages each were 

acquired, resulting in 28 contiguous slice positions. Images were transferred to a 

Unix workstation (Sun Microsystems, Palo Alto CA). Difiusion weighted images 

affected by movement artefacts caused by brain pulsation, were identified as 

outliers and rejected using a statistical comparison of the five averages (about 

5%). The division tensor was calculated fi*om the difiusion weighted images and 

the fi*actional anisotropy index (FA) and the mean diffiisivity were derived.^^’̂^

3.6.2.3 Quantitative assessment o f tracts (MR Tractrography)

Quantitative assessment of the motion of water molecules provides information 

about the tissue microstructure. In white matter water molecules exhibit difiusion 

which is anisotropic ie. high parallel with tracts but low perpendicular to tracts 

(see discussion). Calculated images (maps) of the difiusion anisotropy of water 

difiusion like FA maps delineate myelinated tracts. We spatially normalized 

difiusion maps and statistically conpared the difihision anisotropy of patients with 

the difiusion anisotropy in normal controls to detect areas of significantly 

abnormal difiRision anisotropy. For spatial normalization, we used an automatic 

iterative registration algorithm based on the maximization of the cross-correlation 

of the voxel intensities (MRreg).^^®’*̂  ̂ The images with FLAIR contrast were 

matched to a model with nine degrees of fi*eedom including translation, rotation 

and linear scaling. The spatial transformations were transferred to the maps of FA 

and mean difiusivity. FA and mean difiusivity of control subjects were generated
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jfrom spatially normalized controls and the standard deviation (SD) and the 

coefficient of variation (COV) maps were also calculated on a pixel by pixel basis, 

a reduction of > mean ± 2 SD being considered as significant. Averaged spatially 

normalized maps of FA of control subjects were overlayed with significantly 

lowered regions of difiusion anisotropy of the patients. The results were compared 

with the known anatomy.

3.6.3 Results

3.6.3.1 Standard MR imaging

Standard imaging in patient 1 showed a right anterior medial temporal resection. 

In patient 2 and patient 3 an extensive en bloc resection of the temporal lobe was 

shown (about 6 cm of lateral cortex, the uncus the amygdala and 4 cm of the 

anterior hippocampus, in patient 2 on the right in patient 3 on the left side). 

FLAIR images showed an increased signal at the margins of the resection in all 

patients and in patient 2 and 3 high signal in the posterior temporal lobe and 

occipital lobe ipsilateral to the resection.

3.6.3.2DTI

The normal range for mean difiusivity and fractional anisotropy measured in 

regions of interest was narrow in the white matter of the occipital lobe (mean 

difiusivity: mean 0.79 x 10'̂  mmVs, SD 0.06 x 10 mmVs, fractional anisotropy: 

mean 0.68, SD 0.05). These values are very similar to difiusion measurements by 

Pierpaoli et al.̂  There was no significant difference between left and right side, (p 

= 0.06 for mean difiusivity and p = 0.19 for fractional anisotropy (t-test, a  = 5%). 

In all patients the mean difiusivity was higher than normal around the margin of 

resection in the tendrai lobe. In patient 1 and 2 difiusion in the occipital lobe was 

normal, in patient 3 mean difiusivity was increased (mean difiusivity in patient 3 

in this area about 1.5 x 10 mmVs) and the FA index reduced (0.45).
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3.6.3.3 MR Tractography

Patient 1 did not show significant reductions. In patient 2 a smaU area of reduced 

difiusion anisotropy in the posterior part of the tenporal lobe was noted. This may 

have been a direct effect of the resective surgery and affected only the most mesial 

fibres of the right optic radiation. The majority of fibres appeared to be intact 

which was in keeping with the lack of clinical signs. However, a significant 

reduction of difiusion anisotropy was shown in the left optic radiation in patient 

3 affecting both Meyer's loop and the more superior parts of the left optic 

radiation, (fig.3.17).
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Figure 3.17 - Top: Sagittal Tl-weighted images. Bottom: Axial averaged 

maps of the fractional anisotropy of normal controls, showing myelinated 

pathways including the optic radiation overlayed with regions of 

significantly reduced anisotropy in the patients (scaled from blue = 2SD to 

yellow = 2SD-200). Left: patient 1, right amygdalo-cortiectomy, no visual 

field defects. The optic radiation is normal. Middle: patient 2, right standard 

resection, clinically no visual field defect. Only the most medial fibres of the 

optic radiation are affected. Right: patient 3, left standard resection, 

clinically hemianopia to the right. Significant reductions of the anisotropy 

suggesting a breakdown of myelin are visible in the left optic radiation 

exceeding the resection line. (Note that patients left is right on axial images.)
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3.6.4. Discussion

Using MR tractography we demonstrated, to our knowledge for the first time, a 

significant reduction of difiusion anisotropy in combination with an increased 

mean dffiisivity in the optic radiation in the patient with hemianopia. Our finding 

can be interpreted by considering the physical properties of water difiusion in the 

brain. MR tractography utilizes information fi*om the difiusion tensor which is a 

mathematical description of the magnitude and directionality (anisotropy) of the 

molecular movements of water in a 3 dimensional space. In the brain the molecular 

movement of water is restricted by membranes. In white matter difiusion is 

directional (anisotropic): water molecules move more or less fi*eely parallel to 

tracts and are restricted or hindered in their movement perpendicular to 

tracts. Experimental data suggest that myelin is an important factor for 

anisotropic difiusion. Breakdown of myelin in wallerian degeneration leads to a 

reduction of difiusion anisotropy because water molecules are less hindered in 

their movement perpendicular to tracts resulting in less directional (more 

isotropic) difiusion (tab. 3.1). Fibre degeneration has been identified in stroke 

patients in vivo using DTI.̂ '̂̂  Traditionally, wallerian degeneration caused by 

artificial or natural occurring lesions has been used to study the origin and course 

of nerve fibres in the brain postmortem Using quantitative difiusion measurements 

in the described way we were able to use the same approach in vivo. Previously, 

T2-weighted MR sequences or FLAIR techniques were used to study tracts. 

Wallerian degeneration was assumed in the presence of qualitative and non 

specific signs such as an increase in signal intensity in the expected position of the 

optic radiation. However, qualitative criteria are known to be rater dependent 

which is a major disadvantage of this approach. MR tractography provides 

superior contrast for tracts and allows a rater independent quantitation of the 

microstructural integrity of tracts. Neither of these can be obtained with standard 

MR imaging. The disadvantages of current implementations of DTI include a 

lower resolution than most standard MR images and distortions. Low resolution 

and thick slices as used in our study can affect the accuracy of difiusion anisotropy
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measurements, in particular in regions with crossing fibres. However, this is 

merely a technical problem which is likely to be solved with new fast DTI 

techniques. Increased resolution and reduced artefects will narrow the range of the 

difiusion anisotropy measurements in normal controls and thus increase the 

sensitivity of the method.

MR tractography using DTI is an exciting new technique which offers the 

opportunity to address other important questions in the context of epilepsy 

surgery. These include not only the correlation of postsurgical deficit (clinical and 

subclinical) and morphological changes which has been addressed in this study but 

also the correlation of outcome with damage to certain tracts such as the uncinate 

fascicle. This may assist in our understanding of seizure spread and also of the 

morphological consequences of seizures.

3.6.5 Conclusion

Our findings show that MR tractography maybe used to demonstrate wallerian 

degeneration in the optic radiation after temporal lobectomy in patients with 

hemianopia thus enabling us to visualize the morphological correlate of 

dysfimctional pathways after epilepsy surgery in vivo.

3.7 Reduced Anisotropy of Water Diffusion in Structural Cerebral 

Abnormalities demonstrated with Diffusion Tensor Imaging

3.7.1 Introduction

During phylogenetic development the structural complexity of the brain increases 

reflect the level of organization of the brain. The microstructural organization 

of the brain can be investigated in vivo with difiusion weighted imaging. In this 

study our aim was to investigate the anisotropy of water difiusion in long standing 

structural abnormalities of different aetiology.
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3.1.2 Methods

3.7.2.1 Patients

Eighteen patients (mean age 35 years, range 17-49 years) with partial epilepsy of 

more than 5 years and a structural abnormality on standard Tl- and T2-weighted 

magnetic resonance images and 10 control subjects (mean age 33 years, range 

29-39 years) without a history of neurological disease were scanned with DTI. 

Patients were recruited from a tertial referral centre for epilepsy and were 

interviewed and examined by the investigator. The neurological defict was stable, 

all patients were investigated with DTI in the interictal stage. The diagnosis of the 

structural abnormality was based on the appearance on standard imaging and the 

clinical data. The structural abnormalities could be divided in three principal 

groups, brain damage (lesions without mass effect), dysgenesis (characterized by 

abnormal gyral pattern and or heterotopic grey matter) and tumours (lesions with 

mass effect). Brain damage included postsurgical brain damage, nonspecific brain 

damage, perinatal brain damage, perinatal infarct, ischemic infarct, perinatal 

hypoxia, traumatic brain damage (n=3), mitochondrial cytopathy with the 

A117786 mutation and mesiotemporal sclerosis. Dysgenetic structural 

abnormalities included focal cortical dysplasia in combination with subcortical high 

signal, widespread cortical dysplasia and heterotopia in combination with cortical 

dysgenesis. Tumours included meningeoma (n=2), hypothalamic hamartoma and 

a glioma. Tab. 4.4 shows the location, diagnosis and diffusion measurements of 

the structural abnormalities.

3.7.2.2 DTI parameters

Scans were performed on a 1.5T Horizon Echospeed scanner (GE, 

Milwaukee,USA). Maximum gradient strength = 22 mT/m, slew rate =120 T/m/s. 

We used a single shot difiusion-weighted spin echo planar sequence (TR = 

2700ms, TE = 78ms, FOV 24 cm, acquisition matrix 96 x 96, reconstruction
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matrix 128 x 128, 5mm slice thickness, 5mm interslice gap). Pulsed unipolar 

diSiision gradients were used for diSlision sensitisation (delta = 28ms DELTA = 

35ms, difiusion time Td = 26ms). Four linearly increasing b-values were applied 

in 7 non-coUinear directions at 6 slice positions (bn^=703 s/mm^). Four averages 

were acquired.

Images were transferred to a separate workstation (Sun Microsystems, Palo Alto 

CA), and converted into UNC format for postprocessing. Image distortion due to 

the difiusion gradients were corrected with a co-registration program. Movement 

artefacts were reduced by using a filter algorithm which rejects outlying pixels. 

Maps of the mean difiusivity and the fi’actional anisotropy (FA) were generated 

using the method proposed by Basser and Pierpaotf ̂ on a pixel by pixel basis. The 

mean difiusivity is a measure of the magnitude of difiusion in mmVs. The FA index 

is a rotationally invariant scalar index of anisotropy which scales fi*om 0 (isotropic 

medium) to 1 (maximum anisotropy). Structural abnormalities were identified on 

standard MR images and measurements were performed in regions of interests 

using the Displmage software. The ROI was automatically transferred fi*om mean 

difiusivity maps to the corresponding region on FA maps to ensure that 

measurements were performed in identical regions. Normal values were 

established by measuring FA and mean difiusivity in 2 locations (left and right) in 

10 control subjects in the subcortical white matter. Differences between values of 

patients and of control subjects were statistically tested with a t-test (alpha 5%). 

Individual measurements in patients outside mean ± 3SD of normal controls were 

considered to be abnormal.

3,7.3 Results

FA maps provided contrast for myelinated tracts in normal controls. In the 

subcortical white matter of normal controls the mean FA in the white matter was 

0.76 (SD 0.05). The mean difiusivity maps were uniform with values of 0.75 x 

10'̂  mnf/s (SD 0.05 xlO'^mm /̂s). In structural abnormalities FA was significantly 

reduced (p<0.0001) and mean difiusivity significantly increased (p<0.0001)
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compared to normal subcortical white matter (fig.3.18). Despite this finding the 

correlation between FA and mean difiusivity was poor (r = -0.1). In structural 

abnormalities of five patients the mean difiusivity was inside mean plus 3SD of 

normal control subjects. Two patients had dysgenetic lesions and three patients 

brain damage. All FA measurements in structural abnormalities were outside mean 

minus 3SD of normal control subjects regardless their aetiology (fig.3.19). Table

3.4 shows diagnosis and difiusion measurements.
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Figure 3.18 - Fractional anisotropy and mean difiusivity in structural 
abnormalities and in the white matter of control subjects.
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Figure 3.19 - Structural abnormalities on DTI. Tl-weighted images (left), 

maps of mean diffusivity (middle) and fractional anisotropy (right) are 

shown. Top row: A patient with traumatic brain damage affecting the right 

parietal and frontal lobe (1). Middle row: A patient with poly microgyria 

affecting the right hemisphere (2). Bottom row: A patient with a left 

temporal meningeoma (3). The fractional anisotropy is reduced in all 

structural abnormalities. However, mean diffusivity is only mildly increased 

in the patient with poly microgyria.
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Table 3.4 DTI measurements in structural abnormalities

Pat standard MR imaging diagnosis FA (D-pp)

1 right temporal lesion postsurgical brain damage 0.47 1.63

2 left frontal lesion nonspecific brain damage 0.39 0.87

3 left hemispheral lesion perinatal brain damage 0.39 0.79

4 left ftonto-parietal lesion perinatal infarct 0.26 0.92

5 left occipital lesion ischemic infarct 0.40 1.07

6 subcortical WML perinatal infarct 0.44 0.87

7 left hemispheral lesion traumatic brain damage 0.28 1.08

8 right fronto-parietal lesion traumatic brain damage 0.30 1.41

9 right subcortical lesion traumatic brain damage 0.42 0.85

10 WML and atrophy mitochondrial cytopathy 0.25 1.46

11 hippocampal atrophy mesiotemporal sclerosis 0.50 1.17

12 abnormal gyrification cortical dysplasia 0.27 1.05

13 abnormal gyrification cortical dysplasia 0.15 0.86

14 abnormal gyrification cortical dysplasia 0.36 0.85

15 bilateral occipital mass meningeoma 0.37 0.98

16 left temporal mass meningeoma 0.40 1.24

17 hypothalamic mass hypothalamic hamartoma 0.25 1.99

18 right mesio temporal mass glioma 0.34 0.97

FA = fractional anisotropy, (D**’’) = mean difiusivity, WML = white matter lesion, GM = grey matter.

3.7.4 Discussion

The main finding of our study was a reduction of anisotropy of water diffiision in 

a wide range of different structural abnormalities. In the majority of abnormalities 

(72%) the reduction of anisotropy was also associated with an increased 

diffusivity. Our finding can be interpreted by considering the physical properties 

of water diffusion in the brain. In the brain the molecular movement of water is 

restricted by membranes. Pathological processes resulting in microstructural
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changes including cell swelling, shrinkage or widening of the extracellular space 

or the loss of tissue organization all result in transient or permanent changes of 

diffusion. It has also been established that water diSlision is anisotropic: water 

molecules can move more freely in some directions than in others. The underlying 

mechanisms of anisotropic difrusion are not fully understood but there is evidence 

that the parallel orientation of myelinated fibres in the stem of tracts is an 

in^rtant fector. Water molecules can difiuse parallel but only to a limited extent 

perpendicular to myelinated tracts. Unmyelinated tracts appear to impair difiusion 

less than myelinated tracts. A reduction of anisotropy in lesions implies that the 

water molecules have more freedom of movement in structurally abnormal tissue 

than in normal cerebral white matter. This suggests a loss of organization on the 

microstructural level Experimental models of wallerian degeneration for example 

showed that anisotropy is reduced because the damaged fibres allow perpendicular 

diffusion. Our finding of a reduced anisotropy implies that a reduction of the 

organisation is the common finding in structural abnormalities. Our finding 

suggests that anisotropy measurements can be a sensitive although nonspecific 

tool for the detection of abnormal tissue in the white matter. Further studies are 

necessary to assess if abnormalities can be detected in patients with normal 

standard MR imaging. In our study measurements of anisotropy and mean 

difihisivity did not correlate suggesting that both parameters maybe independent 

measures. In about 30% of all abnormalities a reduced anisotropy was associated 

with a normal mean difiusivity implying that the structural organization was 

different (less directional) than in normal white matter (resulting in reduced 

anisotropy) but the cells were still as densely packed as in normal brain tissue 

(resulting in normal mean difiusivity). This combination seems to be possible in 

gliosis (as the consequence of brain damage) and dysgenesis and may distinguish 

these pathologies from for example tumours. Preliminary studies in stroke, 

multiple s c l e r o s i s , o t h e r  white matter disorders,̂ '*®’̂ '*̂ malformations of 

cortical development "̂̂  ̂and ageinĝ "*̂  have all shown a reduction in anisotropy 

suggesting that reduced anisotropy is associated with dysfunction independent of 

the underlying pathology. Anisotropy may even be mildly reduced in
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schizophrenia '̂*  ̂and possibly ageing/'*^

5.7.5. Conclusion

A reduced anisotropy reflecting a loss of the microstructural organisation appears 

to be the common denominator in structural cerebral abnormalities of different 

aetiologies.

3.8 Blunt Head Trauma associated with widespread Water Diffusion 

Changes

3.8.1 Introduction

Blunt head trauma is a major cause of disability giving rise to neurological deficits, 

neuropsychological deficits and epilepsy. Postmortem studies have identified 

surface contusion and lacerations, diffuse axonal injury, affecting predominantly 

central myelinated structures, and ischemia as main mechanisms of damage.*'*® To 

localise damaged regions and quantitate the damage in vivo we used difiusion 

tensor imaging (DTI).

3.8.2 Methods

3.8.2.1 Patient

We investigated a 42 year old man who had suffered firom a severe blunt head 

trauma in a road traffic accident with skull fi-acture and right fionto-temporal extra 

durai haemorrhage 9 years ago. He was comatose for 2 days and suffered from 

impaired memory, left quandrantanopia and epilepsy as the consequence of the 

accident. Standard MR imaging showed damage to the right temporal lobe, 

atrophy and multiple small juxacortical and a few deeper white matter lesions.
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3.8.2.2 DTI parameters

DTI (TR = 5000 ms, TE = 78 ms, TI = 1835 ms, FOV 24 cm, acquisition matrix 

96 X 96, reconstruction matrix 128 x 128, 5 mm slice thickness, 2 b-values applied 

in 7 non-coUinear directions at 28 slice positions (b^=703 s/mm^)) showed 

widespread abnormalities involving both hemispheres. Statistical pixel by pixel 

comparison of spatially normalized difiusion maps of the patient with difiusion 

maps of 22 control subjects was performed.

3.8.3 Results

The statistical comparison with the 22 control subjects showed a significant 

increase of the magnitude of difiusion right temporal, frontal and bilateral 

occipital (mean difiRisivity > mean + 2 standard deviations, >1.0 x 10 mmVs). 

Furthermore there was a significant decrease of the directionality of difiusion 

(fractional anisotropy < mean - 2 standard deviations, <0.3 [dimensionless]) in 

myelinated structures including the right optic radiation, corresponding to the 

quandrantanopia, and the corpus callosum (fig. 3.20).
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Figure 3.20 - Diffusion tensor imaging and standard Tl weighted images in 

traumatic brain damage causing right quadrant anopia, impaired memory 

and epilepsy. Tl-weighted images (top row) show brain atrophy. Maps of the 

mean diffusivity show widespread increase of the magnitude of diffusion 

(pixels with significantly increased mean diffusivity are shown in red). Maps 

of the anisotropy of diffusion (bottom row) show a decrease of the 

directionality of diffusion in myelinated structures including the right optic 

radiation (bottom left) and the forceps major of the corpus callosum (bottom 

right), (pixels with significantly decreased amsoiropy are shown in red).
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3.8,4 Discussion

Dffiision changes reflect an abnormal microstructural organization of tissue. The 

magnitude of diSusion increases if microstructural changes cause a widening of 

the extracellular space. The directionality (anisotropy) of water difiiision changes 

if nerves or fibres are damaged (tab. 3.1). Cell loss and incomplete replacement 

resulting in a widened extracellular space would explain the increased magnitude 

of difiusion in our case. Difiuse axonal injury and secondary wallerian 

degeneration would explain the reduced anisotropy in central white matter 

structures.

3.8.5. Conclusion

Our finding suggests that DTI can be a sensitive tool for the detection of 

abnormalities after blunt head trauma thus allowing the in vivo quantitation of 

damage in this disabling condition.

3.9 Diffusion changes in status epilepticus

3.9.1 Introduction

During status epilepticus transient signal changes on standard T2-weighted MR 

images have been reported. i48,149,iso, 151,152 However, these changes were 

non-specific and involved both grey and Wiite matter. Diffiision weighted imaging 

(DWI) is a MR method sensitive for diffiision of water and provides a contrast 

different fi"om Tl- and T2-relaxation. The apparent diffiision coefficient (ADC), 

a measure of diffiision, can be calculated. The ADC may provide different 

information about the pathophysiological changes in the investigated tissue. 

Diffiision is a fundamental biological process and is likely to be altered in stages 

of neuronal dysfunction. DWI has been used to investigate brain ischemia. In the
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early stages of brain ischemia diffiision is reduced in the ischemic area involving 

both cortex and white matter. In the later stages of ischemia, after cell death, 

diffiision increases. In experimental status epilepticus similar difiusion changes 

have been demonstrated (see tab.3.1). The difiusion first decreased in the piriform 

cortex and amygdala in kainic acid induced status, this was followed in the later 

stages of the status. However, the application of DWI in humans during status has 

previously been hanqjered by hardware and software limitations of MR scanners, 

particularly by the long image acquisition time required. We used a difiusion 

weighted echo planar imaging (EPI) sequence which is fast enough to make the 

technique applicable to the investigation of humans during status to investigate a 

51 year old female patient during and after focal status epilepticus.

3.9.2 Methods

3.9.2.1 Patient

The patient’s condition was characterized by bilateral optic neuritis and recurrent 

focal status epilepticus but the underlying diagnosis of her condition remained 

unknown. Intensive investigations for metabolic, autoimmune and genetic 

disorders including muscle biopsy had been negative. The current status continued 

for 22 days and consisted of intermittent myoclonus in the right leg affecting 

predominantly the right tibialis anterior and quadriceps muscle. The status was 

followed by a Todd's paresis that persisted for several days.

3.9.2.2 D WIparameters

A General Electric Horizon Echospeed 1.5T scanner with SRI 20 gradients was 

used (gradient strength 22 mT/m, slew rate 120 T/m/s). For DWI a single-shot 

EPI sequence modified with pulsed difiusion gradients has been designed. EPI 

parameters were TR 2RR (about 2s) for gated EPI, TE 95 ms, matrix size 128 x 

128, field of view 24 cm, slice thickness 5 mm, receiver bandwidth 91 kHz. Four
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difiusion weighted steps (b=0 s/mm ,̂ b=107 s/mm ,̂ b=427 s/mm ,̂ b=960 s/mm^) 

were repeated approximately every 8 seconds, depending on the patients heart 

rate, 24 times in three slices. Difiusion weighted gradients were applied in phase, 

frequency and slice select direction. The accuracy and the repeatability of the 

sequence were previously assessed."*̂  The patient had been scanned in the same 

position in both scans. The resulting images were averaged to increase the signal 

to noise ratio and ADC maps were generated using least square fitting routine for 

each direction x, y, z. A map of the mean ADC was generated. The mean ADC 

is approximately the same as one third of the trace of the difiusion tensor, a 

property that is truly invariant under rotations of the tissue structure. 

Measurements on ADC maps were performed in regions of interests (ROI) on 

mean ADC maps. The size of the ROI was 20 pixels for measurements in the 

white matter and 10 pixels for measurements in the grey matter. The mean signal 

intensity in the ROI and the standard error (standard deviation of signal intensities 

divided by the square root of the number of pixels) were calculated for each 

measurement. For standard imaging we used a spin echo T,-weighted sequence 

(TR/TE/NEX 620/16/1) and a fast spin echoT2-weighted sequence 

(TR/TEefrNEX 4500/92/2).

3.9.3 Results

A Tj-weighted MRI scan performed 15 days after the onset of status showed a 

non-specific high signal in the left paracentral lobule. Two DWI investigations 

were performed, the first during status (day 15) and the second four days after it 

ended. During status the motor cortex of the right leg returned a high signal on 

DWI indicating a decrease in water difiusion (fig.3.21). The change was 

independent of the direction of difiusion gradient. The underlying white matter 

returned a low signal on DWI, independent of the direction of the difiusion 

gradient. EPI images without difiusion weighting showed a high signal in both 

grey and white matter in this area. Four days after the clinical end of the status, 

when the patient still had a Todd’s paresis, the abnormal signal on both DWI and
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EPI images without diflRision weighting had almost resolved. Quantification of the 

ADC changes revealed a cortical ADC of 0.74 x 10'̂  mmVs in the clinically 

affected area during status and of 0.99 x 10'̂  mnf/s after status. (A relative 

decrease of 27% during status). The ADC of the subcortical white matter was 

0.98 X 10'̂  mmVs during status and of 0.74 x 10'̂  mmVs after status. (A relative 

increase of 31% during status). The ADC in the unaffected contra lateral grey 

matter was 0.84 x 10 mnf/s during status and 0.91 x 10'̂  mmVs after status. The 

ADC in the contra lateral white matter was 0.65 x 10'  ̂nmf/s during status and

0.62 X10'̂  mnf/s after status. ADC values in the clinically non affected areas were 

within the range of our normal controls.
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3.9.4 Discussion

We found an interesting pattern of diffusion changes in our 51 year old female 

patient with during focal status epilepticus. DWI during status showed a decreased 

diffusion in the motor cortex of the right leg (relative decrease in ADC of 27%). 

Surprisingly, the diffusion was increased in the subcortical white matter (relative

m %

Figure - 3.21 DWI during and after status. The status affected the right leg 
(left on images is patient’s right). Top left: T2-weighted images during 
status. Top right: DWI during status. Bottom left: T2-weighted image after 
status. Bottom right: DWI after status. On DWI during status a high signal 
in the motor cortex of the right leg (indicating a decreased diffusion, arrow 
head) and a low signal in the subcortical white matter (indicating an 
increased diffusion) is visible. Both changes resolved after status.
increase in ADC of 31%). On the T2-weighted image both cortex and subcortical 

white matter of the corresponding region returned a high signal similar to 

previously reported cases. After the cessation of the status, during the period of
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the transient paresis, repeat DWI and T2-weighted imaging demonstrated 

resolution of these abnormalities. Resolution of difiusion changes preceded 

functional recovery. To our knowledge this is the first reported case of human 

focal status epilepticus investigated with DWI. The pattern of diffusion changes 

observed by us differed fi*om the changes observed so far in brain ischemia and 

experimental status since the decrease in cortical difiusion was associated with an 

increased diflRision in the subcortical white matter. A possible explanation for the 

pattern of difiusion changes are water shifts associated with protracted epileptic 

activity. During epileptic activity the extracellular space (ES) shrinks due to a 

water flux into cells at the area of maximal neuronal activity (in the cortex). At the 

same time, the ES expands in areas remote to the neuronal activity.This may 

explain the decrease in diffusion in the cortex and increase in difiusion in the 

subcortical white matter.

3.9.5. Conclusion

Our results imply that difiusion changes in status epilepticus differ fi’om those 

observed in ischemia and that they are not inevitably followed by cell death.
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3.10 EEG-correlated difTusion-weighted fMRI in epilepsy - a preliminary 

study

3.10.1 Introduction

Difliision-weighted imaging (DWI) has been shown to be sensitive to the cellular 

changes occurring following stroke. DWI detects difiusion changes in the animal 

brain in epileptic events, but there are many difficulties in humans. These are 

mainly associated with the extreme motion-sensitivity of the difiusion sequence 

which effectively precludes study of any ictal events in which there is movement. 

Cardiac gating is normally used to mitigate these effects, however epileptic 

seizures are associated with cardiac arrythmia and the resulting variable TR 

renders this approach ineffective for snap-shot EPI-based DWI. We have detected 

diffusion changes in difiusion in both the grey and white matter in a patient in 

sinqjle partial status (see 4.9), but a more robust approach is needed to study less 

severe ictal events. We have developed a method of recording EEG safely in the 

scanner^^  ̂ and used EEG-correlated fMRI to reproducibly localise areas of 

epileptic activity. Here we report our preliminary results of EEG-triggered 

DWI.

3.10.2 Methods

We investigated a 47-year old woman with a 7-year history of complex partial 

seizures. EEG-correlated fMRI was performed (matrix 128 x 128 FOV 24 cm, TE 

40 ms, TR 30 s, 10 5mm slices in 4 s), with a typical delay of 2s between the EEG 

event (spike or rest) and the start of gradient-echo EPI acquisition. In a separate 

study, EEG-correlated DWI was performed with similar timings and parameters 

except as noted (matrix 64 x 64, FOV 24 cm, TE 78 ms, TR 30 s, delta 28 ms, 

DELTA 35 ms, b 700 s/mm ,̂ 10 5mm slices in 2.5 s). The data were transferred 

to an off-line workstation for processing. 3D-registration with through-plane 

spin-history correction was used to motion-correct and detrend the data.*̂ ^
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Figure - 3.22 fMRI (BOLD) 
activation map. Pixels with 
significant change are shown in red.

Figure - 3.23 DWI (right) activation 
map. Pixels with significant change 
are shown in yellow (increased 
diffusion) and pink (decreased 
diffusion).

A t-test was used to detect areas of significant change between those epochs 

identified as having EEG spikes and those having no spikes. In-plane clustering 

was applied to remove small activations that were unlikely to be of biological 

significance.

3.10.3 Results

Activation maps for the gradient-echo and DWI exams are shown in fig. 3.22 and 

fig. 3.23 at a confidence level of 95%. The slice shown for both studies contains 

an area of activation in the left temporal region that was identified fi*om the fMRI 

study as being strongly correlated with the area localised by the EEG. In spite of 

the larger variation in the DWI data, similar areas were activated in the left 

temporal region.
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3.10.4 Discussion and conclusion

While the delay associated with the Haemodynamic Response Function facilitates 

concurrent acquisition of EEG and MRI data for an EEG-correlated fMRI 

experiment, it is likely that the dMision changes associated with epileptiform 

events follow a different time-scale. Simultaneous EEG and MRI acquisition 

would be needed to observe more rapid changes. Using the approach to data 

acquisition and processing developed for WRI, EEG-correlated DWI offers the 

possibility of detecting changes in diffiision reflecting shrinkage of extracellular 

cell space or neuronal swelling, and this information, particularly taken in 

combination with other functional data, may lead to new insights about the 

mechanisms of seizures in epilepsy. More studies are necessary to confirm that 

DWI is sensitive for the detection of changes after single spikes and to establish 

whether there is a relationship between DWI and fMRI.
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Chapter 4

More MR Imaging of the Hippocampus

4.1 Introduction

There has been considerable interest in scanning the hippocampus in epilepsy (see 

chapter 1.3.3.1). In this chapter we will describe three studies which we have 

conducted to study the hippocampus. The jBrst study is on image contrast and the 

repeatability of hippocampal volumteric measurements. The second is a serial 

study of hippocanqjal measurements and the third study investigates hippocampal 

layers.

4.2 Image contrast and hippocampal volumetric measurements

4.2.1 Introduction

The hippocampus is a mesio-temporal structure' which is frequently affected in 

epilepsy. The hippocanq)al volume can be measured on magnetic resonance (MR) 

images. This technique is of particular interest in epilepsy because the underlying 

structural cause of epilepsy is frequently hippocanpal sclerosis which is associated 

with hippocampal volume loss.  ̂However, the quality of measurements depends 

on the ability of the investigator to identify the anatomical boundaries of the 

hippocanq)us. The detectability of the boundaries depends on resolution and grey 

matter-white matter contrast. A number of different sequences with different 

contrast have been used to measure the hippocampus including spin echo,^’"'’̂  fast 

spin echo,^ inversion recovery^ and gradient echo sequences (tab.4.1). 

However, the influence of the image contrast on hippocampal volumetric 

measurements has not been systematically evaluated. One way of evaluating 

hippocampal measurements is to assess the repeatability of measurements. The 

objective of this study was to conqjare the repeatability of hippocampal volumetric
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measurements on two sequences with identical resolution but different contrast. 

We compared spoiled GRASS gradient echo (SPGR) 3D acquisition with 

inversion recovery prepared spoiled GRASS (IRSPGR) 3D acquisition.

Table 4.1 MR sequences used for hippocampal volumetric measurements

author sequence scanner

Cook et al 1992 GRE 3D TR/TE/FA 35/5/35 GE1.5T

Jacket al 1990 SE TR/TE 500/20 GE1.5T

Bronen et al 1991 SE TR/TE 400/20 GE1.5T

Watson et al 1992 GRE 3D TR/TE/FA 75/16/60 PH1.5T

Bartzokis et al 1993 IR TI/TR/TE 600/2500/30 PI1.5T

Tien et al 1993 FSE TR/TEef/ET 4000/100/16 GE1.5T

Yonedaetal 1994 SE TR/TE 600/15 SIl.OT

Van Paesschen et al 
1996

mpGRE 3D TI/TR/TI/FA 200/10/4/12 SI1.5T

SE=spin echo, GRE=gradient echo acquisition, mpGRE=magnetization prepared 

gradient echo, IR=mversion recovery, FSE=fest spin echo, GE=General Electrics, 

SI=Siemens, PH=Philips, PI=Picker MR scanner. FA=flip angle, TR=relaxation 

time (ms), TE=echo time (ms).
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4.2.2. Methods

We used a 1.5 T Signa scanner (GE Medical Systems,Milwaukee, WI, USA) in 

our study. Thirteen subjects without a history of neurological disease were 

included. In each subject two consecutive scans were performed without changing 

the position of the head. The subjects were first scanned with a spoiled GRASS 

volume acquisition (SPGR) (TR/TE/NEX 35/5/1, flip angle 35®). The second scan 

was performed with an inversion recovery prepared spoiled GRASS volume 

acquisition (IRSPGR) (TR/TE/TI/NEX 17.4/4.2/450/1, flip angle 20®). Spoiling 

was accomplished by semirandomly changing the phase of the RF carrier fi*om 

view to view (RF spoiling) in SPGR and IRSPGR sequence. For the SPGR 

sequence the slicethickness was 1.5 mm, the field of view (FOV) was 25 x 18 cm, 

the matrix was 256 x 128 (acquired pixel dimensions 0.9375 x 1.40625 mm, 

reconstructed pixel dimension 0.9375 x 0.9375 mm). For the IRSPGR sequence 

the slicethickness was 1.5 mm, the FOV was 24 x 18 cm, the matrix was 256 x 

192, (pixel dimensions 0.9375 x 0.9375 mm). One hundred twenty four coronal 

images were obtained in 9:31 minutes with the SPGR sequence and in 6:56 

minutes with the IRSPGR sequence.

4.2.2.1 Hippocampal measurements

All measurements were performed by one rater (U.W.) who had a detailed 

knowledge of the hippocan^al anatomy. The method for hippocampal volumetric 

measurements has been described in detail elsewhere. Images were transferred to 

a separate workstation (Advantage Windows, GE Medical Systems, Milwaukee, 

WI, USA). The hippocampus was manually outlined on each slice with a mouse 

driven tracer thus defining 20-25 cross sectional regions of interest (ROI) of the 

hippocampus. The area of the ROI was calculated by pixel counting. All areas 

were added and the sum multiplied with the slice-thickness (1.5mm) to obtain the 

hippocan^al volume. Each hippocampus was measured two times on SPGR and 

two times on IRSPGR images. Repeated measurements were performed on
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different days (more than 2 days apart) and in a randomized order on SPGR and 

IRSPGR images to eliminate training effects. When the repeated measurements 

were performed the rater was blinded to the results of the first measurement.

4.2.2.2 Repeatability

To analyse our data we assessed the repeatability coefficient by calculating the 

standard deviation of the mean difference of repeated measurement in analogy to 

Bland et al." Calculations were performed in the following steps: For each 

hippocampus the difference of the two measurements was calculated by 

subtracting the second measurement fi-om the first measurement. The difference 

(first minus second measurement) was plotted against the mean of first and second 

measurement for each hippocampus to visualize the repeatability (fig.4.1). After 

that, we calculated the mean difference

<  = (4.1)
i=\ "

where HVl is the first and HV2 is second measurement and n the number of 

measurements. Since the difference could have positive or negative values was 

small. In the absence of systematic measurement errors d̂  is zero. The standard 

deviation SD  ̂was used as a measure of the repeatability due to the tracing 

technique:

E «  -
i=l_________

n
(4.2)

If all the difference d ̂  = 0, then d̂  = 0 and SD  ̂= 0. Hence, the smaller SD y, the 

smaller the variability. 95% of all differences (in this case due to the tracing 

technique) are within 2 SDy .
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In addition we calculated the mean of the absolute differences as a percentage of 

the mean hippocanq)al volume to conpare our data with other groups. For each 

hippocanpus the smaller hippocampal volume was subtracted from the larger (to 

obtain absolute differences), the difference (d(abs%)) was given as a percentage of 

the mean hippocampal volume:

d(abs%r[(HV iarger-HVs^)/HV„e3j* 100 (4.3)

Where is the mean of HV and HV • Finally, we calculated the

mean absolute difference (d(abs%)) of all the . The same calculations were 

performed for repeated IRSPGR measurements.

3.2.2.3 Contrast

Signal to noise measurements were performed in five subjects on both SPGR and 

IRSPGR images on corresponding slices. Signal intensity measurements were 

performed in a ROI including at least 36 pixels in the hippocampus (Shjppocampus) and 

the white matter ( S ^  (in the corona radiata). The standard deviation of the noise 

(SD„ojse) was measured in a ROI outside the head which contained at least 100 

pixels. To avoid artificially high noise values the windowing was changed to 

visualize artefacts outside the head from eye movements and flow and the ROI 

was placed in a location which was artefact free. The contrast to noise ratio 

(CNR) was calculated as:*̂

CNR = (S w m  ■ Shippocampus V^D (4.4)
Measurements were repeated on four consecutive slices and the mean CNR 

calculated. The mean CNR of SPGR and IRSPGR of each subject were compared. 

We used the CNR rather than the difference between signal intensities because the 

noise can affect the ability to distinguish anatomical structures especially on 

images with low signal to noise ratio and the signal intensity is lower of IRSPGR 

images than on SPGR images because of the inversion pulse. Our method to 

measure the signal to noise ratios is widely used. It may provide less accurate 

values than other methods*'  ̂but was sufficient to show the relative difference 

between SPGR and IRSPGR.
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5.2.5 Results

The mean hippocampal volume of all 26 hippocampi was 2683 mm  ̂ for first 

SPGR measurements, 2725 mm̂  for second SPGR measurements, 2750 mm  ̂for 

first IRSPGR measurements and 2781 mm  ̂for second IRSPGR measurements. 

Despite the similarity of these values there were considerable differences between 

first and second measurement in individual hippocampi. Differences of repeated 

measurements were larger on SPGR than on IRSPGR measurements. The 

repeatability coefficient was 238.60 mm̂  for SPGR and 134.49 mm  ̂for IRSPGR. 

Fig. 4.1 shows the differences (first minus second measurement) plotted against 

the mean of first and second measurements for each hippocampus for 

measurements to visualize the repeatability. (Top: SPGR measurements. Bottom: 

IRSPGR measurements). The low repeatability of SPGR measurements was also 

reflected by the second statistical method we applied. Here the mean absolute 

difference as a percentage of the mean hippocampal volume (3(abs%) was 7.4% for 

SPGR and 3.3% for IRSPGR hippocampal volumetric measurements.

The CNR (hippocampal grey matter and extrahippocampal white matter) were 

between 1.92 to 1.41 times higher on IRSPGR than on SPGR images (tab.4.2 and 

fig.4.2).

Table 4.2 Contrast to noise ratios of grey matter and white matter on SPGR 

and IRSPGR images

subjects CNR SPGR CNR IRSPGR CNR IRSPGR/ CNR SPGR

subject 1 15.62 29.98 1.92

subject 2 12.81 22.64 1.77

subject 3 19.33 30.02 1.55

subject 4 13.59 25.70 1.89

subject 5 12.88 18.14 1.41

mean 14.85 25.30 1.70

CNR=contrast to noise ratio (arbitrary units)
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Figure 4.1 - Repeatability of hippocampal volumetric measurements. The 

difference (first minus second measurement) is plotted against the mean 

of both measurement for each hippocampus. Top: SPGR measurements. 

Bottom: IRSPGR measurements.
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a

Figure 4.2 - Coronal SPGR (left) and IRSPGR (right) image taken though 

the hippocampal head. The inset (approximately 1.5 x magnification) shows 

mesio temporal structures. Note the higher grey matter-white matter 

contrast and the higher conspicuity of the alveus on IRSPGR.
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4.2.4 Discussion

In our study higher grey matter-white matter contrast was associated with 

improved repeatability of hippocanpal measurements. The most likely explanation 

for the inproved repeatability of measurements was the improved detectability of 

hippocampal boundaries, especially in the hippocampal head. The hippocampal 

head is the largest part of the hippocampus,^ precise outlining of the hippocampal 

head is crucial for the measurement. However, the hippocampal head is the part 

which is most difficult to outline.^’̂*̂ Hippocampal head and amygdala are joined 

together.’ The structure which allows distinction between hippocampal head and 

amygdala is the alveus, a thin white matter structure.^ The alveus is usually visible 

on SPGR on most slices. However, there are often one or two slices in the 

hippocampal head where the alveus can be difficult to identify on SPGR images. 

On IRSPGR images the alveus is often more conspicuous on these slices (fig.4.2) 

which allows to outline the hippocampus more precisely.

Despite this improvement hippocampal volumetric measurements are still limited 

by the tracing technique. The repeatability in our study was within the range of 

reported repeatabilities.^’̂ ’**’®’’̂  Using our approach the standard deviation of the 

differences can be used to obtain information about the probability of a given 

measurement to be a measurement error. It can be expected that 95% of all errors 

due to the tracing technique are within 2 standard deviations. On IRSPGR the 

repeatability coefficient was 134.49 mm  ̂(2 standard deviations 270 mm^) Thus, 

a diSerence of more than 270 mm  ̂ (2 standard deviations) between two 

measurements would only have a 5 % chance to be an error due to the tracing 

technique. However, a difference of less than 270 mm  ̂between two hippocampal 

volumes may not reflect a true biological difference but a measurement error due 

to the tracing technique. This has to be taken into consideration when the 

measurements of a patient are interpreted. The measurement error affects also 

intergroup con^arisons although, depending of the sample size, diSerences of less 

than 270 mm  ̂may be statistically significant.
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4.2.5 Conclusion

It has been demonstrated that the measurement skills of the rater^° and 

reformatting the hippocampi in a specific plane^  ̂affect hippocamal volumetric 

measurements. Our data suggest that grey matter-white matter contrast also 

affects hippocampal volumetric measurements and that improved contrast 

improves the repeatability.

4.3 The development of hippocampal atrophy; a serial MRI study in a 

patient who developed epilepsy after generalized status epilepticus

4.3.1 Introduction

Status epilepticus can be associated with hippocampal atrophy. However, it is 

unknown whether chronic epilepsy is associated with progressive hippocampal 

atrophy. With serial magnetic resonance imaging (MRI) this question can be 

addressed. By performing serial MRI scans changes of the brain over time can be 

monitored. Co-registration and substraction of serial MRI scans may help to 

detect subtle changes. The hippocampal volume can be quantified on MRI 

images. We performed a serial MRI study over almost five years to investigate 

hippocampal volume changes in a patient who developed chronic epilepsy after 

tonic clonic status epilepticus.

4.3.2. Case report

A thirty-year-old woman developed generalized tonic clonic status epilepticus in 

the begmning of September 1991 following low grade fever for one week. Two 

days after the onset of status, CSF examination showed a pleocytosis of 72 

ceUs/mm ,̂ normal blood sugar and oligoclonal bands against HSVl. The serum 

HSVl antibody titre rose from 20 to 160 between the third and fourth weeks of
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the illness. Chest X-ray, brain CT and intravenous DSA and muscle biopsy were 

normal. The status persisted for two weeks despite intensive therapy including 

intravenous thiopentone.Two months after the onset of the illness she was well 

enough to commence neurorehabilitation but she had developed memory deficits 

and habitual epilepsy with frequent secondary generalized seizures that remained 

refractory to medical treatment. The seizure semiology was compatible with a 

frontal onset with secondary spread to the temporal lobes. There was evidence of 

continuing neuropsychological decline with the Warrington recognition test for 

words and feces dropping from 46/50 and 46/50 respectively to 37/50 and 35/50 

over the four years following the illness. The IQ was unchanged (79).

4.3. S. Methods

4.3.3.1 Scanning parameters

Scans during status were performed with a 0.5 T Picker machine (Picker 

International, Cleveland, Ohio). Spin echo (SE) T1-weighted (TR/TE/NEX 

380/20/4) and T2-weighted and proton density-weighted (TR/TE 1/TE2/NEX 

2080/60/120/2) images were obtained. Scans after status were performed with 1.5 

T GE Signa machines (GE Medical Systems, Milwaukee, WI). 3D spoiled GRASS 

(SPGR) (TR/TE/NEX/FA 35/5/1/35°) and SE T2-weighted images were obtained 

(TR/TE1/TE2/NEX 2000/32/80/1 on the 11.11.1991, 2800/32/90/1 on the 

20.8.1992 and 2000/30/120/1 on the 26.7.1996).

All images were reviewed by a senior neuroradiologist (JS) who has a special 

interest in the neuroradiological findings in epilepsy.

4.3.3.2 Quantification o f hippocampal volumes

The hippocanpal volume were measured on 3D spoiled GRASS (SPGR) images 

using a previously described method on a Sun Sparc 20 workstation using the 

Xdispim Image Analysis software.^  ̂All hippocampi were measured by one of us
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(UW) in 1996 and corrected for intracranial volume. The normal range for 

hippocampal volumes had been previously established using 20 healthy volunteers. 

Our repeatability studies for hippocampal volumetric measurements on SPGR 

images showed that a difference of more than 480 mm  ̂has only a 5% chance to 

be a measurement error (chapter 4.2). Our repeatability was similar to previously 

published repeatabilities.

4.3.3.3 Co-registration and substraction o f serial MRI scans

3D SPGR images were co-registered using a locally-developed program (MRreg). 

The processing steps included brain extraction from the skull, global 

signal-intensity matching of first and second brain, co-registration of first and 

second brain to match scans and subtraction of first from the second scan to 

visualize subtle signal changes in the brain. Using our convention (first image 

subtracted from second) low signal intensity on the subtraction image implies 

signal loss (suggesting volume loss) between the first and second scan. Unchanged 

brain structures appear grey (image noise) on subtraction images. The skull was 

not co-registered and therefore remains visible on subtracted images due to 

movement of the brain relative to the skull. The program adjusted for variations 

in pixel dimensions.

4.3.4 Results

4.3.4.1 Visual inspection o f MRIimages

During status epilepticus on the 13.9.1991 and on the 30.9.1991 both 

mesio-temporal regions returned a high signal on T2-weighted images, the 

hippocanqji were enlarged, consistent with focal oedema (fig. 4.3). There was no 

contrast enhancement. Two month after the onset of the status, on the 11.11.1991 

both hippocanq)i were reduced in size and returned a high signal on T2-weighted 

images indicating hippocampal sclerosis.
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Figure 4.3 - Axial T2-weighted images obtained during status in 1991. An 
abnormally high signal is visible in the mesio-temporal region bilaterally.

4.3.4.2Quantification o f  hippocampal volumes

Hippocampal volumes on the 11.11.1991, two month after the onset of the status, 

showed bilateral hippocampal atrophy. There was ftirther atrophy between first 

and second and second and third scan (table 4.3).

Table 4.3 Hippocampal volumetric measurements

rightHV leftHV

1991 2243 2273

1992 1890 1863

1996 1409 1406

Hippocampal volumes (HV) corrected for intracranial volume in mm̂  

(Normal range (mean ±  2SD) 2700 mm̂  -3700 mm )̂
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4.3.4.3. Co-registration and substraction o f serial MRI scans

Registration of first SPGR (11.11.91) and second SPGR (20.8.92) and of second 

SPGR (20.8.92) and third SPGR (26.7.96) was performed. On substraction 

images signal change consistent with progressive hippocampal atrophy was 

detected (fig.4.4). Mild ventricular enlargement and cortical atrophy was also 

noted.
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Figure 4.4 - Registration of brain scans using Mrreg. A Coronal Tl-weighted 
image obtained 1 year after status epilepsy. B Coronal Tl-weighted image 
obtained 4 years later and registered to A. C Difference image (B minus A). 
Dark pixels indicate loss of signal intensity (atrophy) between A and B. 
Atrophy is visible in both hippocampi (arrow). There is also mild ventricular 
expansion (arrowhead). Only minor neo-cortical and ventricular changes are 
visible (arrowhead). Windowing in C: level=0, width=100.
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4.3.5 Discussion

We demonstrated progressive hippocampal volume loss in our patient who 

developed chronic epilepsy after status epilepticus, probably due to herpes 

encephalitis. It is known that the hippocampus can be damaged in such patients. 

However, our finding suggests that hippocampal atrophy is a process which can 

continue long after the end of the acute disease. We first detected hippocampal 

atrophy two months after the onset of status which is in keeping with other 

reports.^  ̂In addition we detected, to our knowledge for the first time, progressive 

hippocampal atrophy during the follow-up period of 58 months. Progressive 

atrophy was demonstrated by two independent MRI methods. Manual volumetric 

hippocampal measurements revealed a volume loss of more than 700 mm  ̂

between November 1991 (one month after the status) and July 1996 (58 months 

after the status). This difference has only a 5% chance of being due to a 

measurement error. The largest change was detected in the first year after the 

acute disease. Co-registration which is an automatic qualitative technique to detect 

change on serial MR images confirmed the presence of progressive atrophy. The 

atrophy may have been a consequence of the inflamatory process. Alternatively 

it may have been caused by the excessive epileptic activity. Progressive 

hippocampal damage has been reported in an animal model of chronic epilepsy 

after status epilepticus.^  ̂ In humans epilepsy can be associated with mental 

deterioration which suggests progressive brain damage.̂ "̂  However, MRI 

detectable hippocanç»al sclerosis and clinically obvious mental deterioration do not 

invariably occur after prolonged ictal activity.̂ '̂̂  ̂A possible explanation for this 

discrepancy is that these patients have had less severe epilepsy than our patient.

4.3.6 Conclusion

Obviously on the basis of a single case report it is impossible to distinguish 

whether the ongoing atrophy in our patient was a result of repeated seizure 

activity or was more directly related to the previous encephalitic illness. Still, our
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observation suggests that progressive hippocampal atrophy may occur in adults 

long after the end of an acute episode of status, at least in a subgroup of patients 

who suffer from chronic epilepsy.

4.4 Hippocampal Layers on High Resolution Magnetic Resonance Images: 

Real or Imaginary?

4.4.1 Introduction

The hippocampus is a complex mesiotemporal structure consisting of several 

layers (fig. 4.5). The hippocampus plays an important role in the aetiology of 

dementia, psychosis and epilepsy. In tenqx)ral lobe epilepsy hippocampal sclerosis 

is the most common underlying structural abnormality.^^ Histologically 

hippocanpal sclerosis is characterized by cell loss and gliosis affecting mainly the 

pyramidal cell layer in sector CAl (or Sommers' sector).^* With magnetic 

resonance (MR) imaging the hippocampus can be visualized and severe 

hippocanpal sclerosis can be reliably detected.^^ Visualizing the internal structure 

of the hippocampus on MR images to detect more subtle abnormalities has been 

of interest in the context of epilepsy research. On coronal MR images lines within 

the hippocampus can sometimes be identified. These lines have been interpreted 

as the internal structure of the hippocampus. Disruption of the internal structure 

has been interpreted to be a sign of hippocanq)al sclerosis.^’̂* To evaluate whether 

these lines do reflect layers within the hippocampus, we have performed MR 

experiments at different field strength using a hippocampal anatomical specimen 

and on a volunteer.

4.4.2. Methods

An anatomical specimen of the hippocampus was obtained by dissecting the 

hippocampus from a formalin fixed brain. The volunteer was a 34 years old man 

without a history of neurological disease.
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4.4.2.1 MR experiments

4.4.2.1.1 Scanning a hippocampal specimen at 7 Tesla

The formalin fixed hippocampal specimen was scanned in air using a small bore 

7 Tesla scanner and a RF saddle coil with 3.5 cm diameter. We used a spin echo 

T2 weighted sequence. Images were acquired in the coronal plane perpendicular 

to the longitudinal axis. Scanning parameters were: relaxation time (TR)/ echo 

time (TE)/ number of excitations (NEX) = 3030 ms/60 ms/100. The field of view 

(FOV) was 16.5 mm, the matrix 256 x 256, resulting in an in plane resolution of 

0.064 X 0.064 mm. The slice thickness was 1 mm (voxel size 0.004 mm^)

4.4.2.1.2 Scanning a hippocampal specimen at 1.5 Tesla

The hippocampal specimen was placed in the centre of a small container (about 

3x3  inch) filled with formalin using a plastic hook. Scanning was performed with 

a 1.5 Tesla scanner which is used for human studies (GE Signa Horizon) using 

two 3 inch phased array surface coils positioned at the top and bottom of the 

container. Images were acquired in the coronal plane perpendicular to the 

longitudinal axis. We used a spin echo T2 weighted sequence (TR/TE/NEX =6000 

ms/80 ms/32, FOV = 80 mm, matrix 512x512, with an in plane resolution 0.156 

X 0.156 mm, slice thickness 1 mm (voxel size 0.024 mm^).

4.4.2.1.3 Scanning the hippocampus in vivo at 1.5 Tesla

The volunteer was scanned twice using the same 1.5 Tesla scanner as in 2. using 

a circularly polarized headcoil and a T2 weighted fast spin echo (FSE) sequence. 

Scanning parameters were TR/efifectiveTE/ETL/NEX = 4500 ms/75 ms/16/2, 

FOV 240 mm, matrix 512x512, giving in plane resolution 0.47 x 0.47 mm and 

a slice thickness of 2 mm (voxel size 0.442 mm^). Images were obtained
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perpendicular to the longitudinal axis of the hippocampus. Phase and frequency 

encoding direction were swapped in the second scan to modify edge related 

artefacts.

4.4.2.1.4 Comparison with the histological appearance

The hippocanç)al specimen was cut in the same coronal orientation as in the scan, 

stained using a myelin stain and examined and compared with MR images.

4.4.2 Results

On the stained anatomical specimen 5 hippocampal layers (alveus, pyramidal cell 

layer, stratum radiatum, stratum lacunosum and stratum moleculare) and 3 layers 

in the dentate gyrus (stratum moleculare, granule cell layer and polymorphic layer) 

could be identified (fig. 4.9).

7 Tesla images: 5 hippocanq)al layers were visible in the hippocampal head. These 

were identified as 1. alveus (returning a low signal), 2. stratum oriens and 

pyramidal cell layer (returning a high signal), 3. stratum radiatum returning a low 

signal, 4. the stratum lacunosum returning a high signal and 5. stratum moleculare 

returning a low signal. In the hippocampal body, 4 hippocampal layers could be 

identified, stratum lacunosum and stratum moleculare could not be clearly 

separated. In the dentate gyrus the granule cell layer was clearly discernible as a 

thin dark line. The stratum moleculare of the dentate gyrus was visible as a layer 

returning a high signal (fig.4.6).

On 1.5 Tesla images of the specimen the hippocampal layers were again identified, 

but in the dentate gyrus the granule cell layer was not detectable (fig.4.7).

On 1.5 Tesla images of the hippocampus in vivo, 3 layers could be distinguished 

in the hippocanq)us on some slices in the hq5pocanç)al body. These were identified 

as mainly representing 1. alveus, 2. pyramidal cell layer and 3. stratum radiatum. 

A dark line consisting of a few pixels possibly represented the dentate gyrus 

(fig.4.8). Swapping phase and frequency encode direction did not change the
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appearance of the layers, providing reasonable evidence that they were not 

primarily edge related artefacts.
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Figure 4.5 - Left: schematic drawing of the hippocampal head. Right: 

Schematic drawing of the hippocampal body. The numbers indicate: 

l=alveus, 2=pyramidal cell layer, 3=stratum radiatum, 4=stratum 

lacunosum, 5=stratum moleculare, 6=dentate gyrus with granule cell layer, 

7=fimbria, 8=temporal horn, 9=hippocampal fissure, 10=uncal fissure, 

ll=caudate nucleus, 12=lateral geniculate body, 13=subiculum.

Figure 4.6 - High resolution imaging of the hippocampal specimen at 7T. 

(Voxel size 0.064 x 0.064 x 1 = 0.004 mm^) Left: coronal sections of the 

hippocampal head. The background is dark and there are susceptibility 

artefacts at the edges because the specimen was scanned in air. The lines 

indicate hippocampal layers (from top to bottom) alveus, pyramidal cell 

layer, stratum radiatum, stratum lacunosum, stratum moleculare).

Right: coronal sections of the hippocampal body. There is an artefact caused 

by air a small bubble. The lines indicate (from top to bottom) alveus, 

pyramidal cell layer, stratum radiatum, stratum lacunosum and stratum 

moleculare, granule cell layer of the dentate gyrus).
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Figure 4.7 High resolution imaging of the hippocampal specimen at 1.5 T. 

(Voxel size 0.156 x 0.156 x 1 mm = 0.024 mm^) Left: coronal section of the 

hippocampal head. The background is white because the specimen was 

scanned in formalin. Hippocampal layers can be identified.

Right: coronal section of the hippocampal body. The background is white 

because the specimen was scanned in formalin. Hippocampal layers can be 

identified but the granule cell layer of the dentate gyrus is difficult to 

identify.

Figure 4.8 - High resolution imaging 
of the hippocampus in vivo at 1.5 T. 
(Voxel size 0.47 x 0.47 x 2 mm = 
0.442 mm^) Coronal FSE image 
showing the hippocampal body. The 
horizontal lines indicate layers 
presumably mainly representing 
alveus, pyramidal cell layer and 
stratum radiatum. The oblique line 
indicates a few pixels which are 
possibly representing the dentate 
gyrus.

Figure 4.9 - Histological picture of 
the anatomical specimen showing 
the layers in the hippocampal body.
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4.4.4 Discussion

We attempted to compare the appearance of hippocampal structures on MR 

images at different resolutions in vivo and in vitro. We chose a T2-weighted 

contrast in all e?q)eriments because the contrast of T2 weighted images in vivo and 

formalin fixed brains is similar.^  ̂Our results show that MR imaging can provide 

sufficient contrast to distinguish the microscopic layers in the hippocampus and 

illustrate the influence of spatial resolution on the detectability of layers. On high 

resolution images of the specimen, layers were detectable on both 1.5 Tesla and 

7 Tesla images. Only the stratum oriens could not be distinguished fi*om the 

pyramidal cell layer on MR images. On 7 Tesla images even the granule cell layer 

of the dentate was clearly visible. Interestingly, the contrast in hippocampus and 

dentate gyrus was different fi*om the T2 weighted contrast seen in other regions 

of the brain. On T2 weighted images, both in vivo and in formalin fixed brains, 

structures which contain cell bodies of neurons like grey matter are usually 

brighter than myelin containing white matter. Our results show that neuron 

containing layers like the granule cell layer of the dentate and myelin containing 

white matter structures like the alveus both returned a low signal on MR images. 

This finding is in agreement with a study performed by Miller et al”  but difficult 

to explain because the fectors determining T1 and T2 relaxation are complex and 

there is no comprehensive theory to predict T1 and T2 relaxation in tissue.”  

Experimental studies using other MR techniques including difiusion imaging can 

elucidate the physical behaviour of protons in different hippocampal 

compartments^^ and may improve our understanding of contrast generation.

On 1.5 Tesla images of the hippocampus in vivo only 3 layers could be 

distinguished in the hippocampus on some slices in the hippocampal body. The 

main limiting fector for the detection of hippocampal layers on clinical MR images 

in vivo appeared to be the resolution. MR images are generated by measuring an 

induced signal from a small volume sangle. The signal is converted to a grey level 

and displayed on a two-dimensional matrix in which each two-dimensional element 

or “pixel” has an intensity representing the amount of signal from the original
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sanç)le at that location. The resolution of an MR image is determined by the voxel 

size. Whilst preserving the principal contrast in all experiments in our study, 

shown by the fact that the alveus was dark in all three experiments, changing the 

resolution affected the detectability of layers. Our experiment allowed an estimate 

for the niinimum resolution required for the detection of structures within the 

dentate gyrus and in the hippocampus. With a voxel size o f0.064 x 0.064 x 1 = 

0.004 mm  ̂even the granule cell layer of the dentate was detectable. For a voxel 

size of 0.156 X 0.156 X 1 mm = 0.024 mm  ̂(or 6 times larger) which could be 

achieved on a clinical scanner the hippocampal layers were detectable but the 

granule cell layer was not. Using a voxel size of 0.47 x 0.47 x 2 mm = 0.442 mm  ̂

(or about 18 times larger than in the second experiment) only occasionally three 

main layers could be detected. (On slices where the hippocampus was cut 

perpendicular to its longitudinal axis). A potential limitation of our study was that 

we used a FSE sequence with a shorter TR for the investigation of the 

hippocampus in vivo. FSE imaging is faster than standard spin echo imaging, an 

important advantage of FSE imaging for vivo studies, but point spread function 

can produce blurring which may affect the detectability of small structures.^^ 

However, it is unlikely that this explains the fact that we could only detect 3 

principal layers on FSE images in our in vivo study. Other in vivo MR studies of 

the hippocampus using different MR techniques (inversion recovery imaging or 

spoiled gradient echo imaging with T1-weighted contrast) have also failed to 

demonstrate internal hippocampal structures consistently. Our experimental results 

are in keeping with theoretical considerations. Hippocampal layers are between

0.1 mm (granule cell layer) and 0.5 mm (stratum radiatum) thick. Voxels must be 

at least as small as the object to permit its resolution, and usually much smaller to 

achieve an image without partial volume effects.^  ̂It is therefore not surprising 

that on images with a resolution of0.469 x 0.469 x 2 mm only thick layers aligned 

with the pixel are visible.

In human in vivo studies the long acquisition time required for signal averaging 

currently precludes the use of the resolution required to visualize all hippocampal 

layers. High field scanners and special receiver coil design are alternative ways of
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improving the signal to noise ratio without averaging £ind therefore allow the use 

of higher resolution without time penalty. In vivo studies of the human 

hippocampus using high field scanners^* or 3 inch phased arrayed surface coils 

positioned over the temporal lobes^  ̂ have already demonstrated an improved 

detectability of the thicker hippocanpal layers, including alveus and pyramidal cell 

layer. The continuous technical development in MR imaging makes it likely that 

the higher resolution studies in vivo wiU be feasible in the fixture.

4.4.5 Conclusion

In summary our results show that the lines occasionally detected on clinical MR 

images are likely to represent real hippocampal layers. However, for a reliable 

detection of all hippocampal layers, an increase of the resolution currently used in 

clinical imaging by a factor of approximately 20 would be necessary.
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Chapter 5

Conclusions

5.1 Introduction

MR imaging is a rapidly developing technique and the full potential has yet to be 

explored. This thesis focused only on three specialised techniques, FLAIR 

imaging, difiusion imaging and imaging of the hippocampus, and limited itself to 

one clinical application, epilepsy. However, it was inpossible to cover all potential 

applications of these techniques in epilepsy. The techniques presented here were 

at a different levels of development. For example, there continues to be a rapid 

technical development in diffiision imaging. On the other hand, the technical 

development of FLAIR imaging has reached a plateau. As a result I was able to 

conduct sufficiently large studies to assess the clinical value of FLAIR imaging in 

epilepsy. In diffusion imaging (and in our study on serial imaging of the 

hippocanpus) our initial results presented in this thesis allow the formulation new 

hypotheses which are currently tested in larger studies at the University College 

London.

5.2 Summary of thesis and future work

5.2.1 Epilepsy and magnetic resonance imaging

In Chapter one I described the clinical definition of epilepsy, associated structural 

abnormalities and the concepts of seizure generation. I referred to the imaging 

techniques and the role of neuroimaging techniques in epilepsy. In the second part 

I described the physical principles of MR imaging. I explained the methods of 

contrast modification in MR imaging which makes MR imaging a uniquely flexible 

imaging tool. I gave a brief introduction to standard MR imaging techniques. I 

explained the relationship between pixel size and signal to noise ratio and potential
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sources of artefacts in MR imaging. I showed that there is an increasing interest 

in MR imaging in epilepsy research. At the same time, I mentioned the potential 

methodological shortcomings of MR research. I also pointed out that MR imaging 

is a developing technique and that the applications of MR imaging in research are 

constantly changing. I gave an overview on the current use of MR imaging in 

epilepsy. I described the appearance of structural abnormalities on MR images 

associated with epilepsy. I showed that the current role of MR imaging is the 

detection of structural abnormalities and the formulation of an epileptic syndrome. 

Moreover, I underlined the important implication of the detection of structural 

abnormalities on patient management and prognosis. In this context I emphasised 

that patients with hippocampal sclerosis detected in vivo by MR imaging have a 

fer better chance to be seizure free after temporal lobectomy than patients without 

structural abnormality on MR imaging.

I then described the development of new MR techniques in recent years and their 

in^lication for epilepsy research and introduced the new MR techniques which are 

discussed in this thesis.

5.2.2 FLAIR imaging in epilepsy

In the second chapter I described our experience with FLAIR imaging in epilepsy. 

I explained that FLAIR is an imaging technique with was originally designed to 

increase lesion conspicuity by suppressing the bright signal from CSF on a 

T2-weighed scan. I showed that FLAIR imaging is one of the major new 

developments in MR imaging. FLAIR had reached the technical level necessary 

for the application in clinical imaging. However, as pointed out in the introduction 

to MR imaging in epilepsy, there is a risk that new MR techniques are introduced 

into clinical practice without rigorous assessments. Our study on fast FLAIR 

imaging in epilepsy aimed at assessing the clinical value of fast FLAIR in a large 

study. Our main finding was that fast FLAIR imaging increased the lesion 

conspicuity for a number of lesions relevant in epilepsy including hippocampal 

sclerosis, tumours and brain damage. In patients with normal standard MR images
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additional lesions were only occasionally detected on fast FLAIR images. The 

main disadvantage of fast FLAIR imaging in epilepsy was that dysgenic lesions 

were less conspicuous on fast FLAIR images than on XI-weighted images and 

could be overlooked. Therefore, the fast FLAIR sequence is an usefiil addition to 

existing sequences but cannot replace them. The relatively short acquisition time 

of fast FLAIR makes it feasible to add the sequence to the MR investigation of 

patients. Other authors have confirmed our results since our publication in 

1996.^’̂ ’̂  FLAIR has been used in epilepsy research^ At the University College 

London fest FLAIR is routinely used as part of the protocol for the investigation 

of patients with epilepsy since 1995. Fast 2D FLAIR sequences are now available 

fi-om all major MR vendors. Fast FLAIR, if not routinely added, should be used 

in patients with focal epilepsy, who are MR negative on standard imaging, since 

additional abnormalities can be detected in a minority of MR negative patients 

(5% in our study).

The FLAIR technique is a still developing technique. Our group developed a 3D 

version of FLAIR which allowed the acquisition of thin contiguous slices. In the 

next part of the FLAIR chapter I described our initial experience with this new 

technique in epilepsy. I scanned 10 patients with typical structural abnormalities 

and compared the 3D fast FLAIR with the 2D fast FLAIR version and a 

T1-weighted 3D gradient echo sequence. Our main finding was that 

reconstruction of 3D fast FLAIR datasets in any plane allowed the identification 

of structural abnormalities in aU three dimensions. On T1-weighted reconstructed 

images tumour boundaries were difficult to detect because of the lower contrast 

between tumour and normal brain. 3D fast FLAIR may have a potential 

application in patients who are considered to be surgical candidates to accurately 

assess tumour boundaries. However, there were sources of artefacts due to the 

"slab" acquisition technique such as Venetian blind artefacts. In addition, lesion 

conspicuity was lower on 3D fest FLAIR than on 2D fast FLAIR, presumably due 

to the shorter TR in 3D fast FLAIR. This again shows the need of careful 

assessment of modified sequences. The main role of 3D fast FLAIR is likely to be 

in specialised applications. For example, in presurgical patients when the resection
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of the lesion is planned 3D FLAIR may help visualising the extend of the lesion. 

Another potential application is the use of 3D FLAIR in serial MR studies since 

this technique allows the co-registration of serial scans.

The use on FLAIR is not limited to T2-weighted imaging. CSF suppression 

reduces the partial volume effect due to CSF contamination. This is of particular 

importance in images with low resolution such as single shot EPI where many 

pixels are bound to contain CSF from neighbouring CSF filled spaces. CSF 

suppression can be applied in diffusion imaging.  ̂ I used CSF suppression 

techniques for our diffusion tensor imaging studies in 3.6 and 3.8.

There are a number of applications of suppression techniques which stül awaiting 

evaluation in epilepsy. These include CSF suppression techniques to reduce the 

partial volume effect on T2-quantitation in the hippocampus® and suppression of 

grey matter and suppression of white matter for segmentation.

5.2.4 Diffusion imaging in epilepsy

In Chapter three I described the principles of diffusion imaging and our 

applications of diffusion imaging. In the introduction I gave the basic formulas 

describing diffusion, explained how diffusion affects the MR signal and how MR 

imaging can be used to describe dififiision in a three dimensional space. I described 

how diffusion is changed in biological systems. I provided a list of experimental 

models of neurological disorders where diffusion changes have been described and 

discuss the main implications for diffusion imaging in humans.

In the following I presented our diffusion studies (3.3 to 3.10). The studies 

reflected the technical development of diffusion imaging. In our first study on 

hippocampal diffusion and diffusion in hemiparesis (studies 3.3 and 3.4) I used a 

navigated conventional spin echo difiRision weighted sequence. This technique has 

the advantage of providing images without distortions and relatively high 

resolution. However, the long acquisition time implied that only a few slices could 

be acquired and that diffusion measurements could only be performed in a limited 

number of directions. For example the acquisition time for figure 3.7 was 30
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minutes. Because of the long acquisition times tensor imaging was not feasible 

with a conventional spin echo difiusion weighted sequence. Therefore, rotationally 

variant measures of anisotropy and the magnitude of difiusion had to be used. For 

the same reason the use of the sequence was also limited to co-operative patients 

and control subjects. Despite these limitations I was able to perform a limited 

study on patients with temporal lobe epilepsy (study 3.3) and demonstrated that 

the difiusion is increased in hippocan^al sclerosis. This had important implications 

for the microstructural organisation in hippocampal sclerosis. An increased ADC 

suggests an expansion of the extracellular space and argues against a reduced 

water content in the sclerotic hippocanpus. More "unbound" water would explain 

the increased T2 relaxation time in hippocampal sclerosis. This pattern of change 

may not be specific for epilepsy. Hanyu et al demonstrated hippocampal 

abnormalities in patients with Alzheimer's disease.^ In the following study, I 

demonstrated that difiusion imaging is superior to standard imaging in 

demonstrating tracts and demonstrated in 2 patients with hemiparesis a reduced 

anisotropy in the pyramidal tract (study 3.4).

In the following studies I applied a single shot spin echo planar imaging sequence 

for difiusion imaging. The reduced acquisition time of this sequence made the 

acquisition of the full tensor feasible for clinical studies (difiusion tensor imaging, 

DTI) and enables us to acquire rotationally invariant measurements of difiusion. 

I continued our work on tracts with DTI and studied 10 patients with hemiparesis 

and supratentorial lesion. I measured the anisotropy in regions of interest using the 

fi-actional anisotropy index in the corona radiata in the lesion and in the cerebral 

peduncle (study 3.5). Anisotropy was reduced in all patients in the supratentorial 

lesion. In some the anisotropy was also reduced in the tract remote to the lesion 

which was compatible with wallerian degeneration.

In the next studies (study 3.6) I extended the work on tracts to an application 

more relevant to epilepsy. I studied 3 patients who underwent temporal 

lobectomies, one of which developed homonymous hemianopia. Compared to the 

previous study I introduced important modifications. I used a DTI version with 

CSF suppression to reduce partial volume effects fi*om CSF and covered the
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whole head with contiguous slices. I doubled our control group and used a 

statistically comparison of spatially normalised images of patients and control 

subjects. This method provided a rater-independent way of identifying potentially 

abnormal brain areas and is therefore less biased than a region of interest 

approach. However, spatial normalisation has potential problems which need to 

be addressed. The ability to identify structural abnormalities using this approach 

depends on the quality of the spatial normalisation. In regions with relatively little 

inter-individual anatomical variability like central white matter structures the 

normal variation will be narrow and the method sensitive to subtle changes. Our 

own data have shown that the coefficient of variation in central white matter 

structures can be as small as 5% on fi-actional anisotropy maps. However, in 

regions with high inter-individual variability like the temporal grey matter, spatial 

normalisation may be imperfect and the resulting normal range wider. Hence the 

sensitivity of the technique for subtle changes will be smaller. Another problem is 

that gross abnormalities such as ventricular enlargement and lobectomies cannot 

be corrected for by spatial normalisation. For example anisotropy will be 

significantly reduced in the CSF filled cavity after temporal lobectomy. Although 

this result is statistically correct it is not necessarily meaningful since it does not 

imply a reduction of anisotropy in the remaining brain. This problem becomes 

conq)licated if warping techniques are used for spatial normalisation because this 

can result in distortions of the remaining brain and "significantly" reduced pixels 

appear distant to the original lesion. To avoid misinterpretation of our statistical 

results in both study 3.6 (and study 3.8, where I used the same method) I limited 

our spatial normalisation to rotation, translation and linear scaling and did not use 

warping techniques. In addition, I used a method suggested by Prof A. Evans 

(personal communication): regions with statistically abnormal pixels were carefully 

checked on the raw data for potential artefacts and gross structural abnormalities. 

And measurements were performed in regions of interest on the raw data. A 

region was only accepted as being abnormal if all data consistently showed 

abnormal difiusion in brain tissue.

Our findings in study 3.6 provided an interesting insight in the consequences of
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epilepsy surgery on tracts. I demonstrated that the patient with hemianopia had a 

markedly reduced anisotropy in the optic radiation involving Meyer's loop. This 

reduction was remote to the resection and conpatible with wallerian degeneration. 

In this initial study I used highly selected patients and had a clear clinical 

hypothesis with regard to the expected abnormality. Our results show that DTI in 

association with spatial normalisation gives the opportunity to study tracts 

quantitatively in vivo. There are various applications in epilepsy research. The 

method can be used to study the consequences of epilepsy surgery but also to 

study structurally abnormal tracts in patients with epilepsy without surgery to 

gather information on dysfunctional tracts.

In study 3.7 I was investigating the microstructural abnormalities using DTI. In 

this study I used standard MR imaging as a goldstandard for structural 

abnormalities. The location of the structural was defined by standard imaging and 

therefore a region of interest approach straightforward. I was looking at 3 broad 

categories of lesion types, brain damage, tumours and dysgenesis. I compared our 

measurements in patients with the measurements in the white matter of controls. 

I found that anisotropy was lower than in normal white matter in all types of 

lesions whereas mean difiusivity was sometimes only mildly increased or within 

normal limits. Our data suggest a loss of the microstructural organisation which 

appears to be the common denominator in structural abnormalities. Our study has 

also inqx)rtant implications of the type of structural abnormalities. Whereas most 

chronic lesions have an increased mean difiusivity and a reduced anisotropy 

indicating a widened extracellular space and a reduced directional organisation, 

there are some lesion where the extracellular space appears to be normal (implying 

densely packed cells) but the tissue is not directionally organised. Possible reasons 

include the age when the lesion was acquired, nature of the lesion and the repair 

mechanisms all which have to be addressed in future studies. This is another 

example where difiusion imaging provides information which cannot be obtained 

with standard imaging.

In study 3.81 was extending the study of microstructural abnormalities. Like in 

study 3.6.1 was using spatial normalisation and a statistical approach to identify
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abnormal regions. I studied a patient who had suffered a blunt head trauma. This 

patient had abnormalities on standard MR imaging including damage in the right 

temporal pole and juxacortical white matter lesion. However, DTI showed a more 

widespread damage. In particular there was a significant reduction of anisotropy 

in the right optic radiation which could explain the quadrant anopia. In addition 

there was reduced anisotropy in central white matter structures including the 

corpus callosum which are known to be affected by diSuse axonal injury. 

Abnormalities were bilateral, affecting all lobes. Again, there were regions where 

anisotropy was reduced but mean difiusivity was normal indicating a loss of 

directional organisation with preserved density of cell. A possible explanation is 

axonal loss and replacement with glia cell. On maps of fi-actional anisotropy were 

less significantly abnormal pixels than on maps of mean difiRisivity. This may be 

due to the fact that there is a different noise propagation in fractional anisotropy 

and mean difiusivity resulting in a higher variability on fractional anisotropy maps 

and hence fewer significantly reduced pixels. Nevertheless, DTI showed 

abnormalities in regions where standard imaging was normal. The DTI finding 

were consistent with clinical findings and the known pathological changes. This 

opens the opportunity for more extensive studies of patients with neurological 

deficits and/or epilepsy but no abnormality on standard imaging.

In study 3.9 and 3.10 I was investigating transient changes in patients with 

excessive epileptic discharges. Studies in experimental status have shown a 

decrease in ADC during status and a smaller, short-lived decrease after mild 

electroshocks. The implementation of difftision EPI made to possible to reduced 

the scanning time which makes the technique theoretically applicable in humans. 

However, experiments like this are still extremely difiScult to perform. Only a small 

group of patients is suitable for this type of scanning. Many patients decline to be 

studied during seizures or postictally because of the additional distress. Excessive 

movements, in particular head movements and confiision makes patients 

unsuitable for scanning. Limiting logistic problems include transport, availability 

of the scanner and monitoring of vital fimctions.

Because of these difBculties our studies are extremely limited and the results are
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preliminary. In study 3.9 I studied a patient during and after focal status 

epilepticus and demonstrated transient difiusion changes. As expected form animal 

experiments difiusion was decreased in the affected cortex. Surprisingly, the ADC 

was increased in the subcortical white matter. It is impossible to make a 

generalised statement about focal status epilepticus based on this single 

observation. It is possible that the underlying cause of the status, which remained 

unknown in our patient, rather than the epileptic discharges explain the difiusion 

changes. However, there have been several reports of difiusion changes during 

partial status epilepticus*’̂  and immediately after seizure^ which confirmed a 

reduction of difiusion in the cortex as observed in our patient. An increased 

difiusion in the subcortical white matter was not reported in any of these patients. 

Taken together these data suggest that the cortical ADC decreases during human 

status epilepticus as it decreases in experimental status regardless the aetiology of 

the status. The most likely explanation is a flux of water fi-om the extracellular to 

the intracellular space following the Na-i- influx resulting in shrinkage of the 

extracellular space and neuronal swelling. Under physiological conditions the 

equilibrium is quickly restored by the Na+/K+ ATPase. This mechanism may fail 

if the electric discharges are prolonged or sustained.

It is unclear whether detectable changes occur after single seizures. Animal 

experiments have shown a short-lived change after mild electrical stimulation. The 

cause of the observed changes is not entirely clear. Stimulation of isolated nerve 

tissue has not resulted in difiusion changes and it has been hypothesised that the 

observed changes may be due to blood flow changes."

After single seizures in humans I did not observe clear-cut difiusion changes with 

the single shot EPI difiusion sequence. I used the same sequence as in 4.9 

postictally and interictally. In one patient who experienced a seizure in the scanner 

and was immediately scanned afterwards I observed a small decrease in ADC 

postictally compared to interictally. This patient has a lesion which was the 

potential cause of the seizures and the slice for di&ision imaging was placed at the 

margin of the lesion." I failed to demonstrate any difiusion abnormalities in two 

patients who I scanned within ten minutes after a simple partial seizure. Both
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patients had fully recovered at the time of the scan and no abnormality on standard 

MR imaging (unpublished data). However, our approach to perform EPI difiusion 

imaging postictally and interictally had several limitations. The delay between 

seizure and scan was likely to be too long (the electroshock models suggested that 

changes only persist for a few minutes). Our scans did not cover the whole head 

and I may have missed the epileptic focus, I was unable to use averaging 

techniques and there was no EEG correlation.

To inqjrove these shortcomings I modified our approach in study 3.10.1 scanned 

a patient with frequent focal spikes, performed EEG recordings while the patient 

was in the scanner and acquired EPI difiusion weighted images immediately after 

single interictal spikes (event related EEG triggered difiusion imaging). EEG- 

triggered “DW-fMRl” localised the same lobe as BOLD fMRl.

However, there was not a conç)lete agreement. A spike is an electrographic event 

which involves the rhythmic discharge of thousands of neurons and involves also 

subcortical loops. The question whether single seizure or even interictal spikes 

produce a shift of water which is sufficient to generate detectable difiusion 

changes is at this state unanswered. However, our preliminary data suggest that 

this may be the case.

In summary, 1 presented 8 difiusion studies in epilepsy. 1 demonstrated increased 

difiusion in hippocampal sclerosis compatible with widening of the extracellular 

space. 1 showed that difiusion imaging provides superior contrast for myelinated 

tracts and demonstrated reduced anisotropy in hemiparesis and in homonymous 

hemianopia. 1 found anisotropy to be reduced in lesions of different aetiology 

suggesting a lost of directional organisation and demonstrated widespread 

abnormalities in regions which were normal on standard imaging.

1 demonstrated a reduced cortical ADC during status epilepticus which has since 

been confirmed by other investigators and collected evidence of the possibility to 

detect diffusion changes after single seizure which remains however, at this stage 

hypothetical. The spike triggered approach has two main shortcomings (which 

apply for both fMRl with BOLD contrast and difiusion imaging). Interictal spikes 

may reflect activation of the irritative zone which may not identical with the
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zone. Secondly, epileptic discharges in mesio tendrai, orbito frontal, parasagittal, 

or occipital regions may not be recorded with surface EEG. Hence, epileptic 

discharges in these regions may not be used as triggers for the MR sequence. 

Consequently significant changes may not be detected. In the fixture, the design 

of an unbiased technique to detect significant change without relying on EEG 

would be desirable.

It has to be kept in mind that out of necessity the diffusion studies were small and 

that only cautious predictions with regard to the clinical applications can be made. 

However, three main applications for diffusion imaging appear to be likely. i.)The 

investigation of tracts and connectivity, ii.) the investigation of micro structure and 

iii.) the investigation of transient difiusion changes. Diffusion imaging is superior 

to any other imaging modality in the investigation of tracts. Methods to visualise 

tract continue to be d e v e l o p e d . T h i s  is one of the most promising 

applications of difiusion imaging and has fer reaching implications for neurological 

applications. The goal of future studies could be the creation of an atlas of human 

tracts and the conqxarison of tracts in patients with the normal brain. These studies 

could be conducted over the next 3 years and would require patients with different 

clinical conditions covering motor neuron diseases, extrapyramidal diseases, 

multiple sclerosis, stroke and devolepmental disorders. In epilepsy possible 

investigations of include studies of the optic radiation in patients with visual field 

defects, of the pyramidal tract and mirror movements and of Papez limbic circuit 

in patients with temporal lobe epilepsy.

Possible investigations of microstructure include studies of dysgenetic brains^* 

(who may have a different connectivity resulting in abnormal anisotropy, see study 

3.7), of the hippocançus (including studies of the anisotropy with improved high 

resolution DTI) and of patients with clear neurological findings but normal 

standard imaging. Difiusion imaging is likely to gain an important role together 

with spectroscopy and fMRl in multi parameter imaging to describe 

microstructure. Finally, diffusion imaging may gain a role in the investigation of 

transient diffusion changes despite the current difBculties involved with such 

studies. Studies addressing these issues at currently underway at the University
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College London.

5.2.S More MR imaging o f the hippocampus

In chapter four I presented three studies which I performed to investigate the 

hippocampus. The first study was a repeatability study on hippocampal volumetric 

measurements. I estimated the volume loss necessary to be detected by this 

technique and demonstrated that increasing the contrast improved the repeatability 

of volumetric measurements. This study was of importance for the interpretation 

of the following study. I presented a patient who had serial scans afi:er a 

encephalitis complicated by a generalized status epilepticus. In this patient I 

detected progressive hippocampal atrophy in the 58 month after the status. Our 

finding suggested an ongoing cell loss after the end of the acute disease. If this 

finding can be confirmed, new therapeutic concepts aiming at the salvation of cells 

could be developed. Serial MR imaging is a developing field and various other 

clinical applications are in epilepsy are possible.^® In the third study I correlated 

the MR appearance of the hippocampus with the histological appearance. 

Histopathological correlation plays an important role in the understanding of MR 

imaging. I showed that MR imaging can provide contrast for layers in the 

hippocan^us. However, a substantial increase of the resolution currently used in 

standard MR imaging is necessary to detect layers reliably. Further high resolution 

studies using improved receiver coils for high resolution imaging are currently 

planned.

5.3 Conclusion

In this thesis, FLAIR imaging, difiusion imaging and imaging of the hippocampus 

were used in patients with epilepsy. For all three methods specific applications for 

the investigation of the brain in epilepsy have been identified. FLAIR increases the 

conspicuity of lesion relevant in epilepsy including hippocampal sclerosis. Serial 

imaging allows for the first time the visualisation of temporal changes and high
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resolution imaging has the prospect of demonstrating hippocampal layers in vivo. 

Difliision imaging has been shown to be superior to standard imaging techniques 

to visualise tracts which has far-reaching implications for neurological 

applications. Difiusion imaging also provides an exciting window to study cerebral 

microstructure in vivo.

In particular the following questions can be addressed in further studies with 

difiusion imaging in epilepsy:

1. How is the epileptogenic region connected with other parts of the brain? 

Difiusion tensor imaging studies will allow to investigate the anisotropy of water 

difiusion as a marker for directionality/connectivity of fibres in the white matter 

of patients with partial epilepsy. This will be of particular interest in patients with 

mesio tenqx)ral lobe epilepsy where the connections of the epileptogenic temporal 

lobe may be abnormal. Difiusion tensor imaging will allow us to study the mayor 

limbic connections such as the Papez circuit.

2. How widespread are the abnormalities of connectivity in patients with epilepsy? 

Studies using difiusion tensor imaging will also be able to demonstrate widespread 

abnormalities in regions which appear to be normal on standard MR imaging. 

Difiusion tensor imaging will provide further information about the 

microstructural organisation of dysgenetic tissue. It is possible that difiusion 

tensor imaging will show abnormalities in patients with epilepsy who are MR 

negative, in particular, when groups of patients are statistically compared with a 

normal control groups.

3. Is the difiusion abnormality associated with the epileptogenic zone or the 

fimctional deficit zone? Studies correlating neurological examination and 

neuropsychological testing with difiusion imaging will enable us to correlate 

difiusion abnormalities with the functional deficit zone.

Studies correlating difiusion imaging with functional investigations such as EEG 

studies including ictal depth electrode investigations and studies comparing
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difiusion imaging with the outcome after surgical resection will allow us to 

correlate difiusion abnormalities with the epileptogenic zone.

4. Does connectivity change over time in patients who develop chronic epilepsy? 

Diffusion tensor imaging is a unique tool to study the connectivity of the brain in 

vivo. This will allow us for the first time to perform serial imaging studies of 

connectivity in patients who develop epilepsy. Serial difiusion tensor imaging 

would be in particular interesting in children who develop epilepsy. Studying 

abnormal connections may allows us to understand seizure spread. This may 

eventually enable us to modify surgical approaches targeting specific pathways. 

MR imaging is a constantly progressing technique. It is hoped that this thesis will 

help to formulate hypotheses for new MR experiments to study the relationship 

of dysfunction and structural abnormalities.
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