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Abstract

Current optimal MRI reveals an identifiable abnormality in up to 80% of patients with refractory focal epilepsy. 

The remaining 20% are classified as "MRI-negative" and surgical treatment of such patients is often associated 

with a poor outcome. The identification of a cerebral lesion is, therefore, an important goal in the management of 

these patients. The aim of this thesis was to implement four novel advanced MRI techniques - diffusion tensor 

imaging (DTI), magnetisation transfer imaging (MTI), T2-mapping (T2M) and double inversion recovery (DIR), 

to provide insights into the structural basis of seizure disorders that are currently cryptogenic. For each technique, 

normative data from 30 healthy control subjects were obtained. These were compared on a statistical voxel-by- 

voxel basis to imaging data derived from patients with refractory epilepsy and non-progressive acquired cerebral 

lesions, malformations of cortical development (MCD), or normal conventional MR imaging (“MRI-negative 

patients”).

In patients with acquired lesions (infarcts, cerebral trauma, intracranial infections), and MCD (gyral abnormalities, 

heterotopias and focal cortical dysplasia) the advanced MRI techniques were sensitive in identifying abnormalities 

which had previously been visualised on conventional MRI. More importantly, however, there were areas that 

appeared normal on conventional imaging but which were identified as abnormal with the advanced MRI 

techniques, indicating additional sensitivity from the new methods. Individual analyses of the MRI-negative 

patients identified abnormalities which concurred with the presumed seizure foci in approximately 33% (DTI - 

23%, MTI - 36%, T2M - 44% and DIR 30%). The areas of abnormality in the MRI-negative patients are most 

likely caused by disruption in the microstructural environment due to aetiological factors such as, occult 

dysgenesis or acquired damage, or as a result of repeated seizures, for example, atrophy, gliosis, and neuronal loss.

In an MRI-negative patient with refractory focal epilepsy, histopathological examination of surgically excised 

tissue which displayed abnormal diffusion revealed extensive white matter gliosis. Further histopathological 

correlative data is required to validate these advanced MRI techniques more definitively. It is likely that that our 

positive findings in individual patients represent the most structurally abnormal of all the MRI-negative patients. 

With improvements in these techniques, further occult epileptogenic regions may be identified, which may guide 

invasive diagnostic procedures and possible epilepsy surgery.
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CHAPTER ONE

Introduction & Background

1.1. EPILEPSY

1.1.1 Introduction

Epilepsy can be defined as the occurrence of recurrent and unprovoked transient paroxysms of excessive or 

uncontrolled discharges of cerebral neurons, resulting in a variety of clinical manifestations. Depending on the site 

of epileptic activity and subsequent spread, these may include an alteration in consciousness, sensory, motor, 

autonomic or psychic events. Despite most patients having only a small number o f seizures, each lasting no longer 

than a few minutes, the physical, psychological and social impact on an individual may be considerable.

Epilepsy is the commonest serious neurological disease, affecting over 300,000 people in the United Kingdom. 

The overall incidence of epilepsy (excluding febrile convulsions and single seizures) is approximately 70 cases per 

100,000 persons per year (Hauser 1997). The lifetime prevalence of seizures (the risk of having a non-febrile 

epileptic seizure at some point in the average lifetime) is between 2 and 5% (Sander and Shorvon 1996; Hauser et 

al. 1993). For most patients, the condition remits and subsequent relapse is uncommon. In approximately 30% of 

patients with focal epilepsy, however, seizures are refractory to medication (Kwan and Brodie 2000). In these 

patients, surgery is a potentially curative therapeutie option should an epileptie foeus be localised accurately.

1.1.2 Classification of Seizures and Epilepsy Syndromes

The classification of epileptic seizures and syndromes has investigative, therapeutic and prognostic implications 

(Mosewich and So 1996; Watanabe 1997). Classification systems are also used in clinical pharmacology trials, 

epidemiological studies and to facilitate communication between the clinical and research settings through the 

development of common terminology used to identify seizure disorders (So 1995; Engel, Jr. 1998). It is therefore 

important to establish a practical and reproducible, yet flexible classification system, which can be applied both in 

the field for large epidemiological studies and in specialist epilepsy centres where greater emphasis is placed on 

readily available investigations, such as neuroimaging and EEG.

1.1.2.1 Seizure Classification

Early epilepsy classification systems did not differentiate between seizures and syndromes, employing terms such 

as grand mal, petit mal and psyehomotor epilepsy. This terminology was non-discriminatory; for example, grand 

mal was frequently used to describe any tonic-clonic seizure and petit mal referred to any “small attack” including 

both absences and eomplex partial seizures. The classification o f epileptic seizures was revised in 1981 and 

divided seizures on clinical and electrophysiological grounds into partial (focal onset), generalised and unclassified
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(Commission on Classification and Terminology of the International League Against Epilepsy 1981) (Table 1.1). 

The partial seizures were further subdivided into “complex” and “simple” partial seizures depending on the level 

of consciousness during the ictal event.

Although its simplicity promoted universal acceptance, a number o f limitations of the revised ICES 

classification system were recognized (Luders et al. 1993). Firstly, the classification disregarded presumed 

pathophysiological and anatomical information and utilised electroclinical data only, assuming that clinical seizure 

semiology and electrophysiological data were anatomically concordant. This premise is frequently incorrect 

(Manford et al. 1996). Furthermore, the reliance on EEG data biases epidemiological studies towards specialist 

centres with unrestricted EEG availability and patients with more severe epilepsy. Secondly, it is not always 

possible to determine whether consciousness is preserved or lost and without prolonged videotelemetry, 

distinguishing between simple and complex partial seizures is often difficult. This problem was highlighted in a 

study by Manford et al of patients with epilepsy diagnosed in the primary care setting, where 23.3% of the patients 

were unclassifiable (Manford et al. 1992). This was despite an aetiological basis for the epilepsy being suggested 

from the history in a proportion o f these cases. Finally, the use o f unwieldy terminology and omission o f 

lateralising or somatotopic information has also been criticised (Benbadis and Luders 1995). In view of these 

limitations, alternative classification systems for seizures have been proposed. Luders et al recommended a 

classification scheme based solely on seizure semiology, dividing ictal events into auras, autonomic, “dialeptic”, 

motor and special seizure categories (Luders et al. 1998). Other proposed classifications include those based on 

presumed pathophysiological and anatomical information established from all available clinical and investigative 

evidence (Engel, Jr. 1998), or re-stratifying seizure types with diminished emphasis on the dichotomy of partial 

versus generalised seizures whilst utilising current electroclinical knowledge (Herranz 1998).
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Table 1.1 International Classification of Epileptic Seizures (ICES); simplified version.

1. P artia l (focal, partia l) seizures

1.1. Simple (consciousness not impaired)

1.1.1. With motor symptoms

1.1.2. With somatosensory or special sensory symptoms

1.1.3. With autonomic symptoms

1.1.4. With psychic symptoms

1.2. Complex (with impairment of consciousness)

1.2.1. Simple partial seizure onset followed by impairment o f consciousness

1.2.2. Impairment of consciousness at onset

a) Impairment of consciousness only

b) With automatism

1.3. Partial seizures evolving to secondarily generalised seizures (tonic-clonic, tonic or clonic)

1.3.1. Simple partial seizures evolving to generalised seizures

1.3.2. Complex partial seizures evolving to generalised seizures

1.3.3. Simple partial seizures evolving to complex partial, evolving to generalised seizures

2. G eneralised seizures (convulsive or non-convulsive)

2.1. Absence seizures

2.1.1. Typical

2.1.2. Atypical

2.2. Myoclonic seizures

2.3. Clonic seizures

2.4. Tonic seizures

2.5. Tonic-clonic seizures

2.6. Atonic seizures

3. Unclassified epileptic seizures (inadequate or incomplete data)
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1.1.2.2 Syndromic classification

Epileptic seizures represent the clinical manifestation of an abnormal cerebral discharge, and only infrequently 

yield important aetiological or prognostic information. In contrast, the determination of an epilepsy syndrome may 

have therapeutic or prognostic implications. Furthermore, terminology used in the clinical and research settings 

often involves descriptions o f syndromes rather than seizures. To fulfil the requirement for a syndrome-based 

classification system, Gastaut (Gastaut 1969), and then shortly afterwards, the International Commission for 

Classification o f the Epilepsies (ICCE) proposed schemes based on electroclinical data (Merlis 1970). To date, 

three classifications have been proposed by the ICCE.

International Classification o f  the Epilepsies (ICE, 1970)

The epilepsies were classified into three major divisions: generalised, partial and unclassifiable. Generalised 

epilepsies were subdivided into primary, secondary, and undetermined. This led to confusing terminology with 

similar terms assigned to very different epilepsies; for example, secondarily generalised (i.e. partial onset) epilepsy 

and secondary generalised (i.e. West syndrome) epilepsy.

International Classification o f  the Epilepsies and Epileptic Syndromes (ICEES, 1985)

The ICEES classification system attempted to address the limitations of the 1970 system by adopting a more 

pluralistic, “inclusive” approach whilst endeavouring to maintain practicality. A number of epileptic syndromes 

were included, each defined as an epileptic disorder characterized by a cluster o f signs and symptoms customarily 

occurring together. These included seizure type, aetiology, neurological signs, precipitating factors, age of onset, 

severity, chronicity, diurnal and circadian rhytlim. However, an individual syndrome may have a large number of 

aetiologies. This results in a wide range of associated prognoses thereby limiting the clinical usefulness of such a 

classification system. Moreover, patients may evolve from one syndrome to another during the course o f their 

epileptic condition; for example, a child with West syndrome may later fulfil the criteria for the Lennox-Gastaut 

syndrome (Watanabe 1989).

The customary division between generalised and focal epilepsy formed the basis for the 1985 

classification. Each branch was subsequently subdivided into idiopathic (primary, unknown aetiology), and 

symptomatic (secondary, known aetiology). The focal epilepsies were also subdivided according to their proposed 

anatomical localisation (e.g. frontal, temporal). Furthermore, in contrast to the earlier classification, the 1985 

ICEES expanded the generalised epilepsy group to recognize the increased number of clinical subtypes of 

idiopathic generalised epilepsy (IGE) and the complex taxonomy of the static and progressive encephalopathies. 

Two new major divisions were also introduced: epilepsies and syndromes undetermined whether focal or 

generalised, and the special syndromes. The first category was created to acknowledge the occasionally unclear 

boundary between generalised and focal epilepsy (as seen in those patients with only nocturnal seizures, unhelpful 

EEG, or lack o f localising / lateralising signs during a seizure) and also to enable those patients with both partial 

and generalised seizures to be appropriately classified. The category of special syndromes included those patients 

with febrile, isolated, or provoked seizures.



25

International Classification o f  the Epilepsies and Epileptic Syndromes (ICEES, 1989b)

The ICEES was revised in 1989 and differed from its predecessor by the inclusion of a new category of 

cryptogenic epilepsy. This referred to those cases presumed to be symptomatic but without confirmatory evidence. 

A potential drawback of this terminology is the erroneous assumption that every patient is investigated to the same 

degree. Following the 1989 revision, the term “idiopathic” was only used to describe epilepsies with a suspected 

genetic aetiology (Table 1.2).

1.1.2.3 Additional Classification Systems and Future Directions

The ICEES was developed in specialist epilepsy centres which are unrepresentative o f epilepsy at a population 

level. This has led to a lack of uniformity in case ascertainment, electroclinical data interpretation, use of 

additional ancillary investigations and application of the classification system between population-based studies 

(Eadie 1996; Everitt and Sander 1999). Comparison of these studies is important in identifying variations in 

aetiology in different countries or populations and establishing the requirements for health care services. However, 

methodological inconsistencies between studies adversely affects the validity o f such comparisons. To address this 

limitation, the ILAE published guidelines for epidemiological studies in which a simplified classification system 

was based on clinical risk factors rather than electrophysio logical evidence (ILAE 1993).

The 10* International Classification of Diseases (ICD-10) was based on a combination of both ICEES and 

the 1981 ICES systems and continued to employ confusing terminology such as petit mal and grand mal (WHO 

1992). An attempt to be all-encompassing precludes its use in either clinical or epidemiological settings.

Recent advances in neuroimaging, particularly MRI, have permitted the identification of epileptogenic 

abnormalities in a significant proportion of patients with epilepsy (Li et al. 1995; Duncan 1997). Current 

classification systems however do not exploit this information and rely on electroclinical data only. This may be 

due, at least in part, to the limited availability o f high quality MRI, and the possibility of classification difficulties 

due to discordant MRI and EEC findings.

The ICEES is currently being reappraised by the ILAE in light o f recent advances in neuroradiology, 

genetics and pathophysiology. The resulting classification is likely to apply the established dichotomy of 

generalised versus localised, in addition to dividing epilepsies by age. Furthermore, the increasing numbers of 

genetic abnormalities identified in patients with epilepsy (Phillips et al. 1995; Berko vie et al. 1996; Scheffer et al. 

1995; Steinlein et al. 1995) necessitates the creation of additional divisions; for example, into those in which 

epilepsy occurs in isolation, or into those diseases with epilepsy as an associated feature (Engel, Jr. 1998; Engel, Jr. 

2001b; Engel, Jr. 2001a).

Alternative proposals for classification systems include those based on aetiological factors rather than the 

localisation o f epileptogenic foci (Everitt and Sander 1999; Bauer 1994), a multi-modal approach incorporating 

seizure semiology, aetiology, anatomical localisation and pathophysiological data (Blume et al. 1997), and a 

system based on a fundamental division into developmental and mature aetiologies (Spencer 1998).

An ideal classification system should be able to be used by both specialists and non-specialists, in hospital 

and in community-based studies, yet remain flexible enough to integrate advances in complimentary investigations 

such as imaging and neurogenetics as they become more widely available (Mosewich and So 1996; Everitt and 

Sander 1999; So 1995).
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Table 1.2 The 1989 International Classification of the Epilepsies (ICEES)

1. Localization-related epilepsies and syndromes

1.1. Idiopathic (with age-related onset )
Benign childhood epilepsy with centrotemporal spike 
Childhood epilepsy witii occipital paroxysms 
Primary reading epilepsy

1.2. Symptomatic
Chronic progressive epilepsia partialis continua o f childhood 
Syndromes characterized by seizures with specific modes o f precipitation. 
Temporal, frontal, parietal and occipital lobe epilepsies

1.3 Cryptogenic
Temporal, frontal, parietal and occipital lobe epilepsies

2. Generalized epilepsies and syndromes

2.1. Idiopathic (with age-related onset)
Benign neonatal familial convulsions 
Benign neonatal convulsions 
Benign myoclonic epilepsy in infancy
Childhood absence epilepsy (pyknolepsy) / Juvenile absence epilepsy
Juvenile myoclonic epilepsy
Epilepsy with GTCS seizures on awakening
Other generalized idiopathic epilepsies not defined above
Epilepsies with seizures precipitated by specific modes o f activation.

2.2. Cryptogenic or symptomatic
West syndrome (infantile spasms, Blitz-Nick-Salaam Krampfe)
Lennox-Gastaut syndrome
Epilepsy with myoclonic-astatic seizures
Epilepsy with myoclonic absences

2.3. Symptomatic
2.3.1. Non-specific aetiology

Early myoclonic encephalopathy
Early infantile epileptic encephalopathy with suppression burst 
Other symptomatic generalized epilepsies not defined above

2.3.2. Epilepsies due to specific neurological diseases

3 Epilepsies and syndromes undetermined whether focal or generalized

3.1 With both generalized and focal seizures
Neonatal seizures
Severe myoclonic epilepsy in infancy
Epilepsy with continuous spike-waves during slow wave sleep 
Acquired epileptic aphasia (Landau-Kleffher-syndrome)
Other undetermined epilepsies not defined above

3.2 Without unequivocal generalized or focal features.

4 Special syndromes

4.1 Situation-related seizures 
Febrile convulsions
Isolated seizures or isolated status epilepticus
Seizures occurring only when there is an acute metabolic or toxic event
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1.1.3 Aetiology of epilepsy

1.1.3.1 Introduction

Epileptic seizures can be broadly classified into those arising from a focal cortical region (focal or partial epilepsy) 

and those characterised by an immediate, synchronous electrical discharge of both hemispheres (generalised 

epilepsy). The incidence of generalised and focal epilepsies are approximately equal and, of patients with focal 

epilepsy, most have seizures arising from the temporal lobe (Juul-Jensen and Foldspang 1983).

Table 1.3 Risk factors for epilepsy in adults. (Adapted from Hesdorffer and Verity, 1997)

No additional risk factors 
Tricyclic antidepressants* 

Neuroleptic Drugs* 
Depression* 

Maiijuana 
Heroin 

Alcoliol 
Multÿle Sclerosis 

Alzheiniers Disease 
Aseptic Meningitis 

Bacterial Meningitis 
Encepltalitis 

Hypertension* 
Left Ventricular Hypertrophy with Rx 

Left Ventiicular Hypertrophy without Rx 
Cerebrovascular accident 

Mild Head Injury* 
Moderate Head Injury 

Severe Head Injury

*Not significant

m
1 , 1 ; 1 

‘ 1

m - i
1 ;

i 1
■ 1 . 3

! ' 1 ! 1 !
]

#0 .4  1

É K Ê Ê ?
1

!

5 k 1

■ ■ ■ M n t E p o

' 1 " ! '
1

1

■ 1 . 3

■ 0 .7  :
: -

----
1 1

r.3 I 1 
1 '1

1 1—r ^
;

mm. ------ ------L-------:
10 IS  20  

Relative Risk
25 30

Any cortical lesion may give rise to epileptic seizures, hence the aetiology o f focal epilepsy is heterogeneous 

(Table 1.3). The range of aetiologies is dependent on a number of factors including age and geographical location 

(Sander and Shorvon 1996; Hauser, Annegers, and Kurland 1993). In previous epidemiological studies, a 

presumed aetiology was identified in only a third of patients with epilepsy (Sander et al. 1990; Hauser, Annegers, 

and Kurland 1993; Placencia et al. 1992). More recently, a prospective community based study utilising high- 

resolution MRI identified an aetiological basis in approximately 70% of patients with focal epilepsy (Everitt et al. 

1998).

By definition, patients with generalised epilepsy have normal qualitative MRI. However, with advanced 

post-processing techniques and quantitative assessment, imaging abnormalities have been identified (Woermann et
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al. 1998b; Savic et al. 1998b), consistent with the pathological finding of microdysgenesis in such patients 

(Meencke and Janz 1984). More recently however, it has been suggested that the frequency of microdysgenesis in 

normal subjects is the same as in patients with idiopathic generalised epilepsy suggesting that alternative 

microscopic structural abnormalities are responsible (Opeskin 2000).

The pathophysiology of seizure generation, spread and cessation is currently poorly understood. It has 

been suggested that some lesions possess intrinsic epileptogenicity, for example focal cortical dysplasia (Ferrer et 

al. 1992; Spreafico et al. 1998), whilst others may be irritative to surrounding tissue, such as tumours (Fish 1999). 

Combined experimental and theoretical work suggests that potentiation o f excitatory synapses and depression of 

inhibitory synapses are critical events in epileptogenesis (March 1998; Traub and Jefferys 1998; Jefferys 1990). 

This concurs with an immunocytochemical investigation of resected cortical tissue from patients with refractory 

focal epilepsy due to MCD which revealed an increase in excitatory pyramidal neurons combined with a decrease 

in GABAergic inhibitory intemeurons (Spreafico et al. 1998).

The rhythmic, bilateral and synchronous EEG activity underlying spike-wave discharges in generalised 

epilepsy has been correlated with oscillatory patterns involving interconnected cortical and thalamic neurons 

(Avanzini et al. 2000). The pacemaker structure responsible has been identified as the reticular thalamic nucleus, a 

GABAergic structure projecting exclusively to the other thalamic nuclei. Experimental work suggests that in 

generalised epilepsy there is a genetically determined enhancement o f the pacemaker properties of the thalamic 

nucleus, which propagates pathological synchronization and spike-wave discharges (Danober et al. 1998).

1.1.3.2 Hippocampus

1.1.3.2.1 Hippocampal Epilepsy

Approximately 60-70% o f focal seizures originate in the temporal lobes, the majority arising from the 

hippocampus. In hospital-based MRI studies, hippocampal sclerosis (HS) was identified in approximately 25-30% 

of patients with focal epilepsy (Everitt et al. 1998; Wieshmann 2003; Li et al. 1995). Although HS is the 

commonest pathologically confirmed lesion in chronic temporal lobe epilepsy (Babb and Brown 1987), other 

pathologies exist, for example, dysembryoplastic neuroepithelial tumours, vascular abnormalities, MCD and 

gliosis.

1.1.3.2.2 Anatomy

The hippocampus is a curved structure lying on the medial surface o f the temporal lobe, approximately 3-4cm in 

length with a volume of 2-6cm^ in normal subjects. It is a rhinencephalic (olfactory) derivative and with the 

dentate gyms comprises the trilaminar cerebral archecortex. During embryological development, with the growth 

of the cerebral hemispheres and corpus callosum, the hippocampus is displaced interiorly and rolled medially to 

occupy a position adjacent to the floor o f the lateral ventricle in the medial temporal lobe (Gray's Anatomy 1989a).

1.1.3.2.3 Hippocampal Sclerosis

In 1825, Bouchet and Cazauvielh first described the macroscopic appearance o f a hard, shmnken hippocampus in 

an autopsy specimen o f a patient with epilepsy (Bouchet and Cazauvielh 1825). Early microscopic descriptions of 

hippocampal sclerosis, by Sommer in 1880 (Sommer 1880) and then Bratz in 1899 (Bratz 1899), detailed loss of
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pyramidal neurons in Ammon’s horn and supplementary damage involving the granule cells and dentate. More 

recently, the cell loss has been quantified and showed severe pyramidal neuron loss and gliosis throughout the 

hippocampus proper, particularly in Sommer’s sector (C A l), and the end folium (including the CA4 pyramids and 

hilar neurones). The subiculum and the granule cells o f the dentate gyrus are only partially destroyed and a number 

of pyramidal neurones in sector CA3 and particularly in CA2 appear comparatively resistant to injury (Mouritzen- 

Dam 1980; Babb et al. 1984a; Babb et al. 1984b; Mathem et al. 1996). Histopathological studies have shown that 

in temporal lobe epilepsy pathological changes are often bilateral, but nearly always asymmetrical (Babb et al. 

1984a; Meldrum and Bruton 1992), and within a single hippocampus, changes may be focal or diffuse. 

Furthermore, the adjacent amygdala or fornix and, in rare instances, the whole temporal lobe ipsilateral to the HS, 

may be smaller (Watson et al. 1992).

Hippocampal sclerosis (HS) is the most common pathology underlying focal seizure disorders that is 

amenable to surgery. It is found in approximately 60% o f temporal lobes removed for the treatment o f epilepsy, 

and is associated with 60-70% chance of the patient becoming seizure free following resection (Cascino et al. 

1992; Berkovic et al. 1995; Babb and Brown 1987; Bruton CJ 1988). An initial precipitating injury, such as acute 

hippocampal damage caused by complex febrile convulsions (Davies et al. 1996; Lewis 1999; Sagar and Oxbury 

1987; Cendes et al. 1993a) appears to be an important step in the development o f HS. Hippocampal susceptibility 

to these acute insults may be determined by a pre-existing lesion (e.g. familial subtle hippocampal malformation) 

(Fernandez et al. 1998), genetic factors (e.g. interleukin-lb gene polymorphism) (Kanemoto et al. 2000) or 

associated developmental lesion (e.g. malformations o f cortical development) (Raymond et al. 1994).

The principal MRI features of HS are hippocampal atrophy, demonstrated with coronal T1-weighted 

anatomical images, and increased signal intensity within the hippocampus on T2-weighted images (Jackson et al. 

1990; Berkovic et al. 1991). Additional features, seen inconsistently, include decreased T1-weighted signal 

intensity, disruption o f the laminar structure of the hippocampus (Jackson et al. 1993a) and atrophy o f the 

ipsilateral fomix (Baldwin et al. 1994), mamillary body and amygdala (Kuzniecky et al. 1996). Atrophy of the 

temporal lobe, dilatation of the temporal horn and a blurring of the grey-white matter junction in the temporal 

neocortex have also been reported (Meiners et al. 1994; Mitchell et al. 1999).

The extent o f hippocampal atrophy and increased T2 signal vary along the length of the hippocampus in 

HS. Classical HS is commonly unilateral and diffuse (Quigg et al. 1997), but may be bilateral or focal, with the 

head affected most frequently (Van Paesschen et al. 1997a; Woermann et al. 1998a), although this is not 

universally accepted (Kuzniecky et al. 1996; Bronen et al. 1995a). HS may be associated with severe pathological 

change, as seen in chronic HS, or with only minor abnormalities, for example, in "end-folium sclerosis" where 

hippocampal damage is centred on the hilus and dentate gyrus (Van Paesschen et al. 1997b). Abnormal signal 

change in the hippocampus is not specific for HS and may also be due to cysts, tumours or dysgenetic tissue as 

well as a partial volume effect from CSF, particularly when slice thickness is increased to improve the signal to 

noise ratio and/or resolution. Similarly, isolated hippocampal atrophy is not specific for HS and may be a 

secondary phenomenon related to previous head injury, dementia (Price et al. 2001) or temporal lobe surgery 

(Cook and Sisodiya 1996). However, the combination o f volume loss and abnormal signal intensity is highly 

specific for HS. (See chapter 1.3.1 Quantitative analysis o f mesial temporal lobe structures).

A number of studies have found that ipsilateral hippocampal atrophy on preoperative MRI predicts good 

seizure control following anterior temporal lobe resection (Berkovic et al. 1991; Garcia et al. 1994).
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1.1.3.3 Neocortex

1.1.3.3.1 Neocortical Epilepsy

Neocortical epilepsy describes seizures arising from cortex outside the mesial temporal lobe. Approximately 60- 

70% o f focal seizures originate in the temporal lobe. About 40% of these arise from the neocortex (Pacia et al. 

1996). Approximately 20-30% of focal seizures derive from the frontal lobes, 8% from the occipital lobes and

1.4% from the parietal lobes. Neocortical epilepsy is commonly due to an identifiable lesion; however, in about 

50% o f patients with focal epilepsy no aetiological basis can be determined. This decreases to approximately 20% 

in patients with refractory focal epilepsy (Duncan 1997). Almost any cortical lesion may give rise to seizures, 

therefore, a wide range of aetiologies exists: idiopathic (presumed genetic abnormality), structural, including both 

congenital and acquired causes, and cryptogenic. Acquired causes include head injury, stroke, tumours, intracranial 

infections, inflammation and toxins.

1.1.3.3.2 Normal development

The external cerebral surface is a grey mantle (pallium) of approximately 14 billion neurons and accompanying 

neuroglia. Cortical thickness varies from 4mm in the precentral gyrus to 1.5mm in the primary visual area and is 

thicker over the exposed convexities of the gyri than in the sulci. Primitively, the cortex was trilaminar and 

primarily served olfaction. In human brain these rhinencephalic derivatives comprise the archecortex 

(hippocampus and dentate gyrus) and paleocortex (olfactory areas and amygdaloid complex). The neocortex, 

which comprises 90% of the total human cortex is six layered. These horizontal layers, from superficial to deep, 

are: layer I - molecular (relatively devoid of neurons); layer II - external granular; layer III - external pyramidal; 

layer IV - internal granular; layer V - internal pyramidal; layer VI - multiform or polymorphous. The cingulate 

gyrus which is part o f the limbic system, is intermediate in histological and functional terms. The gyral and sulcal 

arrangement is approximately constant between hemispheres within the same individual, and between individuals, 

although minor differences in dimensions and convolutions exist (Gray's Anatomy 1989a).

Cerebral development commences with the formation of the neural plate in the early embryonic disc. This 

evolves into a neural tube, the rostral end of which develops into three vesicles from which the fore, mid and 

hindbrain are formed. By the eighth gestational week, two zones have become apparent within the prosencephalic 

(forebrain) vesicle, a deeper ventricular zone composed of radially orientated undifferentiated columnar 

neuroepithelium, and an outer, fibre-rich marginal zone. Cajal-Retzius cells are the first neurons to differentiate 

within the marginal zone (Meyer and Goffmet 1998). These are transient cells which secrete reelin, a protein 

involved in the final stages o f cortical migration and organisation (Meyer et al. 1999). Towards the end of the 

eighth gestational week, neuroblasts forming the cortical plate accumulate in the marginal zone, progressively 

separating layers I and VII. These cells migrate into this layer along radially disposed processes of glial cells in an 

“inside-out” fashion, with cells destined for deeper layers preceding those destined for more superficial layers. 

Migration occurs predominantly between the 7^ and 16^ gestational weeks although is not fully complete until the 

5* postnatal month (Sidman and Rakic 1973; Samat 1991). Previously it has been suggested that neuroblasts 

originating from a single proliferative stem cell migrate along the same radial glial cell resulting in a single column 

o f mature neurons in the cortex. Thus, the periventricular germinal matrix is a protomap o f the future cortical plate
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(Rakic 1978; Rakic 1988b). More recently, this “radial unit hypothesis” has been challenged with the description 

of additional tangential migration of neuroblasts in animal models (Walsh and Cepko 1993; W alsh and Cepko 

1992; Tan and Breen 1993). It has been estimated that normal mitotic proliferation results in a 25-50% 

overproduction of neuroblasts, which later undergo programmed cell death (Finlay and Slattery 1983).

Layer VII, the subplate zone, is an active interface between incoming afferents (predominantly 

thalamocortical) and the developing cortical plate cells (Kostovic and Rakic 1990). Transfer o f the afferent 

terminals to the cortical plate results in degeneration of the subplate zone, although some neurons survive and 

settle in the mature subcortical white matter. Selective, regional ablation o f cells in the subplate leads to failure of 

the thalamic afferents to pass eventually into the overlying cortical plate even though their predestined targets are 

in the correct position. This suggests a precocious role for early intemeuronal cormectivity in the formation of later 

definitive connectivity (Ghosh et al. 1990).

Cortical maturation, including neurite formation and growth, development o f membrane polarity and 

excitability, synaptogenesis, synthesis o f secretory products and myelination (Samat 1991), commences before the 

completion o f migration and continues into the post-natal period (Rakic 1978).

Cerebral white matter comprises a compact mass of association, commissural and projection fibres with 

associated neuroglia. A small number of neurons exist in white matter, however, their role remains unclear. It is 

likely that they represent the remnants of subplate neurons or misplaced cortical neurons. Microdysgenesis 

describes a number of subtle architectural abnormalities, most frequently an excess o f white matter neurons, and 

has been identified in a number of conditions including normal subjects (Kaufmann and Galaburda 1989), 

dyslexia, autism, and epilepsy. The significance of microdysgenesis in epilepsy continues to be debated, but may 

have some prognostic value (Thom et al. 2001).

1.1.3.3.3 Malformations of cortical development

With the introduction and subsequent advances in MRI, malformations o f cortical development (MCD) are being 

increasingly diagnosed in patients with epilepsy in vivo (Brodtkorb et al. 1992; Chan et al. 1998; Kuzniecky et al. 

1991; Pahnini et al. 1991b; Kuzniecky 1994; Raymond et al. 1995). Previously these abnormalities were not 

detectable with CT scanning and the seizure disorders were regarded as being “cryptogenic”. More recently, in 

community-based prevalence studies using optimal, high resolution MRI, MCD were detected in approximately 

3% of patients (Everitt et al. 1998; Wieshmaim 2003). In patients with refractory epilepsy, MCD may be seen in 

8-12% of cases (Li et al. 1995; Semah et al. 1998; Lehericy et al. 1997), and in up to 14% in children with MCD 

and learning disability (Brodtkorb et al. 1992; Steffenburg et al. 1998; Steffenburg et al. 1996). Despite recent 

advances in MRI however, in some patients, MCD may only be identified post-operatively on histopathological 

examination (Spreafico et al. 1998; Ying et al. 1998). It is likely therefore that a proportion o f those patients with 

refractory epilepsy and normal MRI also harbour MCD.

MCD have previously been classified and described on the basis o f macro- or microscopic appearances 

(Barth 1987), imaging (Palmini et al. 1991c), electrophysiological or clinical features (Barkovich et al. 1996). 

More recently, a classification system based on embryological, anatomical, and genetic information has been 

proposed (Kuzniecky and Barkovich 1996) (Table 1.4). This classification system will need revision as the genetic
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bases of MCD are elucidated further.

A disturbance at any stage o f neuronal proliferation, migration or organisation, caused by genetic or 

external factors, involving either neurons or glial cells, may result in abnormal cortical development. A particular 

defect during corticogenesis may result in more than one type o f MCD, and a particular MCD may have more than 

one aetiology (Rakic 1988a).The type o f insult, time of occurrence and severity influences the extent, location and 

type of MCD, and thus determines the degree o f clinical disability.

In addition to genetic factors, a number o f extraneous agents and insults have been proposed as causes of 

MCD, including: intrauterine infections (e.g. toxoplasmosis, cytomegalovirus), toxins (e.g. alcohol, isoretinoic 

acid, methylmercury, carbon monoxide), local ischaemia or haemorrhage, and ionizing radiation which may 

interfere with both nucleic acid and cell membrane or radial glial fibre integrity (Barth 1987; Jensen and Killackey 

1984; Samat 1987; Ferrer et al. 1993).

The common pathological features are loss of tissue organisation and abnormalities o f neuronal structure. 

Epileptogenicity may result from neuronal hyperexcitability and abnormal neuronal connectivity (Jacobs et al. 

1996; Jacobs et al. 1999; Barth 1987).
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Table 1.4 Classification of malformations of cortical development

A: Malformations due to abnormal neuronal and glial proliferation

I. Generalised:

1. Decreased proliferation - (microlissencephaly)

a. thin cortex

b. normal cortex

2. Increased proliferation - none known

3. Abnormal proliferation - none known

II. Focal or multifocal:

1. Decreased proliferation - none known

2. Increased and abnormal proliferation - (megalencepbaly and bemimegalencepbaly)

2. Abnormal proliferation

a. Non-neoplastic - (tuberous sclerosis, focal cortical dysplasia, focal transmantle dysplasia)

b. Neoplastic (ass. with disordered cortex ) - (DNET, ganglioglioma, gangliocytoma)

B. Malformations due to abnormal neuronal migration

I. Generalized:

1. Classical (Type 1) Lissencepbaly and subcortical band heterotopia

2. Cobblestone (Type 2) Lissencepbaly

3. Lissencepbaly - not otherwise classified

4. Heterotopia

II. Focal or multifocal malformations of neuronal migration

1. Focal agyria / pacbgyria (partial lissencepbaly)

2. Focal or multifocal beteroptopia

3. Focal or multifocal heterotopia with organisational abnormality o f the cortex

4. Excessive single ectopic white matter neurons.

C. Malformations due to abnormal cortical organization

I. Generalized:

1. Polymicrogyria

II. Focal or multifocal:

1. Bilateral and symmetric polymicrogyria

2. Asymmetrical polymicrogyria and scbizencepbaly

3. Focal or multifocal cortical dysplasia without balloon cells

4. Microdysgenesis

D: Malformations, of cortical development, not otherwise classified
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Lissencephaly describes a brain in which gyration is absent. The migratory defect is thought to occur between 12 

and 16 weeks of gestation and may be due to a genetic abnormality or extraneous factor, such as an ischaemic 

event (Stewart et a l  1975), irradiation (Ferrer, Alcantara, and Marti 1993) or CMV infection (Hayward et a l  

1991). There are two distinct histopathologies (Dambska et a l  1983). In type I there are both agyric and 

pachygyric regions and the affected cortex is four-layered. Patients may present with variable phenotypes, 

including the Miller-Dieker syndrome (resulting from a defect on chromosome 17 (LISl)) (Dobyns et a l  1993; 

Reiner et a l  1993), the Norman-Roberts syndrome (Dobyns et a l  1984), or with isolated lissencephaly (Dobyns et 

a l  1992). Recent studies have established that lissencephaly and X-linked subcortical band heterotopia 

(XLIS/DCH) are genetically related, with band heterotopia (BHT) seen in heterozygous females and lissencephaly 

in homozygous males (des Portes et a l  1997). The LISl gene product is a regulatory subunit o f platelet activating 

factor acetylhydrolase, but has also been found to co-regulate microtubule function (Sapir et a l  2000). Most 

recently, a new form o f lissencephaly with cerebellar hypoplasia has been described and linked to a gene coding 

for reelin on chromosome 7 (Ross et a l  2001). Other malformations associated with lissencephaly include callosal 

agenesis, enlarged ventricles, and heterotopia (Harding 1992). Clinically, most patients have microcephaly, severe 

hypotonia, and infantile spasms. MRI reveals a thickened cortex, diminished white matter, and vertical sylvian 

fissures, giving the typical eight-shaped brain appearance on axial images (Raymond et a l  1995; Barkovich et a l  

1988). Type II lissencephaly is characterized by a smooth cerebral surface and a thickened cortex in which there is 

little discernible layering o f any sort with neurons being grouped in clusters and columns. Associations include 

congenital muscular dystrophy in genetic syndromes such as Walker-Warburg syndrome (Dobyns et a l  1985) and 

Fukuyama syndrome (Dambska et a l  1982). MRI reveals a thick cortex, hydrocephalus, and hypomyelination 

(Barkovich, Chuang, and Norman 1988).

Polymicrogyria describes a large number o f narrowed, thinned gyri. Histologically, there are layered and 

unlayered types (Harding 1992). The former is characterised by post-migrational destruction of cells, mainly in 

lamina V, which is probably due to transient vascular insufficiency between 18 and 24 weeks gestation (Richman 

et a l  1974). Unlayered polymicrogyria is macroscopically indistinguishable, but a cell-sparse layer suggestive of 

lamina destruction is not present. Other than ischaemia, infections and metabolic disorders have been implicated 

including cytomegalovirus, toxoplasmosis (Friede and Mikolasek 1978), Zellweger’s syndrome (Volpe and Adams 

1972; Evrard et a l  1978), neonatal adrenoleukodystrophy (Powers 1985), and Pelizaeus-Merzbacher disease 

(Norman et a l  1966). Clinical presentation is dependent on location and extent o f the abnormality. Diffuse 

polymicrogyria may present with severe developmental delay, microcephaly and hypotonia. MRI findings 

demonstrate a thickened cortex with shallow sulci, and underlying white matter signal abnormality (Barkovich, 

Chuang and Norman 1988). Polymicrogyria may present as the congenital bilateral perisylvian syndrome, 

consisting o f pseudobulbar paresis, learning disability, epilepsy and perisylvian lesions on MRI (Kuzniecky and 

Andermann 1994; Kuzniecky et a l  1994). Most recently, an increased number o f reelin-expressing Cajal-Retzius- 

like cells have been identified in polymicrogyric tissue, suggesting an association between reelin overexpression 

and polymicrogyria (Eriksson et a l  2001a).
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Schizencephaly describes the presence of clefts extending across the wall o f the hemisphere, from the pia to the 

ependyma. The walls o f the cleft are lined by grey matter, which may be polymicrogyric (Barth 1987). The walls 

may be apposed (Type I) or separated (Type II). Patients may present with a contralateral hemiparesis, moderate to 

severe developmental deficit, infantile spasms and focal motor seizures. The MRI characteristics o f schizencephaly 

are unilateral or bilateral grey matter lined clefts extending from the calvarium to the ventricle (Barkovich and 

Kjos 1992b). Associated features include subependymal heterotopia (Harding 1992), abnormal cortical gyration 

and absence of the septum pellucidum (Brodtkorb et al. 1992). There is some evidence from experimental studies 

that mutations of the EMX-2 gene, which is normally expressed in proliferating neuroblasts and Cajal-Retzius cells 

may be implicated in abnormalities of cortical subdivision, such as schizencephaly (Cecchi and Boncinelli 2000).

Heterotopia is defined as abnormally located clusters o f neurons. They are late disorders of neuronal migration 

(>20 weeks gestation) and are described according to their morphology, location and distribution.

Subependymal heterotopias (SEH) are solitary or multiple, discrete or confluent nodules of grey matter in 

the subependymal region lining the ventricular wall. The occipital horns and trigones are the most commonly 

involved sites. Patients usually have normal intellectual and motor function or mild learning disability. Epilepsy 

develops in approximately 75% o f patients, usually in the second decade (Raymond et al. 1994). SEH is associated 

with trisomy 13-15 and 18, and 4p- syndrome. More recently, mutations in the X-linked FLN gene, resulting in a 

defective protein, Filamin 1, have been described in female patients with bilateral confluent SEH (Huttenlocher et 

al. 1994; Fox et al. 1998; Eksioglu et al. 1996). Filamin 1 encodes an actin-cross-linking phosphoprotem that 

transduces ligand-receptor binding into actin reorganization, and which is required for locomotion of many cell 

types (Fox et al. 1998). The mutations cause loss of cytoskeleton function in neurons in the ventricular zone 

resulting in migration failure o f the neuronal population that expresses the defect gene. FLN mutations are 

associated with pre- or perinatal lethality in hemizygous males. MRI reveals multiple smooth ovoid nodules, 

isodense with cortical grey matter, lining the lateral ventricles (Barkovich and Kjos 1992a). Approximately 75% of 

patients have bilateral lesions and 30% also have focal subcortical heterotopia. Callosal and cerebellar 

malformations may be present in 25% of cases (Kuzniecky and Jackson 1997).

Subcortical heterotopias (SCH) are nodules or bands of neurons in white matter. Patients with band 

heterotopia (double cortex, BHT) present with mild epilepsy, pyramidal signs, dysarthria and a variable degree of 

developmental delay and cognitive impairment. MRI reveals a circumferential band o f subcortical grey matter 

underlying the cortical mantle and separated from it by a thin rim of white matter (Livingston and Aicardi 1990). 

The overlying cortex may be normal or macrogyric. Mutations in the doublecortin gene (DCX) result in 

microtubular dysfunction and impaired neuronal migration, and are thought to be responsible for almost all 

familial cases, approximately 80% of sporadic female cases, and 25% o f sporadic male cases o f BHT (des Portes et 

al. 1997; Sicca et al. 2003) (see lissencephaly). The MRI features o ifo ca l subcortical heterotopia include clusters 

of heterotopic nodules with irregular margins surrounded by normal appearing white matter (Barkovich and Kjos 

1992a). Patients present with epilepsy in the second decade and contralateral pyramidal signs if  the heterotopic 

nodules are extensive. Associated malformations include abnormalities o f the corpus callosum, polymicrogyria and 

megalencephaly (Friede 1989).

Focal cortical dysplasia is characterized by a spectrum of histological features ranging from mild cortical
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disruption without giant neurons to the most severe forms in which cortical dyslamination and large bizarre 

“balloon” cells, which include neuronal and glial elements, are present (Taylor et al. 1971; Barth 1987). The 

pathogenesis is currently unknown with histopathological features consistent with disruption occurring both early 

and late in cerebral development (Mischel et al. 1995). The typical MRI features include focal cortical thickening 

with blurring of the grey/white matter interface and shallow sulci (Chan et al. 1998). Subcortical white matter 

changes are present to a variable extent. Patients present with refractory partial seizures, although, surgical 

resection is possible in carefully selected patients and is associated with seizure freedom in about 40% of cases 

(Sisodiya 2000).

Microdysgenesis describes the presence of microscopic architectural disturbances of grey matter and has been 

classified into a number o f distinct subgroups. These include, a diffuse or focal increase in neurons (mainly Cajal- 

Retzius horizontal cells) within the molecular layer, protmsions o f lamina II neurons into the molecular layer, 

subpial neurons bulging into the subarachnoid space, and heterotopic neurons in the white matter. A standard 

definition and classification does not exist and debate continues into the epileptogenic significance o f this type of 

MCD (Lyon and Gastaut 1985; Meencke and Janz 1984; Hardiman et al. 1988; Thom et al. 2001). 

Microdysgenesis has been identified in normal subjects (Kaufmann and Galaburda 1989) and in those with non­

epilepsy neurological disorders (Humphreys et al. 1990; Inagaki et al. 1987; Bloom 1993) It has previously been 

thought to be more common in patients with primary generalized (Meencke and Janz 1984) or focal epilepsy 

(Nordborg et al. 1999; Eriksson et al. 1999), although this has recently been challenged (Opeskin 2000). 

Postulated pathogeneses include defective programmed cell death, failure o f single radial glial fibres, neuronal 

overmigration or abnormal persistence of Cajal-Retzius cells (Mischel, Nguyen, and Vinters 1995). Although 

microdysgenesis cannot be appreciated on conventional MRI (Raymond et al. 1995), in some patients, imaging 

may reveal an associated abnormality such as hippocampal sclerosis, focal cortical dysplasia or dysembryoplastic 

neuroepithelial tumour (Raymond et al. 1995).

1.1.3.3.3 Other aetiologies, including genetic & cryptogenic

Head injury

Head injury results in altered vasoregulation, disruption to the blood brain barrier, increased intracranial pressure, 

ischaemia, haemorrhage, inflammation, necrosis and disruption o f fibre tracts (Willmore 1990). Overall, post- 

traumatic epilepsy (PTE) occurs in approximately 7% of patients with head trauma (Annegers et al. 1980). The 

risk is dependent on the severity of injury (Jennet 1995). In patients with mild head injury, as defined by 

unconsciousness or post-traumatic amnesia of less then 30 minutes duration, the risk o f seizures was increased 1.5 

times above the risk for those without head injury. Moderate head injury, as defined as skull fracture or 30 minutes 

to 24 hours of unconsciousness or post-traumatic amnesia, is associated with a four-fold increased risk. A 29-fold 

increased risk is seen with severe head injury, as defined as more than 24 hours o f unconsciousness or post- 

traumatic amnesia, brain contusion, or intracerebral haematoma (Annegers et al. 1980). Guidice et al used the 

duration o f amnesia and unconsciousness as measures of the severity o f head injury and reported that in those with 

amnesia and loss o f consciousness lasting longer than one hour, the risk of developing PTE was approximately 

25%. In those comatose for over three weeks, the risk increased to 35% (Guidice and Berchou 1987). Specific risk
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factors for PTE include durai penetration, central-parietal location of injury, occurrence of early seizures (<1 week 

from injury), a focal abnormality on EEG one month after head injury, MRI apparent cortical hamosiderin, and 

depressed skull fracture (da Silva et al. 1992; Feeney and Walker 1979; Jennet 1995; Angeleri et a l  1999; 

Asikainen e? fl/. 1999).

Prophylactic use of anti-epileptic agents (AEDs) has been advocated in patients with severe head injury 

following experimental evidence that phenytoin may have a neuroprotective effect mediated by sodium channel 

blockade (Tasker et al. 1992; Vartanian et al. 1996). In addition, a number o f uncontrolled, retrospective studies 

have reported a significant reduction of PTE with administration o f AEDs after head trauma (Servit and Musil 

1981; Wohns and Wyler 1979). Recent systematic reviews of randomised controlled trials reported a beneficial 

effect o f AEDs in reducing early seizures but, no evidence that treatment reduces the occurrence o f late seizures 

(Temkin 2001), or has any effect on death or disability (Schierhout and Roberts 1998). Brain injury is associated 

with deposition o f haem-containing compounds in brain parenchyma (Adams 1975), free radical generation and 

peroxidation reactions (Willmore et al. 1983). In addition to intrinsic enzymatic mechanisms for control of free 

radical reactions (Fridovich 1974), steroids and tocopherol also terminate peroxidative reactions (Witting 1980) 

and selenium is effective in preventing tissue injury initiated by haem compounds (Saunders et al. 1987). 

Antioxidants and chelators may also be neuroprotective. Furthermore, it has been suggested that gamma- 

aminobutyric acid (GABA) agonists, NMDA receptor antagonists and barbiturates may offer neuroprotection 

following injury (Willmore 1990; Faden et al. 2001; Gaviria et al. 2000).

Cerebral tumours

Epilepsy is a common presenting symptom of primary brain tumours with seizures occurring in approximately 35- 

50% of adults (LeBlanc and Rasmussen 1997; Rasmussen 1975; Cascino 1990). The proportion o f newly 

diagnosed epilepsy due to brain tumours presenting at the primary care level is approximately 6% (Sander et al. 

1990). Epileptogenesis in tumours arises from a combination of disinhibition, excitatory coupling and “burst” 

generation mediated by altered concentrations of GABA (Houser et al. 1986; Chagnac-Amitai and Connors 1989), 

glutamate and NMDA (Strowbridge et al. 1992; Dingledine et al. 1986). Specific mechanisms involve the 

presence of epileptogenic haemosiderin (Spencer et al. 1987; Kraemer and A wad 1994), altered glial ftinction and 

blood flow abnormalities (Bakay and Harris 1981).

The propensity for a tumour to cause seizures is dependant on a number o f factors. Seizures occur much 

more frequently in supratentorial (22-68%) rather than infratentorial or pituitary lesions (6%) (Smith et al. 1991; 

Chan and Thompson 1984). Furthermore, seizures are more common in patients with temporal rather than frontal 

or parietal tumours (Shorvon 1992). Tumours developing near the cortex are more likely to induce seizures than 

those arising from the deep white matter (e.g. lymphoma), or the grey/white matter junction (e.g. cerebral 

métastasés) (Delattre et al. 1988). The histology o f a tumour is also important in determining the probability of 

producing seizures. Slowly growing tumours, such as low grade gliomas are highly epileptogenic with seizures 

present in approximately 90% of patients (Vertosick et al. 1991). Seizure incidence is lower for high grade 

gliomas, (approximately 30-50%) (Scott and Gibberd 1980; Rasmussen 1975) although this may represent a 

selection effect, with less time available for seizures to become clinically evident. Seizures occur in 30-60% of 

patients with meningiomas (Chozick et al. 1996; Al-Mefty and Origitano 1994) and 10-20% of patients with 

primary cerebral lymphoma (Freilich and DeAngelis 1995).
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Dysembryoplastic neuroepithelial tumours (DNET) are indolent cerebral lesions consisting o f cystic, 

dysplastic and glioneuronal elements (Daumas-Duport et al. 1988; Prayson and Estes 1992). The MRI features are 

o f a focal, circumscribed, predominantly cortical mass with low signal on T1 and high signal on T2 (Raymond et 

al. 1995). Often the calvarium overlying the lesion is expanded. They are most commonly found in the temporal 

lobes and often present with partial seizures before the age of 20 years (Daumas-Duport et al. 1988). Although 

potential for malignancy is low, they are highly epileptogenic. Surgical resection is frequently associated with 

excellent seizure control post-operatively (Kirkpatrick et al. 1993; Raymond et al. 1995).

Gangliogliomas are benign tumours composed o f dysplastic neurones resembling pleomorphic ganglion 

cells, and glial elements which may be astrocytic and/or oligodendroglial in appearance (Smith et al. 1992). It has 

been suggested that gangliogliomas may arise from glioneuronal hamartias through neoplastic transformation of 

the astrocytic component (W olf et al. 1994) although their origin has previously been attributed to ectopic 

sympathetic tissue (Rubinstein and Herman 1972), a form of tuberous sclerosis or neurofibromatosis (Wahl and 

Dillard 1972), or from a pluripotential progenitor cell which may give rise to both gangliogliomas and DNETs 

(Hirose and Scheithauer 1998; Shimbo et al. 1997). In common with DNETs, gangliogliomas are most commonly 

found in the temporal lobes in young patients (Zentner et al. 1994; Celli et al. 1993; Rosemberg and Vieira 1998; 

Isla et al. 1991). Surgical treatment is often associated with a good outcome, which is dependant on the complete 

removal o f the lesion and surrounding epileptogenic tissue, a normal EEG post-operatively, younger age at 

operation, shorter duration of epilepsy, and a low-grade astrocytic component on histopathological examination 

(Morris et al. 1998; Smith et al. 1992; Otsubo et al. 1990).

Tuberous sclerosis (TS) is an autosomal dominant disorder characterized by learning disability and 

hamartomas affecting several organs including the skin, CNS, retinae, lungs and kidneys. Epilepsy occurs in 

approximately 80% of patients (Evans and Curtis 2000; Webb et al. 1991). Seizure severity correlates with the 

number of intracranial tubers although extensive histopathological changes have been identified throughout the 

entire cerebral cortex despite normal appearance on MRI (Mitchell et al. 2000).

Cerebrovascular pathology

Seizures occur in approximately 7 - 11% of patients following acute stroke (Lancman et al. 1993; So et al. 1996; 

Bum  et al. 1997). It is one of the commonest causes of epilepsy in those over the age o f 60 years (Sung and Chu 

1990). Compared to cerebral infarction, the risk of developing seizures is approximately 10 times greater in 

patients who survive either intracerebral or subarachnoid haemorrhage (Lancman et al. 1993; Bum  et al. 1997; 

Paolucci et al. 1997). Additional risk factors for the development of epilepsy following stroke include; larger 

infarcted region, particularly if  the cortex was involved (Awada et al. 1999), the presence of islands of apparently 

preserved tissue within the infarcted area (Awada, Omojola, and Obeid 1999; Ryglewicz et al. 1990), and the 

involvement of specific cerebral regions, for example the middle or superior temporal gyri, supramarginal gyms 

and/or the post-central gyms (Heuts-van Raak et al. 1996). Focal epilepsy is the most common seizure type 

following stroke although primary generalised seizures have also been reported, possibly as a result o f global 

neurotransmitter dysfunction or altered cerebral autoregulation (Holmes 1980; Homig et al. 1990; Kotila and 

Waltimo 1992). Altematively, the seizures may have been misclassified due to incomplete electroclinical data. 

Following the finding that the prevalence of epilepsy is greater than expected even before the occurrence o f a first 

clinical stroke (Shinton et al. 1987), it has been postulated that vascular risk factors may increase the risk of
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developing epilepsy, possibly due to occult cerebrovascular disease. Whereas this elevated risk is small in patients 

with hypertension (Shapiro et al. 1990), the presence of untreated left ventricular hypertrophy increases the risk of 

seizures (prior to a stroke) by eleven-fold (Hesdorffer et al. 1996).

Cavernous haemangiomas are small, non-shunting vascular lesions commonly associated with epilepsy. 

Typically they are single and located either in or adjacent to the cortex. They have a characteristic MRI appearance 

due to the range o f blood products present, including a typical “halo” of low signal on T2-weighted images due to 

haemosiderin deposition from occult haemorrhage (Requena et al. 1991). Surgical treatment is usually associated 

with seizure remission in approximately 70% of patients, provided the surrounding epileptogenic haemosiderin- 

containing tissue is also resected.

Arteriovenous malformations (AVMs) commonly present with acute intracerebral haemorrhage, seizures, 

neurological deficit or headache (Hofmeister et al. 2000; Kupersmith et al. 1996; Rosenfeld et al. 1991). AVMs 

smaller than 3 cm in diameter often present with haemorrhage, whereas AVMs greater than 3 cm frequently present 

with seizures (Piepgras et al. 1993). Familial predisposition to the development of AVMs has been reported 

(Herzig et al. 2000). Mechanisms for epileptogenicity include haemorrhage and haemosiderin deposition (Wong et 

al. 2000), mass effect (Miyasaka et al. 1997; Bronen et al. 1995b) and vascular “steal” phenomenon (Costantino 

and Vinters 1986). Factors predictive of the occurrence of seizures include a cortical location, feeding vessels from 

the middle cerebral artery, varices in the draining venules, and the absence o f aneurysms (Turjman et al. 1995). 

Treatment with conventional surgery (Zimmerman et al. 2000; Yeh et al. 1993), radiosurgery (Kurita et al. 1998; 

Heikkinen et al. 1989) (including gamma knife (Gerszten et al. 1996; Herzig et al. 2000)) and endovascular 

embolisation (Pasqualin et al. 1991; Foumier et al. 1991) are often associated with a good clinical outcome.

Alcohol

The risk o f experiencing a first seizure in patients with chronic alcohol abuse is approximately 5 times the risk 

observed in the general population (Leone et al. 1997). Furthermore the risk o f seizures is proportional to daily 

total alcohol intake (Lechtenberg and Womer 1992). Possible mechanisms for the increased risk of seizures in 

patients with chronic alcohol abuse include acute alcohol withdrawal, head injury, acute metabolic derangements 

such as hypoglycaemia, hyponatraemia and hypocalcaemia (Kayath et al. 1999), neoplasms, cerebrovascular 

accidents, and infections such as meningitis (Mattson 1990). It has been suggested that seizures occurring during 

acute alcohol withdrawal are due to alcohol-related GABA receptor desensitisation and subsequent NMDA 

receptor activation (Hoffman et al. 1992). Furthermore, there is evidence that repeated detoxification results in a 

kindling effect with subsequent alcohol withdrawal carrying an increased risk of seizures (Lechtenberg and 

Womer 1992; Moak and Anton 1996; Booth and Blow 1993; Brailowsky and Garcia 1999).

Infection

Infections are one of the commonest causes o f seizures worldwide, for example, 50% o f adult-onset epilepsy in 

developing countries has been attributed to neurocysticercosis (NCC) (Medina et al. 1990). Seizures may be the 

only presenting symptom, for example in NCC, or may be part o f a global CNS abnormality, for example subacute 

sclerosing panencephalitis or rabies.

Herpes simplex encephalitis (HSE) occurs in all age groups and is the most common form of sporadic 

fatal encephalitis with an annual incidence of one in 250,000 to 500,000 (Whitley 1991; Whitley 1990). It results
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from either primary infection (one third of cases) or reactivation (two thirds o f cases) o f the herpes simplex virus 

(HSV) (Whitley and Lakeman 1995). Pathologically, HSE is characterised by intense meningitis and parenchymal 

inflammation with necrosis and haemorrhage, most commonly involving the frontal and temporal lobes. Focal or 

generalised seizures frequently occur during the acute stages of the encephalitis and continue following recovery in 

approximately 5-10% of patients. Overall the mortality rate of HSE is 15% at 3 months with only 40% o f patients 

surviving with minimal or no neurological sequelae (Whitley et al. 1986). Other viruses that cause encephalitis and 

seizures include cytomegalovirus, particularly in the immunocompromised (Bale 1984), Epstein-Barr virus 

(Russell et al. 1985; Bale 1993; Cinbis and Aysun 1992), arboviruses such as Eastern equine encephalitis virus 

(Przelomski et al. 1988), flaviviruses such as Japanese encephalitis virus (Bale 1993), rabies (seizures occur in 

approximately 10% o f patients) (Dupont and Earle 1965) and Human Immunodeficiency Virus (HIV). Seizures 

occur in 4 to 11% of patients with HIV infection (Van Paesschen et al. 1995a; Wong et al. 1990). This can be 

secondary to opportunistic cerebral infection, AIDS-dementia complex, CNS lymphoma, metabolic disturbances, 

such as hyponatraemia, hypomagnesaemia and hypocalcaemia, and anti-viral treatment (Holtzman et al. 1989; 

Wong, Suite, and Labar 1990; Van Paesschen, Bodian, and Maker 1995a; Fan-Harvard et al. 1994; Lor and Liu 

1994; Rachlis and Fanning 1993).

Parasitic infections that cause seizures include NCC, malaria and toxoplasmosis. NCC occurs when 

humans inadvertently become the intermediate host for the pork tapeworm. Taenia solium. It accounts for 

approximately 10% of all neurological patients in developing countries (Garcia et al. 1995a). Epilepsy is the most 

frequent manifestation of NCC, occurring m two-thirds of affected patients (Del Brutto et al. 1992). Most patients 

with epilepsy due to NCC have partial seizures (Medina et al. 1990) and a normal neurological examination (Del 

Brutto et al. 1992). Calcified nodules representing cysts previously destroyed by the host’s immune system are 

readily apparent on CT scanning (Del Bmtto et al. 1993). Studies o f long-term prognosis in epilepsy due to NCC 

suggest that seizures can be well controlled on anti-epileptic medication (Del Brutto et al. 1992). Relapse is 

common however on cessation o f treatment (Del Brutto 1994). Malaria is the most common fatal parasitic disease. 

Two percent o f patients have cerebral involvement which is fatal in 20-50% of cases. Seizures occur in the 

majority of patients with cerebral malaria, with impaired consciousness and a high degree of parasitaemia carrying 

the highest risk of seizures during the acute illness (Akpede et al. 1993). Toxoplasma gondii is a ubiquitous 

obligate intracellular protozoan that causes cerebral toxoplasmosis in foetuses infected in utero, and cerebral 

abscesses in immunocompromised hosts. In addition to headache, confusion and focal neurological signs, seizures 

occur in approximately a third of patients with AIDS and cerebral toxoplasmosis (Ragnaud et al. 1993).

Bacterial meningitis causes inflammation and bacterial toxin accumulation in the subpial space resulting 

in generalised seizures and a depressed level o f consciousness. As the infection progresses, focal seizures and 

neurological deficits develop due to thrombosis of meningeal veins (Adams and Victor 1985). Meningitis may be 

caused by a number o f different bacteria depending on the age o f the patient and time of the year (Tureen and 

Sande 1989). Seizures are most frequently associated with Haemophilus Influenzae infection, however, Neisseria 

meningitides and Streptococcus pneumoniae are more common pathogens outside the neonatal period. Tuberculous 

menmgitis accounts for approximately 5% of the extrapulmonary cases o f tuberculosis infection, and occurs most 

commonly in children. Ten percent o f patients with tuberculous meningitis present with seizures (Kennedy and 

Fallon 1979). The prognosis is often poor, with a 50% mortality rate in patients over the age o f  50 years, and 

neurological sequelae, such as cranial nerve palsies, epilepsy, deafness and blindness present in a large proportion
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o f the survivors (Tureen and Sande 1989).

Brain abscesses occur as a result of local spread from a contiguous focus of infection in the middle ear, 

sinuses or mastoid air cells, or as a result o f haematogenous spread, for example from infective endocarditis. 

Seizures occur in approximately a third of patients. Additional presenting features include: headache, fever, 

vomiting, confusion and visual disturbance (Chun et al. 1986). The mortality rate is approximately 20%, and 30- 

50% o f the survivors have neurological sequelae.

Inflammation

Rasmussen’s encephalitis is an uncommon progressive disorder comprising unilateral cerebral atrophy and 

dysfunction, intractable focal seizures and inflammatory histopathology (Rasmussen et al. 1958). Following the 

discovery that rabbits immunised with glutamate receptor protein (GluR) developed seizures and histopathological 

changes similar to Rasmussen’s encephalitis, and the finding of anti-GluR3 antibodies in the serum o f some 

patients, it has been suggested that an autoimmune basis may underlie this condition (Rogers et al. 1994). 

Confirmatory evidence for this hypothesis is lacking however.

Autoantibodies directed against brain endothelial cells have also been detected in Landau-Kleffner 

syndrome (Connolly et al. 1999), and anecdotal evidence reports successful treatment with intravenous 

immunoglobulin (IVIg) (Mikati and Saab 2000; Lagae et al. 1998). Similarly, there are reports o f W est’s syndrome 

and Lennox-Gastaut (L-G) syndrome responding well to IVIg (Duse et al. 1996; van Engelen et al. 1994b). 

Evidence o f a functionally impaired immune system (van Engelen et al. 1995), increased serum imunoglobulins 

(Haraldsson et al. 1992), and a HLA DR5 association with L-G syndrome further supports immunological 

involvement in these conditions (van Engelen et al. 1994a).

Seizures are recognised in a number of autoimmune diseases such as systemic lupus erythematosus 

(approximately 5-10% of patients (Herranz et al. 1994; Liou et al. 1996)), stiff man syndrome (12% (Solimena et 

al. 1990)) and Hashimoto’s encephalopathy (10% (Henchey et al. 1995)). Furthermore, autoantihodies, which 

recognise brain antigens, have been detected in groups o f patients with isolated epilepsy (Plioplys et al. 1989). 

These include antiphospholipid (Inzelberg and Korczyn 1989), antinuclear (Verrot et al. 1997), antiganglioside 

(Bartolomei et al. 1996), antiglutamate receptor (Bambinova et al. 1997), and antiglutamic acid decarboxylase 

antibodies (Giometto et al. 1998; Palace and Lang 2000). However, it is not clear if  the autoantibodies are a cause 

or consequence of seizures, as epilepsy itself and anti-epileptic drugs are known to alter immune responses (Be 

Ponti etal. 1993; Jain 1991; Aarli 1993).

In the peripheral nervous system, it is recognised that genetic mutations and autoantibodies targeted to the 

muscle acetylcholine receptor cause similar clinical features. The recent discovery o f mutations in genes encoding 

for ion channels in benign familial neonatal epilepsy (Biervert et al. 1998; Singh et al. 1998), or Na^ ion 

channels in generalised epilepsy with febrile convulsions (Scheffer and Berkovic 1997), suggests that an 

autoimmune attack directed at these ion channels may underlie some epileptic disorders (Lang et al. 2003).

It is well established that the relative risk of developing epilepsy in patients with multiple sclerosis is 

between 3 and 5 times greater than in the general population (Spatt et al. 2001; Ghezzi et al. 1990; Moreau et al. 

1998; Kinnunen and Wikstrom 1986). The type of epilepsy is almost invariably focal, and seizures are believed to 

arise from cortex adjacent to plaques of demyelination at the grey/white matter interface (Koopmans et al. 1989). 

Seizures occurring during an acute demyelinating episode often respond more effectively to corticosteroid therapy
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than conventional anti-epileptic medication (Spatt et al. 1995). In over 50% o f patients with MS and a history of 

seizures, however, epilepsy remains active and long term treatment with anti-epileptic drugs is required (Kinnunen 

and Wikstrom 1986).

Genetic

There have been significant recent advances in the elucidation of the genetic basis o f inherited epilepsies. It is now 

recognised that genetic factors may contribute to aetiology in up to 40% o f patients with epilepsy (Gardiner 1999).

There are in excess of 180 inherited Mendelian (single gene locus) traits which include epilepsy as part o f 

the usually more complex condition; however, these account for only 1% o f patients with epilepsy (McKusick 

1994).

Epilepsy associated Mendelian diseases may be inherited as autosomal dominant or recessive, X-linked, 

or mitochondrial inheritance patterns (table 1.5).

Table 1.5 Epilepsy associated Mendelian disorders

Chromosomal disorders : trisomy 13, 18, 21, fragile X

Metabolic disorders : porphyria, homocystinuria, glycogen storage 

disorders, mitochondrial disorders

Neurocutaneous disorders : tuberous sclerosis and Sturge-Weber syndrome

Malformations o f cortical development lissencephaly, band heterotopia and agenesis of the 

corpus callosum

Neurodegenerative disorders : progressive myoclonic epilepsies (Unverricht- 

Lundborg disease, Lafora disease, and the neuronal 

ceroid lipofuscinoses), neuroacanthocytosis, and 

Hallervorden-Spatz disease

Non-specific genetic disorders : xeroderma pigmentosum and acrocallosal syndrome.

In contrast, a number of Mendelian inherited epilepsies are not associated with a detectable structural or metabolic 

abnormality o f the brain. It has been suggested that these idiopathic epilepsies are characterised by mutations in the 

genes encoding for ion channels (Gardiner and Lehesjoki 2000).

Ion channels have an important role in the control o f neuronal excitability, therefore, diseases which are 

characterised by abnormal excitability, such as epilepsy, might be expected to be caused by ion channel 

dysfunction. To date, there are nine ion channel sub-unit genes implicated in ten syndromes o f idiopathic epilepsy 

(Mulley et al. 2003). Benign familial neonatal convulsions (BFNC) is an autosomal dominant idiopathic 

generalised epilepsy of the newborn. Genetic mutations have been demonstrated on chromosomes 20 and 8 in
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regions coding for voltage-gated channels (Biervert et al. 1998; Singh et al. 1998). Mutations in genes coding 

for Na^ channels on chromosomes 2 and 19 (Wallace et al. 2001b; Scheffer and Berkovic 1997) and the gamma2- 

subunit o f the GABA (A) receptor (Wallace et al. 2001a; Baulac et al. 2001) have been identified in families with 

generalised epilepsy and febrile seizures plus (GEFS^. This is an autosomal dominant condition characterised by 

febrile and afebrile generalised seizures continuing beyond the age o f 6 years. The genetic mutations in autosomal 

dominant nocturnal frontal lobe epilepsy (ADNFLE) have been mapped to regions coding for the a4  (Steinlein et 

al. 1995) and (32 (Phillips et al. 2001) subunits o f the neuronal acetylcholine receptor on chromosome 20. It has 

been suggested that mutations in the genes encoding for subunits o f the nicotinic acetylcholine receptor on 

chromosome 15 are associated with juvenile myoclonic epilepsy (Elmslie et al. 1997), and rolandic epilepsy with 

centrotemporal spikes (Neubauer et al. 1998). The rare syndrome of autosomal dominant juvenile myoclonic 

epilepsy was recently shown to be associated with a GABA receptor a l  subunit mutation (Cossette et al. 2002). 

Most recently, there has been a suggestion through association studies that the a lA  subunit o f the voltage-gated 

calcium channel gene (GAGNAI A), the opioid receptor mu subunit gene (OPRM l) and the chloride-channel gene 

GLGN2 are implicated in idiopathic generalized epilepsy, however specific molecular changes to substantiate these 

associations have not yet been reported (Ghioza et al. 2001; Wilkie et al. 2002; Hang et al. 2003). The majority o f 

idiopathic familial epilepsies are inherited in a complex, non-Mendelian pattern and are yet to be genetically 

characterized; however, ion channelopathies represent the most biologically plausible class o f candidate gene. 

Non-ion channel genes have also been reported in specific epilepsy syndromes, for example, mutations of LG Il, 

thought to be important in signal processing and neuronal placement, have been described in autosomal dominant 

lateral temporal lobe epilepsy with auditory features (Kalachikov et al. 2002). Identification o f rare mendelian 

epilepsies will continue and the pathophysiology of seizure generation in these diseases will be elucidated. It is 

likely that with advances in genomics and in high-throughput genetic analysis methods, the genetic description of 

some of the con^lex  epilepsies will be resolved within the next decade.

Cryptogenic

Twenty percent o f patients with refractory focal epilepsy have an undetermined aetiological basis for their epilepsy 

despite extensive investigation, including optimal MRI (Duncan 1997). Surgical treatment o f this group is 

associated with a less favourable post-operative outcome (Gascino et al. 1992; Yoon et al. 2003). This may be due 

to incomplete resection of a discrete, isolated lesion or, more likely, the presence o f unrecognized, widespread 

pathological change or multifocal abnormalities. Previous histopathological studies o f surgically resected epileptic 

regions that have appeared normal on conventional MRI have shown features o f cortical dysplasia and 

dyslamination, and in the white matter, microdysgenesis, astroglial proliferation, and heterotopia (Zentner et al. 

1995; Siegel et al. 2001; Rugg-Guim et al. 2002b). Most commonly however, the histological appearances were 

normal, suggesting that either the focal lesion was undetected during surgery or pathological assessment, or 

seizures arose through an alternative mechanism, such as a channelopathy or biochemical abnormality (Mulley et 

al. 2003). Undoubtedly, even with improvements in imaging techniques, a proportion of these patients will remain 

"MRI-negative". It is likely, however, that some of the discrete macroscopic focal lesions that are currently occult, 

will be identified by techniques interrogating different microstructural characteristics. These patients may be 

offered potentially curative surgical treatment. Whether the post-operative outcome similarly improves, in 

accordance with other MRI apparent focal lesions, remains undetermined at present.
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1.2 MAGNETIC RESONANCE IMAGING IN EPILEPSY

1.2.1 Conventional M agnetic Resonance Im aging

Magnetic resonance imaging (MRI) has become the imaging modality o f choice in the clinical evaluation of the 

brain in normal and pathological states. MRI allows the anatomical differentiation of grey and white matter tissues 

and thus permits the topographic and volumetric characterisation o f specific regions of the cerebral cortex and 

subcortical structures in vivo.

Neuroimaging procedures prior to the introduction of X-ray computed tomography (CT) in the 1970s, and 

MRI in 1984 (Sostman et al. 1984; Oldendorf 1991), were limited to plain radiographs of the skull, 

pneumoencephalography, and conventional radioisotope imaging. All techniques were associated with a low 

diagnostic yield and most carried some risk of serious morbidity. CT scanning proved sensitive for macroscopic 

pathology associated with focal epilepsy, for example, large tumours or infarcts (Gastaut and Gastaut 1976; 

Kuzniecky et al. 1993b), but was frequently normal in those with chronic epilepsy and more discrete lesions, such 

as hippocampal sclerosis or cavernous haemiangiomas (Kuzniecky et al. 1993b; Bergen et al. 1989). Additional 

limitations of CT scanning include radiation exposure, bony artefact in the middle temporal fossa which adversely 

affects temporal lobe imaging, and the inability to perform multiplanar imaging.

The development of MRI has been the most important advance in the evaluation of patients with epilepsy 

in the last 20 years. MRI has consistently demonstrated superior sensitivity and specificity, in terms o f identifying 

an epileptogenic cerebral lesion in children and adults, than CT scanning (McLachlan et al. 1985; Latack et al. 

1986; Lesser et al. 1986; Kuzniecky et al. 1987; Heinz et al. 1990; Heinz et al. 1989). It is a non-invasive 

technique that acquires multiplanar anatomical and functional data without ionising radiation, thereby allowing 

comprehensive longitudinal studies to be performed and healthy control subjects to be scanned for comparison 

studies (Liu et al. 2001). X-ray CT may be preferable to MRI where patient access is an essential requirement such 

as if a patient is acutely unwell or agitated or where contraindications to MR scanning exist, for example, in 

patients with cardiac pacemakers, aneurysm clips or cochlear implants. It is also valuable in the investigation of 

possible acute intracranial haemorrhage or skull fracture, and in the investigation o f suspected intracranial 

calcification which is not easily identified on MRI (Kuzniecky et al. 1993b).

The key clinical applications of MRI in epilepsy are to elucidate the aetiological basis o f a patient’s 

epilepsy including possible syndromic classification, and the identification of patients who are suitable for surgical 

treatment. The most common abnormalities identified on MRI in patients with focal epilepsy are hippocampal 

sclerosis (HS), malformations of cortical development (MCD), vascular malformations, tumours and acquired 

cerebral damage (Everitt et «/. 1998; Li et n/. 1995).

The optimum imaging protocol has not been universally established, however, should include whole brain 

T]- and Tz-weighted sequences, with the minimum slice thickness technically possible. The acquisition of a 

volume dataset with slice thickness of. 1.5 mm, and approximately cubic voxels, allows reformatting in any 

orientation and three-dimensional reconstruction to be undertaken. The use o f gadolinium contrast enhancement 

may improve the conspicuity of certain specific abnormalities but is not routinely indicated (Cascino et al. 1989; 

Elster and Mirza 1991).

Ideally, MRI should be obtained in all patients with epilepsy, with the exception o f those children with a
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definite diagnosis o f idiopathic generalized epilepsy. MRI is particularly indicated in patients with one or more of 

the following: (i) the onset o f partial seizures at any age; (ii) the onset o f generalized or unclassified seizures at less 

than 1 year old or in adulthood; (iii) evidence of a fixed neurological or neuropsychological deficit; (iv) difficulty 

obtaining seizure control with first line antiepileptic drugs; (v) loss o f seizure control, or a change in the pattern of 

seizures (Commission on Neuroimaging of the International League Against Epilepsy 1997; 1998).

In those who are considered for epilepsy surgery, a more detailed imaging assessment is warranted. This 

should include a high resolution, volumetric, whole brain, T1-weighted acquisition in the oblique coronal plane, 

orthogonal to the long axis o f the hippocampus. This provides optimal grey/white matter contrast and allows 

measurement of hippocampal volumes, three-dimensional reconstmction and surface rendering of the brain to be 

performed (see sections 1.3.1 Quantitative analysis o f mesial temporal lobe structures, and 1.3.2 Neocortical post­

processing techniques). Furthermore, the volumetric stmctural data may be co-registered with functional imaging 

information. In addition, oblique coronal proton density and heavily T2-weighted acquisitions should be taken, 

again orthogonal to the long axis o f the hippocampus. The use of a dual or multiecho T2-weighted sequence allows 

hippocampal T2 relaxation times (HCT2) to be measured. Nulling o f the signal from cerebrospinal fluid, using a 

fluid attenuated inversion recovery (FLAIR) imaging sequence may increase lesion conspicuity, particularly when 

adjacent to CSF (see section 1.2.2, FLAIR imaging)

The complete removal o f a discrete epileptogenic lesion characterised on preoperative MRI is associated 

with a good seizure outcome postoperatively (Cascino et al. 1992; Jack, Jr. et al. 1992; Kuzniecky et al. 1993a; 

Williamson et al. 1992). Failure of preoperative MRI to define a cerebral lesion is associated with a poorer surgical 

outcome (Boon et al. 1991; Lorenzo et al. 1995). It is important to note, however, that following the identification 

of a stmctural abnormality, clinical and neurophysiological data are required to determine whether the lesion is the 

likely cause of the epilepsy.

Additional uses of preoperative MRI include the stereotactic placement o f intracerebral recording 

electrodes, and as a basis for surgical guidance systems (Pillay et al. 1992). Routine postoperative imaging is also 

important, particularly in those patients with a poor post-operative outcome. The recognition o f a surgical 

complication, or subtotal resection, may influence prognosis or long-term management strategies (Awad et al. 

1991; Kitchen e /a /. 1993; Kitchen n/. 1994).

In summary, MRJ has revolutionised the investigation and treatment o f patients with epilepsy. As the 

spatial resolution o f conventional MRI continues to improve, advanced sequences are developed and the 

sophistication of quantitative and post-processing techniques increases, the number o f patients who have an 

undetermined basis for their epilepsy will diminish further. It is likely, however, that a proportion of patients will 

remain "MRI-negative" despite advances in imaging methods because either the lesion, such as a MCD or gliosis is 

too subtle, small or diffuse, or because the aetiological basis o f the epilepsy is a biochemical / receptor abnormality 

or channelopathy (Scheffer et al. 1995; Mulley et al. 2003).
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1.2.2 Fluid Attenuated Inversion Recovery prepared (FLAIR) imaging

Fluid Attenuated Inversion Recovery prepared (FLAIR) imaging was introduced in 1992 to overcome problems of 

the partial volume effect due to CSF encountered during heavily T2-weighted imaging (De Coene et al. 1992; 

Hajnal et a l  1992a; Hajnal et al. 1992b). The FLAIR sequence produces images which are T2-weighted but have 

the signal from CSF nulled. This is achieved by coupling an inversion pulse, followed by a long inversion time 

(TI), to a long echo time (TE). Nulling of the CSF results in a tissue abnormality becoming the brightest object in 

the images, thereby enhancing its conspicuity. In addition, in standard T2-weighted sequences, the length of the 

echo time is limited by increasing artefact and partial volume effects o f CSF (De Coene et al. 1993). FLAIR 

imaging remains unaffected, which allows longer TEs to be used thereby increasing the T2-weighting of the 

images.

Early FLAIR sequences were limited by lengthy acquisition times due to long inversion and repetition 

times (TRs) required to both null CSF and allow adequate recovery of the signal from non-CSF tissues. Recent 

developments have focused on reducing the acquisition time to allow a more clinically applicable examination. 

This has been achieved by using the rapid acquisition with relaxation enhancement (RARE) readout in fast FLAIR 

(Rydberg et al. 1994), with interleaved inversion pulses in OIL FLAIR (Listerud et al. 1996), and with echo-planar 

imaging (Falconer and Narayana 1997; Tomura et al. 2002). Furthermore a 3D version o f FLAIR which provides 

thin slices without an interslice gap has been developed (Barker 1998). This improves image resolution and allows 

the images to be reformatted in any plane for further analysis.

FLAIR sequences have been utilised in a number of conditions, both qualitatively and quantitatively 

(Bendersky et al. 2003). In multiple sclerosis, an increase in lesion volume was seen with the FLAIR sequence 

compared to conventional T2-weighted images. This was particularly pronounced in periventricular (Tubridy et al. 

1998) and subcortical regions (Bastianello et al. 1997). In addition, it has been reported that the presence of 

hypointense lesions on FLAIR images is a strong predictor of disease severity (Rovaris et al. 1999).

This technique has also been shown to be useful in other multifocal cerebral diseases; for example, 

systemic lupus erythematosus (Jr et al. 2003), multiple métastasés and lacunar infarcts. More accurate delineation 

of infiltrative white matter lesions (e.g. gliomatosis cerebri and lymphomas), an increase in both number and 

conspicuity of inflammatory or traumatic lesions, improved differentiation o f cystic from necrotic cavities and 

precise characterisation o f cortical damage in cerebral infarcts, have also been reported (De Coene et al. 1992; 

Arakia et al. 1999; Essig et al. 1998).

Patients with epilepsy have also been investigated with FLAIR imaging. Compared to conventional 

T2-weighted images, FLAIR imaging has been shown to increase the conspicuity o f cerebral lesions, particularly 

in the hippocampus, amygdala, cortex and periventricular regions (Bergin et al. 1995; Jack, Jr. et al. 1996; 

Meiners efu/. 1999a; Morioka et u/. 1998; Taillibert et a/. 1999; Takanashi et «/. 1995; Van Paesschen et «/. 1996; 

Wieshmann et al. 1998a). FLAIR does not however improve the identification o f heterotopias and variable 

suppression o f CSF in mesial temporal lobe stmctures may erroneously suggest the presence o f hippocampal 

sclerosis in normal subjects (Wieshmann et al. 1996).

Hippocampal relaxometry using conventional T2-weighted sequences is prone to partial volume effects 

from surrounding CSF, particularly in the presence of hippocampal atrophy. Elevated T2 times in a quantitative 

assessment of hippocampal sclerosis may therefore be due to CSF contamination rather than parenchymal changes.
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To address this issue, FLAIR imaging was combined with dual-echo T2 relaxometry in a quantitative assessment 

o f patients with hippocampal sclerosis. Both conventional spin echo and FLAIR imaging identified abnormal 

relaxometry in the same patients suggesting that the cause of signal change in hippocampal sclerosis imaged with 

T2-weighted sequences is unlikely to be due to CSF contamination (Woermann et al. 2001).

1.2.3 Magnetic Resonance Spectroscopy

In vivo magnetic resonance spectroscopy (MRS) permits the evaluation of brain biochemistry non-invasively. The 

resonance frequency o f a nucleus provides chemical information which may be displayed as a spectmm of signal 

intensity against frequency, in which the area under the trace indicates amplitude of the signal at that frequency. 

Only nuclei with an odd number of protons resonate. Both 'H and are present in sufficient concentration to be 

detectable in the brain in vivo. Dynamic investigations using '^C allow measurement of glucose transport, 

oxidation, glutamate turnover and glutamine synthesis in vivo (van Zijl and Rothman 1995; Gruetter et al. 1992). 

Carbon 13 is much less abundant so compounds labelled with ’^C must be administered to subjects for studies to 

be performed.

^'P MR spectroscopy provides information about the energetic status o f the brain by measuring the 

intracerebral concentration of phosphocreatine (PCr), adenosine triphosphate (ATP), phosphomonoesters (PME), 

phosphodiesters (PDE) and inorganic phosphate (Pi). In addition, intracellular pH can be directly determined on 

the basis of the value of the chemical shift of the Pi signal. However, despite the potential wealth of information 

available, ^'P MRS lacks sensitivity, resulting in limited spatial resolution (minimum voxel size 60cm^) and/or 

poor temporal resolution with a large number o f scans required to achieve adequate signal-to-noise ratio. The MRI 

sensitivity o f the ’H nucleus is about 14 times that o f ^'P. As a consequence, metabolic profiles can be obtained 

from regions o f the brain as small as 1ml in volume. 'H MR spectroscopy examines the energetic metabolism o f a 

tissue by quantifying the creatine/phosphocreatine signal (tCr), measures the neuronal status with N-acetyl 

aspartate (NAA) signal, assesses membrane integrity and turnover based on choline-containing compounds, and 

detects the presence of anaerobic glycolysis with markers such as lactate (Lac). Depending on the parameters used 

in the acquisition of spectra, for example, short echo time or editing methods, it is also possible to assess the glial 

cell integrity by quantifying the inositol signal (INS), to monitor the concentration o f neurotransmitters, such as 

glutamate/glutamine (Glx) and y-aminobutyric acid (GABA), and to observe inflammatory and degenerative 

processes through the variations in the concentration in macromolecules and mobile lipids.

There are two methods for acquiring metabolic spectra. The first is using a single voxel technique in 

which the data are acquired from a single volume o f interest (minimum volume of 1ml for proton spectroscopy and 

approximately 60ml for ^’P spectroscopy). Constraints o f acquisition time limit the metabolic spatial coverage of 

the brain. This is important in focal pathologies where accurate a priori data on the location o f the cerebral lesion, 

such as an epileptogenic focus, are therefore required. The second method, which circumvents this limitation, is 

spectroscopic imaging or chemical shift imaging (CSl). This technique allows the acquisition o f several contiguous 

voxels by phase-encoding a large region o f interest in one, two, or three spatial dimensions, as is done for the water 

signal in conventional MRI. The spatial distribution o f a selected metabolite can be displayed as a metabolic 

image, which can be superimposed onto the anatomical M R image. The signal-to-noise ratio o f metabolite maps is
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low relative to conventional MR images, but sufficient to detect regions exhibiting abnormal metabolism. 

Limitations of this method include distortions resulting from a non-static field and radiofrequency inhomogeneities 

across the large volume, and contamination from neighbouring voxels.

The earliest MRS studies in epilepsy focused on changes during status epilepticus (SE). An increase in 

lactate was seen in the brains of rabbits following bicuculline-induced SE (Petroff et a l  1984) and in humans, 

Matthews et al. reported reduced NAA in two patients with Rasmussen’s encephalitis and focally reduced lactate 

in a patient with epilepsia partialis continua (Matthews et a l  1990). Similarly, increased glutamate and/or 

glutamine have been reported in a patient with partial SE (Fazekas et a l  1995). Most o f the MRS studies in 

epilepsy undertaken during the last 10 years have focused on temporal lobe epilepsy (TEE). The main objective of 

these studies has been to determine latéralisation o f a seizure focus prior to surgical resection. In patients with 

TEE, interictal MRS has disclosed increased inorganic phosphate and pH, reduced phosphomonesters (PME) 

and unchanged ATP in the affected lobe (Hugg et a l  1993; Kuzniecky et a l  1992; Younkin et a l  1986). It has 

been suggested that a decrease in PME may reflect altered metabolism associated with neuronal loss and glial 

proliferation (Hugg et a l  1993), and an increase in pH may be the consequence o f buffering in response to 

repeated acidotic episodes associated with seizures (Hugg et a l  1993). Proton MRS has shown abnormalities of 

NAA signal in 99% of cases of TEE, concordant with quantitative amygdala-hippocampal volumetry and EEG 

(Cendes et a l  1997). Similarly, reduced NAA and increased choline-containing compounds and CR were seen in 

the epileptogenic temporal lobe in 22 out o f 25 patients with well-defined TEE (Connelly et a l  1994), and most 

recently, reduced myo-inositol has also been identified (Mueller et a l  2003). Reduced NAA is thought to reflect 

neuronal damage or loss, or altered mitochondrial metabolism (Urenjak et a l  1992; Petroff et a l  1995a), while the 

increase in choline and total creatine concentrations have been related to gliosis (Urenjak et a l  1993). An in-vitro 

study of the metabolic composition o f resected hippocampi recently revealed no significant associations between 

hippocampal neuron loss and the cellular content o f NAA, glutamate, GABA, glutamine, or aspartate. A 

significant association between hippocampal NAA and glutamate content was seen however, suggesting that 

increased intracellular glutamate content or increased glutamatergic neurons may contribute to the epileptogenic 

nature of hippocampal sclerosis (Petroff et a l  2002).

Metabolic abnormalities have also been detected with proton MRS in MRI-negative TEE patients, thereby 

conferring additional sensitivity over conventional MR techniques. In particular, the NAA/ (choline+CR) ratio was 

found to be abnormal in five out o f seven MRI-negative patients (Connelly et a l  1998), and in a study conducted 

with quantitative short echo time single voxel proton spectroscopy, 27% o f patients had reduced NAA ispilateral to 

clinical and electrophysiological latéralisation o f the TEE (Woermann et a l  1999c). In a CSI study o f 10 patients 

with TEE, one patient with a reduced NAA/CR ratio had normal hippocampal appearance on conventional MRI, 

yet had mild mesial temporal sclerosis on histopathological examination o f the surgically resected region (Cendes 

et a l  1994). In a study of 48 children who had temporal lobe resections, abnormal ^H-MRS on the unoperated side 

was not identified as a prognostic indicator for the occurrence of seizures postoperatively. However, patients with 

right temporal lobe resections who also had abnormal MRS in the left temporal lobe had verbal memory deficits 

postoperatively suggesting that MRS data may be a useful indicator of functional integrity (Incisa della Rocchetta 

et a l  1995). The metabolic profiles o f patients with hippocampal sclerosis (HS) and MRI-negative TEE patients 

differ significantly. MRI-negative patients are characterised by an increase in glutamate/glutamine signal and less 

marked reduction m NAA than patients with HS (Woermann et a l  1999c). Additionally, the extent o f HS
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correlates with increased inositol concentrations observed on short echo time proton MR spectra (Woermann et al. 

1999c; Tossetti et al. 1998). Recently, Simister et al used short-echo-time MRS to evaluate the variation of 

metabolite concentration throughout the temporal lobes of patients with HS or normal conventional MRI. Low 

NAA, Cr, and Cho were found in the anterior sclerotic hippocampus and low NAA, although less frequently than 

in the patients with HS, was observed in the MRI-negative group in the middle mesial temporal lobe region. 

Furthermore, glutamate / glutamine was elevated in the anterior voxel, contralateral to seizure onset in the MRI- 

negative group (Simister et al. 2002).

The increasing use o f MRS in extratemporal epilepsy has arisen as a direct result o f methodological 

improvements in CSI. This is because the absence of prior knowledge regarding the precise location of the seizure 

focus necessitates examining a larger volume of tissue. Using ’H CSI in patients with MRI-negative extratemporal 

epilepsy, it has been shown that the relative NAA resonance intensities (NAA/phosphocreatine plus creatine (CR), 

NAA/choline-containing metabolites (choline) and NAA/CR + choline), were all significantly reduced compared 

to control subjects. Furthermore, reduction of the NAA ratios were greater in the epileptogenic region as compared 

with the non-epileptogenic regions, as defined by EEG recordings (Stanley et al. 1998). Similar results were 

reported in eight patients with frontal lobe epilepsy, in whom the NAA/CR ratio was lower by 27% in the 

epileptogenic frontal lobe compared to the normal contralateral lobe (Garcia et al. 1995c). Simister et al recently 

reported elevated GLX (glutamine + glutamate) and normal NAA and GABA in the occipital lobes of patients with 

cryptogenic occipital lobe epilepsy, consistent with earlier reports that elevated GLX is present in regions of 

seizure onset (Woermann et al. 1999c). Extratemporal regions have also been evaluated in patients with mesial 

TLE. Reduced NAA in ipsi- and contralateral frontal grey and non-frontal white matter was demonstrated 

suggesting more widespread stmctural or functional abnormalities than suggested by conventional MRI (Mueller et 

al. 2002). Local extension of metabolic abnormalities was reported by Guye et al in a study o f patients with 

various subtypes o f TLE. NAA/choline+creatine ratio was significantly lower in all regions associated with 

epileptiform EEG activity compared to controls, irrespective o f the boundaries o f any stmctural lesion. No 

differences between the metabolic profiles o f epileptogenic and irritative zones were found (Guye et al. 2002). A 

reduction o f thalamic NAA/Cr has been demonstrated in patients with idiopathic generalized epilepsy (IGE), with 

a significant negative correlation between thalamic NAA/Cr and duration o f epilepsy, irrespective of the amount of 

spike-wave activity (Bemasconi et al. 2003a). Using short echo time MRS, GABA and glutamate were quantified 

in the occipital lobes o f patients with photosensitive IGE. Both GABA and glutamate were elevated, however, 

increased grey matter concentration in the IGE group may account for a significant proportion o f this change 

(Simister et al. 2003).

Investigating patients with extratemporal lobe epilepsy using CSI has shown interictal alkalosis and 

decreased phosphomonoesters in the epileptogenic region in the majority o f patients (Garcia et al. 1995b).

Correlative studies using MRS and PET have shown a relationship between decreased NAA/ 

(Choline+CR) ratio and decreased interictal glucose metabolism in patients with TLE (Lu et al. 1997), indicating 

that MRS abnormalities are associated with concomitant quantitative abnormalities of local glucose utilisation. In 

addition, an increase in GLX has been observed in the epileptogenic focus located by ’’C flumazenil and ’^FDG 

PET (Savic et al. 1996; Savic et al. 1998a). In a comparative study o f MRS, FDG-PET, hippocampal volumetry 

and T2 relaxometry in patients with temporal lobe epilepsy and normal conventional MRI, FDG-PET was found to 

be the most sensitive imaging modality, with 87% concordance with EEG data. NAA/ (Choline + CR) and NAA
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concurred with EEG data in 61% and 57% of the patients respectively. Only unilateral hippocampal atrophy, 

assessed quantitatively, was predictive of seizure freedom post-operatively (Knowlton et al. 1997).

GAB A is the major inhibitory neurotransmitter in human cortex and changes in its metabolism may play 

an important role in the origin, spread and cessation of seizure activity. The detection of G ABA by MRS is 

demanding however, due to its low concentration and the overlapping o f its resonance with those o f CR and NAA. 

However, like lactate, glutamate and glutamine, G ABA displays J-modulation which may be exploited by spectral 

editing, thereby allowing the signal from G ABA to be quantified accurately (Rothman 1999). There have been 

many studies measuring levels o f G ABA and homocamosine 2-pyrrolidinone (a lactam resulting from the 

cyclisation of G ABA) using MRS (Rothman et a l  1997; Rothman et al. 1993; Hetherington et al. 1998; Petroff et 

al. 1996c), m particular observing increased brain G ABA induced by a number o f anti-epileptic drugs, such as 

topiramate (Kuzniecky et al. 1998; Petroff et al. 1999b), vigabatrin (Verhoeff et al. 1999; Petroff et al. 1995b; 

Petroff et al. 1996b; Petroff et al. 1999a; Novotny Jr. et al. 1999; Weber et al. 1999; Petroff et al. 1998) and 

gabapentin (Petroff et al. 1996a). It is possible that in the future, ^H-MRS investigations o f neurotransmitters might 

assist in the initial selection and monitoring of the effect of anti-epileptic therapy, and aid localisation o f a seizure 

focus prior to more invasive investigations and possibly epilepsy surgery.

Monitoring of anti-epileptic therapy is also possible using ’̂P CSI. A small but significant improvement 

in energy metabolism, assessed using ratios of PCrZ(g-ATP) and PCr/Pi, was seen in seven patients with intractable 

epilepsy on a ketogenic diet (Pan et al. 1999).

Proton CSI has been combined with diffusion tensor imaging (DTI) and EEG-triggered functional MRI 

(fMRI) in the study of a patient with a large subcortical heterotopic nodule. The area with the lowest concentration 

o f NAA also had the highest mean diffusivity but was distinct from the area o f fMRI activation. This suggests that 

although DTI and MRS are sensitive in identifying abnormal cerebral structure in patients with epilepsy, the actual 

epileptogenic focus may be located elsewhere (Krakow et al. 1999a). This is further confounded by the knowledge 

that the origin of interictal epileptiform activity (the irritative zone), as identified by EEG-triggered fMRI, may 

itself be distant to the seizure onset zone. Ictal intracranial EEG recordings may provide a means to resolve this 

issue.

In summary, MRS investigations currently provide clinically useful information in the investigation o f 

temporal and extratemporal lobe epilepsy. It is likely that further work will contribute to a better understanding of 

the clinical significance and reliability of MRS abnormalities when lateralising data from other investigations, such 

as imaging, electrophysiological and psychological testing, are discordant. In addition, the prognostic implications 

o f MRS abnormalities need to be clarified further. Future studies, particularly focusing on the evaluation of 

neurotransmitters, and improvements in both imaging hardware and post-acquisition processing, are likely to have 

significant consequences for both the investigation and treatment o f patients with epilepsy.
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1.2.4 Functional MRI

Early studies of functional MRI (fMRI) applied to epilepsy used phase mapping techniques (Fish et al. 1988) and 

dynamic contrast enhancement with gadolinium (Warach et al. 1994) to demonstrate abnormal blood flow in 

epilepsia partialis continua. Technical advances in MRI acquisition and post-processing have enabled cerebral 

activity, causing changes in regional blood flow and volume, to be monitored indirectly through the effects of 

changing deoxyhaemoglobin concentration (Ogawa et al. 1993). This is termed the blood oxygen level-dependent 

(BOLD) effect, and is analogous to the results obtained with blood flow tracers and PET, but with improved 

temporal resolution.

Localisation of ictal blood flow changes using this technique was first described in 1994 in a 4 year old 

child with frequent right-sided motor seizures (Jackson et al. 1994b). Each clinical seizure was accompanied by 

increased MR signal intensity in the left hemisphere. In addition, abnormal signal was observed in-between 

clinically apparent seizures suggesting that the method was sensitive to detect subclinical electrical activity. 

Subsequently, an fMRI study of a similar patient by Detre et al. produced identical results (Detre et al. 1995). 

Neither of these studies, however, used concurrent EEG monitoring to determine seizure activity. It has been 

shown that the EEG can be recorded inside an MR scanner with sufficient quality to detect high amplitude 

discharges and to trigger fMRI acquisitions after these events (Ives et al. 1993; Warach et al. 1996), however, 

safety issues (Lemieux et al. 1997) and imaging artefacts on the EEG initially precluded its wider application 

(Huang-Hellinger et al. 1995). Recent advances, particularly on-line subtraction o f pulse (Allen et al. 1998) and 

scanner artefact (Allen et al. 2000) have allowed continuous fMRI data acquisition without obscuration of the 

EEG, thereby allowing accurate temporal correlation of epileptiform abnormality with imaging data (Allen, 

Josephs, and Turner 2000).

In a study o f 10 patients with well-defined focal epilepsy, investigated with EEG-triggered fMRI, six 

showed reproducible focal changes of the BOLD signal which concurred with localising electroclinical data 

(Krakow et al. 1999b). Case reports using this technique have also detected electroclinically concordant fMRI 

activations associated with interictal epileptiform discharges (Seeck et al. 1998; Symms et al. 1998). Limitations 

o f these studies include the restricted application to only those patients with relatively frequent interictal 

epileptiform discharges (approximately one event per minute), the assumption that there is close anatomical 

correlation between the area of cortex that generates interictal spikes and the ictal onset zone which initiates 

seizures (Ebersole and Wade 1991; Luders et al. 1996), and the difficulty in distinction between cortical regions 

that generate discharges and regions which are sequentially activated within fractions o f a second. Pathological 

validation and studies of surgical outcome in patients with focal fMRI activations and correlation with ictal onset 

zones shown with intracranial EEGs are required. Most recently, a patient with idiopathic generalized epilepsy and 

frequent absences was studied with EEG-fMRI. Runs of generalized spike-wave discharge were associated with 

bilateral thalamic activation and widespread cortical deactivation demonstrating the reciprocal participation of 

focal thalamic and widespread cortical networks during human absence seizures (Salek-Haddadi et al. 2003).

A further important application o f fMRI in epilepsy is in the delineation o f areas o f the brain responsible 

for specific functions, such as the primary motor and sensory cortex, and possibly language and memory loci. In 

particular, to identify their anatomical relation with respect to an area of planned neurosurgical resection, thereby 

allowing a more targeted resection while minimizing postoperative morbidity (Hammeke et al. 1994; Morris, III et
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al. 1994; Jack Jr. et al. 1994; Puce et al. 1995; Morioka et al. 1995; Macdonell et al. 1999; Holloway et al. 1999; 

Schwartz et al. 1998; Rao et al. 1995). Bookheimer et al reported the postoperative outcomes o f six patients with 

cortical lesions who had preoperative fMRI mapping o f motor and visual areas. In three patients, the neurosurgical 

procedure was modified based on the fMRI results and, in each case, there was no postoperative deficit. In one 

patient, there was no overlap between the proposed resection and functional activation zone. In two patients, 

“functional” tissue was resected with the lesions and, as predicted, postoperative deficits were seen in both 

(Bookheimer et al. 1995). Recently, activations within regions of cerebral dysgenetic tissue have been observed 

during simple and complex fMRI paradigms. In particular, disturbances of cortical organisation, such as 

polymicrogyria and schizencephaly, showed greater activation than in MCDs caused by disturbances of early 

cortical development, such as heterotopia and Taylor-type FCD. This permits a greater understanding of the 

functional connectivity o f MCD and, in particular, their relationship to eloquent cortex (Janszky et al. 2003).

The intracarotid amytal examination, also known as the Wada test (Wada and Rasmussen 1960) is used to 

determine latéralisation of speech and adequacy o f contralateral memory functions in patients undergoing 

presurgical evaluation. However, the invasive nature of this examination carries a small risk o f morbidity and, in 

addition, may be hampered by technical limitations, such as incomplete amytal perfusion of the posterior portion 

o f the hippocampus resulting in an inadequate evaluation (Rausch and Risinger 1990). Several studies have used 

fMRI in normal volunteers to demonstrate lateralised language activation with a variety o f paradigms (Cuenod et 

al. 1995; McCarthy et al. 1993; Rueckert et al. 1994; Binder et al. 1995). In patients with epilepsy, a number of 

studies have compared fMRI with Wada testing and found it to be equally discriminating in determining 

hemispheric dominance (Desmond et al. 1995; Binder et al. 1996; Bahn et al. 1997; Bazin et al. 2000; Hertz- 

Pannier et al. 1997; Woermann et al. 2003; Adcock et al. 2003). Moreover, preoperative fMRI was as effective as 

Wada testing in predicting significant language decline post-operatively (Sabsevitz et al. 2003)

A more difficult challenge for fMRI is to replace the Wada test in determining memory latéralisation. 

Complex neuroanatomical circuits involving a specific system of related neocortical (frontal and temporal) and 

medial temporal brain regions mediate memory function (Scoville and Milner 2000; Kapur et al. 1992; Tulving et 

al. 1994; Buckner et al. 1996) and hence the development of a paradigm to specifically activate these regions is 

complicated. In particular, the principle of a resting state with which to compare against an active state is difficult 

to conceptualise.

Despite these concerns there have been a number o f fMRI studies that have demonstrated medial temporal 

lobe activation in control subjects using paradigms testing encoding and retrieval o f information (Stem et al. 1996; 

Bookheimer et al. 1996a; Bookheimer et al. 1996b; Schacter and Wagner 1999). It is o f note, however, that 

Bookheimer et al were unable to demonstrate activations when comparing active against control/resting state but 

only when correlating signal intensity with memory load (Bookheimer et al. 1996a; Bookheimer et al. 1996b). 

This is a similar finding to a PET study by Grasby et al which found increasing cerebral blood flow in the 

hippocampus according to the number of items memorised and recalled (Grasby et al. 1993). A recent fMRI study 

of seven patients with left temporal lobe epilepsy comparing resting against an active state o f memory 

demonstrated bilateral parahippocampal activation (right greater than left) in both control subjects and patients. 

Furthermore, the patient group also exhibited consistent and extensive left preffontal activation in all memory 

tasks. This was possibly as a result o f a reallocation of cognitive function or recmitment o f additional cortical areas 

in response to the demands of the task not met by dysfunctional temporal lobe regions. It was suggested that this
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may be interpreted as a dysfunctional response to the epilepsy and left hippocampal sclerosis (Dupont et al. 2000).

It is important to note when comparing fMRI to the Wada test that each test obtains information 

differently. The Wada test uses inactivation, and therefore provides information only on the functional reserve of 

the remaining cerebral tissue. Functional MRI identifies regions in a neural network involved in a successful task 

performance. There is a potential risk therefore, o f attributing function to areas that are active in, but not 

necessarily critical to a particular task performance. Furthermore, there is no evidence that areas that are not 

activated in fMRI studies are not involved in the performance of the task.

In summary, studies of EEG-correlated functional MRI have reported meaningful and potentially 

clinically useful information regarding the localisation of seizure foci in selected groups o f patients with epilepsy. 

However, unequivocal validation of the technique is lacking because o f a deficiency of either histopathological 

data or studies o f surgical outcome in these patients. Using fMRI to investigate “eloquent” cortex in patients prior 

to resective surgery to enable a more targeted surgical approach and thereby attempt to reduce postoperative 

morbidity has shown promising results in individual case reports and small series studies. Larger studies are 

required, however, to substantiate this evidence and allow fMRI to become more widely utilised in this domain. 

Investigating hemispheric dominance of language with fMRI has demonstrated consistent agreement with Wada 

testing in a large number o f studies suggesting that the latéralisation of language component o f Wada tests could 

be replaced by fMRI. The investigation of memory using fMRI is currently in its infancy and further work is 

required, particularly in the development o f robust, reproducible and targeted paradigms which will allow 

clinically useful information to be obtained.

1.2.5 Diffusion Imaging

1.2.5.1 Theory

Diffusion, also known as Brownian Motion, is a random process which results from the thermal translational 

motion of molecules. In a homogeneous fluid without boundaries, the distance a molecule diffuses can be 

modelled as a “random walk” with a Gaussian distribution. The average distance I that molecules travel in time t in 

a given medium is described by the Einstein equation where motion in three dimensions is considered (Einstein A 

1905).

/   ̂=  6Dt

D is  a proportionality constant known as the dijfusion coefficient. It is essentially a measure o f mobility at the 

molecular level and varies with both viscosity and temperature of the substance. For pure water at 37°, D == 3.4 x 

10'^ mm^/s. In biological systems however, the diffusing medium is not o f infinite extent, and molecular diffusion 

is restricted by infra- and extracellular boundaries. On very short time scales, the molecules diffuse as if  they were 

in a homogeneous medium, however, over progressively longer times the chance o f a molecule encountering a 

boundary and therefore being hindered increases. The diffusion coefficient therefore is no longer simply a property 

o f the diffusing medium and an alternative term is used, the apparent diffusion coefficient (ADC) which is
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dependant on the time interval over which the diffusion is measured (7^) The nature of the restricting boundaries 

in terms of spacing, permeability and orientation govern the relationship between ADC and Tj, however, in 

general, ADC is smaller than the unrestricted value o f D and decreases from a value close to D for values o f Tj 

near zero to a small limited value as approaches infinity. Variation in the pulse direction and timing in the 

diffusion sensitive imaging sequence can therefore be used to selectively reveal highly restricted diffusion in one 

direction within a tissue whilst retaining less restricted diffusion within other directions. This is the basic contrast 

mechanism of diffusion imaging.

Values for ADC in human tissue range from ~0.2 x 10'^ to 2.9 x 10'^ mm^/sec. and are dependant on the 

type and, in white matter, the orientation of the cerebral tissue (Pierpaoli et al. 1996; Hajnal et al. 1991). The 

diffusion displacement distances are comparable to cellular dimensions. Water molecules, if  unrestricted, will 

typically diffuse in any given direction through a distance of 20 micrometres in 100 msecs, or through 60 

micrometres in 1 second, raising the possibility that the measurement o f water diffusion might provide a means o f 

probing cellular integrity and pathology. In particular, if  cellular components impede the diffusion o f water 

molecules then any disruption to these structures might influence the degree of restriction and hence typical 

diffusion distances.

1.2.5.2 Development of diffusion imaging

In routine MRI, diffusion effects contribute relatively little to overall signal intensity, causing signal attenuation o f 

no more than 2%. However, images that are sensitive to the diffusional properties o f water can be obtained by 

incorporating pulsed magnetic field gradients into a standard spin echo sequence. As the diffusing protons traverse 

intrinsic and extrinsic magnetic field gradients, they experience unrecoverable phase shifts resulting in a loss o f T2 

signal. This signal attenuation depends on the pulse sequence applied but in general has the form o f an exponential 

decay

(exp(-^DG^TE'))

where ft is a constant, G  is the amplitude of the gradient pulses and TE  is the echo time. The natural logarithm o f 

the attenuated signal is compared with the degree of diffusion weighting (gradient b factor) on a pixel-by-pixel 

basis to calculate a diffusion map. This represents the spatial distribution o f diffusion coefficients for the imaged 

object, where bright areas represent increased diffusion (i.e. maximal signal attenuation) and dark areas represent 

regions o f decreased diffusion. These maps are independent of T l- and T2-relaxation.

1.2.5.2.1 Diffusion-weighted imaging

Early measurements of diffusion employed a Hahn spin echo collected in the presence of an applied constant 

gradient (Hahn 1950). This method however, undesirably linked the contrasts due to restricted diffusion and T2 

relaxation. In 1965, Stejskal and Tanner introduced a pulsed gradient spin echo (PGSE) technique, in which 

sensitivity to diffusion was produced by gradient pulses placed on either side of the 180° refocusing pulse (Stejskal
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and Tanner 1965). This sequence offered a number of advantages. In particular, the contrasts o f diffusion and T2 

were uncoupled, the diffusion weighting could be manipulated without affecting other sequence properties such as 

slice thickness and voxel size, and an estimation of the diffusion time and hence apparent diffusion coefficients 

could be made more accurately. The suggestion that it was theoretically possible to combine diffusion pulsed 

gradient experiments and Fourier NMR imaging was raised by Mansfield in 1982 (Mansfield and Morris 1982a), 

and studies of the effect o f diffusion on conventional MR images was investigated by Wesbey in 1984 (Wesbey et 

al. 1984). The earliest diffusion-weighted images were obtained in 1985 by applying diffusion sensitising gradients 

to spin echo (Taylor and Bushell 1985) and later to stimulated echo imaging sequences (Merboldt et al. 1991).

Diffusion-weighted imaging using the pulsed gradient spin echo technique (PGSE) has been extensively 

utilised in the investigation of both normal and pathological states (Hajnal et al. 1991; Doran et al. 1990). Less 

commonly used methods of diffusion imaging include stimulated echo, gradient echo and B1 field gradients 

(LeBihan and Basser 1995). Early diffusion studies o f white matter in normal subjects reported ADC values which 

were particularly dependant on the orientation of the sensitising diffusion gradients to the tracts examined, so that 

ADC values o f -0 .5  x lO'^mm^/s o r -1 .0  x lO'^mm^/s were obtained with the gradients transverse or parallel to the 

white matter fibres respectively (Turner and LeBihan 1990; Larsson et al. 1990; Hajnal et al. 1991). This finding 

introduced the concept o f directionality to diffusing molecules, also known as anisotropy. This property is 

encountered if the restriction to diffusion within a biological system is asymmetrical, so that the molecular 

mobility is impeded in certain directions but free in others (Basser 1995).

Classically, diffusion-weighted imaging used the ratios of ADCs obtained by diffusion sensitising 

gradients being applied in two or three mutually perpendicular directions to evaluate the anisotropic property of a 

tissue. This resulted in rotationally variant indices where the calculated ADC was dependant on the orientation of 

the subject to the gradients (Basser et al. 1994b). Fibre tracts that lie parallel to an applied gradient exhibit the 

greatest ADC whereas those lying oblique or transverse to a gradient possess a reduced ADC. In biological 

systems, for example the brain, tracts often follow tortuous paths resulting in a single tract during its course at 

times lying parallel and at times oblique to the gradient. This results in an erroneous variation of the anisotropic 

value in an individual tract during its course or underestimation of anisotropy in a whole tissue if  it lies oblique to 

the diffusion sensitising gradients (Pierpaoli and Basser 1996). In addition, the method is sensitive to subject 

repositioning within the scanner so that minor alterations of head orientation with respect to the gradients result in 

inconsistent values of ADC.

Different scalar indices derived from diffusion-weighted images have been used to characterise diffusion 

within tissues. A quantity that is independent o f fibre or tract orientation is the average ADC (ADCav) as defined 

by:

( ADCx + ADC y + ADC % )

ADCav ~

where x, y, z are the orthogonal directions of the diffusion measurements.
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An estimation o f diffusion anisotropy using diffusion weighted imaging has previously been made in a 

number of ways, for example, using the ratio o f the differences and sums o f diffusion weighted images, using the 

ratio of two ADCs with diffusion sensitising gradients applied to two perpendicular directions, or by using the 

standard deviation o f the three mutually perpendicular directions, divided by their mean value (Douek et al. 1991; 

van Gelderen et a l 1994; Matsuzawa et al. 1995). In each case however, the anisotropy measures are not 

quantitative. The diffusion weighted image contrast does not correspond to a single meaningful variable but rather 

a complicated combination o f a number o f parameters including both diffusion and T2 “shine-through” effects.

1.2.5.2.2 Diffusion Tensor Imaging

To overcome the problems o f characterising diffusion in anisotropic, heterogeneously orientated tissues, diffusion 

tensor imaging (DTI) was developed (Basser et al. 1994a; Basser, Mattiello, and LeBihan 1994a). In contrast to 

earlier estimations of anisotropy using diffusion sensitising gradients applied in two or three mutually 

perpendicular directions, diffusion weighting in DTI is applied in at least six directions. This allows rotationally 

invariant parameters to be calculated and thus corrects for any orientation bias.

If  a small drop o f dye is placed in a large quantity o f a homogeneous fluid, over time by a process of 

diffusion the molecules spread out equally in all directions to create an expanding sphere. In biological systems, 

for example the brain, this shape or ellipsoid is dependant on restricting boundaries. In axonal pathways, diffusion 

is less restricted parallel to, rather than perpendicular to, the main fibre axis (Neil 1997). This yields an eccentric or 

elongated, cigar-shaped ellipsoid with the long axis parallel to the fibre tract. The more eccentric or elongated the 

shape, the greater the anisotropy. This ellipsoid can be described mathematically as a diffusion tensor ( D ) and to 

be fully determined requires diffusion weighting to be applied in at least six directions (xx, xy, xz, yy, yz, zz) 

(Basser 1995; Conturo et a l 1996). A seventh image is also acquired with no diffusion weighting which is used to 

eliminate T2-weighted effects from the final diffusion image.

xz

D
D x x Dxy D:

Dyx Dyy D;

D z x Dzy D;

yz

—  z.j' —  Z Z ^ y

Although the diffusion tensor for each voxel ( D ) is described by nine individual diffusion constants, water 

diffusion is equal in exactly opposite directions, that is, the tensor is symmetrical (D%y = Dy%). There are, therefore, 

only six independent terms (D%x, D%y, D^z, Dyy, Dy ,̂ These are determined from the amount o f signal 

attenuation during the application o f the diffusion gradients in each o f the six directions. When the diffusion tensor 

is diagonalised, the eigenvectors and eigenvalues are obtained. The eigenvectors represent the three mutually 

perpendicular directions along which the molecular displacements appear uncorrelated ( 8 i ,  8 2 , ,  8 3 ) ,  while the 

eigenvalues represent the magnitude o f the difflisivities along these directions. These values can be sorted in order 

of decreasing magnitude (A-i>Xi >  ^ 3 )- In anisotropic tissues organised into parallel bundles, the largest 

eigenvalue, 1 |, represents the diffusion coefficient in the direction parallel to the fibres in each voxel, while X2 and
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À,3 are the transverse diffusion coefficients.

The distinct shape of diffusion ellipsoid is governed by the local architecture o f fibre tracts and bundles. 

Several possibilities exist in cerebral tissue:

À-i = À.2 = ^ 3  - this is the typical distribution of the eigenvalues expected in a medium in which diffusion is 

isotropic at a microscopic level; for example, free water or cerebrospinal fluid. However, it is also possible that 

anisotropy exists at a molecular level but is randomly orientated and therefore appears isotropic at the voxel level, 

for example, when white matter fibres cross in a symmetrically spherical pattern.

»  A,2 = A.3 - this configuration corresponds to a cigar-shaped diffusion ellipsoid that is cylindrically 

symmetrical. This is consistent with the arrangement of white matter fibres in parallel bundles with their 

longitudinal axis aligned with e i, the eigenvector associated with I , .

À] > Aw2  > I 3 - this corresponds to an asymmetric diffusion ellipsoid whose major axes are all unequal. In 

general, this suggests the presence of fibres that m n in multiple directions within the voxel but that maintain on 

average a preferential direction. This is the most likely arrangement in cerebral tissue.

A set o f quantitative rotationally invariant parameters can be calculated from the product o f the diffusion 

tensor which characterise diffusion isotropy and anisotropy, and fibre-tract organisation. These parameters include: 

mean diffusivity which is used to measure the orientationally averaged diffusivity (figure 1 .1 ), and fractional and 

relative anisotropy, volume ratio and lattice anisotropy index which measure the degree of directionality of the 

diffusion (Pierpaoli and Basser 1996; Basser and Pierpaoli 1996) (figure 1.2).

Mean diffusivity is independent o f the position and orientation o f the patient within the magnetic field.

Trace (D) A.% + A.2  + A.3

mean diffusivity = =

Intrinsically, mean diffusivity has a lower background noise level than an individual ADC and is highly uniform 

throughout normal brain parenchyma within the same subject, as well as between age-matched subjects (Pierpaoli 

et al. 1996). These factors make mean diffusivity a desirable diagnostic parameter since small deviations from the 

normal value are statistically significant. Consequently it may be possible to detect more subtle changes in mean 

diffusivity in patients.
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Figure 1.1: A diagram illustrating the principle o f mean diffusivity in a biological system. Image A represents 

normal extracellular space with relatively restricted diffusion o f water molecules (red circles). Image B shows 

expansion o f the extracellular space. The water molecules are able to diffuse further during the same time period, 

and will be subject to greater signal loss during a diffusion weighted scan.

A number of indices may be calculated to determine anisotropy within cerebral tissue (figure 1.2).

The simplest of these is an anisotropy ratio, for example. A.; / which measures the relative magnitudes o f the 

diffusivities parallel and transverse to the fibre tract. However these require the eigenvalues to be sorted in order of 

magnitude and this introduces a systematic sorting bias which artificially overestimates the anisotropy. To 

overcome this bias, indices insensitive to eigenvalue sorting such as relative and fractional anisotropy were 

developed (Basser and Pierpaoli 1996).

Relative anisotropy (RA) is a measure of the anisotropic component o f the tensor divided by the 

magnitude of the isotropic part; it is therefore quantitative and dimensionless. For an isotropic medium, RA = 0 

and increases as the anisotropic component o f the tensor becomes greater. Alternatively fractional anisotropy (FA) 

may be used which measures the fraction of the magnitude o f the tensor that we can ascribe to anisotropic 

diffusion. Like RA, it is quantitative and dimensionless. For an isotropic medium, FA = 0 and for a cylindrically 

symmetrical medium (A, »  A] = A3), FA = 1.

Other anisotropic indices include volume ratio and lattice index (Pierpaoli and Basser 1996). The volume 

ratio represents the volume of an ellipsoid whose semi-major axes are the 3 eigenvalues o f D divided by the 

volume of a sphere whose radius is the mean diffusivity, Trace ( ^  / 3. Since the volume o f the ellipsoid 

approaches 0 as anisotropy increases, the values o f volume ratio range between 0 and 1 where 0 represents the 

highest anisotropy and 1 represents complete isotropy.

The lattice anisotropy index is an intervoxel measure o f diffusion anisotropy that exploits information 

about the orientational coherence o f the eigenvectors of D in adjacent voxels to improve the estimate of diffusion 

anisotropy within a region o f interest. This index is especially immune to background noise in the images; 

however, as with other diffusion indices, it has no effect on systematic errors such as motion artefact, ghosting, 

misregistration, distortion of DWls by eddy currents, miscalibration o f the gradients, or errors in the computation 

of the b-matrix. In addition, quantitative measures from the lattice index are dependent on the size o f the voxels 

and the anatomical structures being studied. It therefore serves a limited function in the brain where tissue is
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heterogeneous and all the fibres within a region of interest are unlikely to be similarly orientated.

A study comparing relative and fractional anisotropy and volume ratio showed that FA maps provided the 

most detailed and extensive estimation of anisotropy with the greatest signal to noise ratio (SNR) (Papadakis et al. 

1999). Volume ratio provided the most contrast between areas o f high and low anisotropy at the expense of 

increased noise contamination and reduced resolution in some areas. Relative anisotropy occupied an intermediate 

position between FA and VR.

In conclusion, using information derived from diffusion imaging, quantitative maps of a number of 

parameters, such as mean diffusivity, fractional anisotropy and volume ratio, can be constructed and used to 

compare between individuals or populations. Alternatively, anisotropy information can be used to deduce the 

pathways of major nerve fibre tracts using the technique o f tractography (see chapter 1.2.5.5 Tractography).

Figure 1.2: A diagram illustrating the principle o f anisotropy. Image A represents isotropic diffusion, with no 

restriction on the movement of water molecules in, for example, CSF or where the restriction is equal in all 

directions in, for example, adult grey matter. Image B represents anisotropic diffusion, where movement of water 

molecules is asymmetrically restricted, for example, a myelinated axon.

1.2.5.3 Limitations o f  in vivo diffusion imaging

Diffusion imaging studies the movement o f water molecules over very short distances, typically less than 100 

micrometres. The sequence is therefore susceptible to motion artefact. This may arise through head motion in 

uncooperative or uncomfortable patients, or pulsatile brain motion due to the inflow of blood during cardiac 

ventricular systole. Brain motion is greatest during the first 300 milliseconds of the cardiac cycle (Poncelet et al. 

1992). In MR sequences where k-space (the array o f numbers obtained by measuring the MR signal received from 

the patient over time, and which can be converted to a MR image by applying a Fourier transform mathematical 

algorithm) is filled over several cycles, uncorrected MR images are degraded through ghosting. This affects 

conventional spin echo, fast spin echo and multishot echoplanar imaging (EPl). In single-shot EPl, k-space is filled
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in about 100 ms, therefore images acquired during the first 300 ms of the cardiac cycle are affected by movement. 

In diffusion-weighted imaging, this causes an overestimation of the apparent diffusion coefficient when the brain 

motion is parallel to the diffusion gradient. A variety o f measures can be undertaken to reduce motion artefact. 

These include the use o f head restraints, cardiac gating (Wieshmann et al. 1997a), applying sequences with short 

acquisition times such as single-shot EPl (Turner et al. 1990; Stehling et al. 1991), oversampling and rejecting 

outliers (Wieshmann et al. 1998c), or using a navigator echo with multi-shot EPl (Anderson and Gore 1994; de 

Crespigny ei a/. 1995).

Other problems with diffusion imaging include the estimation o f the contribution o f flow and perfusion to 

the diffusion measurements, calculation o f the contribution o f the imaging gradients to the b-value (degree of 

diffusion weighting), optimal b-value, number o f b-value steps, and signal to noise ratio (Xing et al. 1997). In 

addition, there are fluctuations in the strength of the scanner gradients which can affect quantitative analysis of 

DTI in individual subjects. These fluctuations can be followed by regular diffusion measurements in a standard 

water phantom.

Echo-planar imaging, which has become the sequence of choice in diffusion imaging studies due to its 

short acquisition time and minimal motion artefact distortion, has itself a number o f specific problems. In 

particular, susceptibility artefacts in the orbito-frontal and temporal regions, image distortions due to eddy currents 

and a reduced signal to noise ratio (Symms et al. 1997).

In summary, clinical diffusion imaging is often a compromise between acquisition time, signal to noise 

ratio and hardware limitations.

1.2.5.4 Clinical applications of diffusion imaging

1.2.5.4.1 Normal tissue

The description of diffusion in biological systems is complex as it represents the result o f a number of variable, 

independent factors. These include the presence of impermeable or semi-permeable membranes resulting in either 

restricted or hindered diffusion (Hansen 1971), the concentration and placement of macromolecules which further 

hinder diffusing molecules, and intra- and extracellular microcirculatory effects (Le Bihan et al. 1999; LeBihan 

and Turner 1992). The diffusion properties of water in simple biological systems such as frog muscle and human 

erythrocytes have been described (Tanner 1979; Tanner 1983; Latour et al. 1994). In addition, more complex 

structures such as the human brain have been studied resulting in the appreciation o f the anisotropic property of 

white matter and offering insights into the anatomical connectivity o f cerebral regions (Moseley et al. 1990a; 

Doran et al. 1990; Hajnal et al. 1991; Moseley et al. 1991; Behrens et al. 2003; Catani et al. 2003).

Anisotropy in cerebral tissue is highly heterogeneous. Major white matter tracts such as the corpus 

callosum and optic tract demonstrate higher levels o f anisotropy (fractional anisotropy values o f 0.81 and 0.87 

respectively) than, for example, subcortical white matter or parietal cortex (0.46 and 0.31 respectively) (Pierpaoli 

and Basser 1996) (figures 1.2 & 1.3). Many studies have not shown significant anisotropic diffusion in human 

adult grey matter, with values close to the noise level (Shimony et al. 1999; Pierpaoli et al. 1996; Neil et al. 1998). 

Grey matter anisotropy has however been demonstrated in neonatal piglet and mature rat brain, albeit at low values
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(Thornton et al. 1997; Hoehn-Berlage et al. 1995). It is possible that this reflects a degree of structural organisation 

and microscopic geometrical order within cortical tissue. More recently anisotropy has been demonstrated in the 

grey matter of premature human neonates (Neil et al. 2000). This is consistent with changes in cortical histology. 

Between 24 and 32 weeks gestational age, cortical cytoarchitecture is dominated by the apical dendrites of 

pyramidal cells. These long dendrites have few branches and are arranged radially giving rise to unidirectional 

fibre orientation and hence diffusion anisotropy. As development progresses, pyramidal cells form highly branched 

basal dendrites which tend to be arranged parallel to the cortical surface. In addition, thalamocortical afferent 

fibres are added and are orientated parallel to the cortical surface. With these changes, cortical architecture is no 

longer dominated by pyramidal apical dendrites and anisotropic diffusion is reduced, approaching zero by the 

gestational age of 32 weeks (Marin-Padilla 1992).

Mean diffusivity in the human brain varies considerably less than fractional anisotropy throughout the 

different parts o f the brain (Pierpaoli and Basser 1996) (figure 1.3). For example, the mean diffusivities in the 

corpus callosum and posterior internal capsule (747 xlO'^mnT/s and 702 xlO'^mm^/s respectively), are comparable 

to subcortical white matter and parietal cortex (670 x lO'^mm'/s and 6 8 6  xlO‘% m ‘/s respectively). This most 

likely reflects the relatively uniform density o f neurons and glial cells within all regions o f the brain, and is 

independent of the orientation o f fibre tracts. The mean diffusivity in cerebrospinal fluid is approximately 3191 

xlO'^mm'/s.

I

Figure 1.3: Axial mean diffusivity (A) and fractional anisotropy (B) maps. (Average o f 30 control subjects).

Anisotropy is considered to be determined by cellular and extracellular components such as concentration of 

macromolecules and intracellular organelles, regional differences in fibre packing density, degree o f myelination, 

fibre diameter and density o f neuroglial cells (Pierpaoli et al. 1996). It has been observed that anisotropy within the 

cerebral hemispheres changes little from the age o f six months through to adulthood. However, in a recent study of 

the effects o f normal ageing on diffusion parameters, it was reported that both mean ADC and maximum FA 

correlated significantly with increasing adult age, suggesting the presence of subtle microstructural age-related 

changes (Rovaris et al. 2003b). Values of anisotropy are lower in infants below the age o f six months (Nomura et 

al. 1994). This is thought to reflect the lack of myelin and hence lack o f restriction to diffusion perpendicular to the
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white matter tracts. The permeability to water o f myelin lipid bilayers is 10 to 50 times smaller than the 

permeability o f axoplasmic membranes; therefore, it has been suggested that the addition o f a myelin sheath would 

significantly impair perpendicular movement of water (Rutherford et al. 1991). In-vitro experimental work on 

excised myelinated and unmyelinated nerves observed similar degrees o f anisotropy for both nerve types, 

suggesting that myelin, although possibly contributory, is not a necessary determinant o f anisotropy (Beaulieu and 

Allen 1994). Furthermore, the anisotropic property of the nerves was preserved following the destruction of 

microtubules and inhibition o f fast axonal transport. Subsequent work by the same group also eliminated the 

possibility o f neurofilaments playing a significant role, suggesting therefore that axonal membranes are the major 

determinant o f  the anisotropic property o f a tissue (Beaulieu and Allen 1994). Histological examination o f neonatal 

rat cerebral tissue following diffusion weighted imaging suggests that maturation o f axonal membranes, a state of 

“premyelination”, is the important factor in the development o f anisotropy in the maturing brain (Wimberger et al.

1995). This is associated with alterations in membrane thickness, permeability, and transmembrane ionic changes.

In summary, diffusion o f water within a tissue is governed by its molecular, microstructural and 

architectural properties. Experimental work suggests that the main determinants o f anisotropy in the more densely 

packed unmyelinated fibres are the many axonal membranes, and in less dense myelinated tracts, the multiple 

myelin lamina. A disruption to this microstructural environment such as ischaemic injury, gliosis, or cerebral 

dysgenesis will lead to a less ordered arrangement of nerve fibres and subsequent reduction in anisotropy. 

Similarly, these cerebral abnormalities may lead to reduced cell density and/or expansion o f the extracellular space 

resulting in increased mean diffusivity (figure 1.1).

Recently, it has been suggested that with DTI using degrees o f diffusion weighting (b-values) o f less than 

1000 s/mm^, the extracellular compartment is the predominant determinant o f diffusion image contrast. With b- 

values of greater than 1000 s/mm^, the intracellular compartment contributes to a greater extent. This supposition 

is based on the apparent non-linear relationship between the measured ADC and degree of diffusion weighting 

applied. Describing this relationship bi-exponentially to explain the two compartment model has been challenged 

as too simplistic and poorly supported by the available data. In particular, the volume fractions of each 

compartment, the contribution of water exchange between compartments and the presence of local susceptibility 

gradients have been neglected. Alternative suggestions include a multi-exponential relationship involving many 

parameters, most notably the complex underlying cerebral structure. Further work, in particular studying a variety 

of experimental models with multiple b-values under different imaging conditions, is required to clarify this issue 

(Le Bihan et al. 2001; Clark and LeBihan 2000).

1.2.5.4.2 Cerebral ischaemia

The advantages of diffusion-weighted imaging in the detection of early cerebral ischaemia were first suggested by 

Moseley in 1990 (Moseley et al. 1990c; Moseley et al. 1990b). Additional studies have confirmed that a reduction 

in ADC can be seen within minutes of cerebral ischaemia. This compares with a time frame of several hours for 

definitive changes to be observed with conventional MRI (Benveniste et al. 1992; Minematsu et al. 1992; 

Dardzinski et al. 1993; Brant-Zawadzki et al. 1986; Yuh et al. 1991; Davis et al. 1994; Yoneda et al. 1999).
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Possible mechanisms include cytotoxic oedema, where the reduction in ADC occurs because of a shift o f water 

from the relatively unrestricted diffusion environment o f the extracellular compartment to the more restricted, 

viscous intracellular space. This hypothesis is supported by reports that the extracellular space can be reduced by 

up to 50% during severe cerebral ischaemia (Williams et al. 1991). A study o f experimental cerebral ischaemia 

noted that diffusion changes occurred only when cerebral perfusion reduced to below the critical threshold for 

maintenance o f tissue high-energy metabolites and ion homeostasis. This resulted in an increase in intracellular 

sodium and water which produced a change in cell volume (Busza et al. 1992). Changes in ADC have been 

observed in excised optic nerve under conditions of cellular swelling and shrinkage without ischaemia suggesting 

that the common mechanism leading to changes in diffusion in pathological conditions associated with ion 

membrane dysfunction is compartmental redistribution of water (Anderson et al. 1996). This hypothesis is 

challenged however by a number of considerations. Firstly, measurements o f the ADCs within the extra- and 

intracellular spaces have been shown to be very similar. Secondly, during ischaemia, the ADCs within each 

compartment are both seen to decrease (Duong et al. 1998). Movement o f water into the intracellular compartment 

may explain the reduced diffusion in the extracellular space, where cells are now more tightly opposed and paths 

between more tortuous and hindering to diffusion molecules (Sykova et al. 1994; van der Toom et al. 1996b). 

Alternative mechanisms to explain the reduced ADC in the intracellular compartment must be proposed however. 

These include loss of cytoplasmic motion (cytosolic streaming and cytoskeletal motility) (Duong et al. 1998), 

increase in viscosity o f intracellular components (Zhong ei «/. 1993; van der Toom e? a/. 1996a; Wick ei nZ. 1995; 

Neil et al. 1996), and reduction in transmembrane water movement (Helpem et al. 1992). It is likely that a 

combination o f two or more of these processes are involved in the observed ADC decrease in ischaemia and 

further work is required to elucidate the cause more precisely.

Following the results o f the experimental studies, patients with acute stroke have been investigated with 

diffusion-weighted MRI (Lutsep et al. 1997; Gonzalez et al. 1999; Marks et al. 1996; Sorensen et al. 1996; Kang 

et al. 2003). Superiority over CT scanning (Saur et al. 2003) and conventional MRI, in terms of earlier detection of 

ischaemia, has been demonstrated with abnormalities detected within 39 minutes o f stroke onset (Yoneda et al. 

1999). This has led to the possibility of using DWI to confirm clinical evidence o f stroke within a time period 

appropriate for the administration o f thrombolytic therapy, particularly when combined with perfusion imaging 

(Schellinger et al. 2003). Conventional MRI abnormalities do not appear until after this time period has elapsed 

(Yuh et al. 1991). In addition, thrombolysis has been shown to result in reversal o f diffusion imaging abnormalities 

(Kidwell et al. 2000; Kidwell et al. 1999), with no difference in outcome observed between intravenous and intra- 

arterial administration in experimental studies (Niessen et al. 2002)

Following an untreated ischaemic event, ADC values normalise within 5-10 days (Warach et al. 1995). 

Subsequently however, ADC values increase further and are thought to represent expansion of extracellular space 

due to membrane disruption, cell death and tissue necrosis (Warach et al. 1995; Pierpaoli et al. 1993). DWI is 

therefore o f benefit in patients with recurrent strokes as it allows new infarcts (bright regions on DWI) to be 

readily distinguished from chronic ones (dark regions). There are, however, a number o f limitations o f DWI in 

acute stroke. Recent studies have shown that the area o f brain ischaemia defined by a map o f decreased ADC 

during the first hours after a stroke includes a significant part o f the ischaemic penumbra, a variable proportion of 

which may remain viable without thrombolytic therapy. DWI may therefore overestimate the degree of infarcted 

tissue and is generally considered to be a poor predictor o f final infarct size (Nicoli et al. 2003). Conversely, DWI
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may remain normal despite significant cerebral infarction, limiting its usefulness as a screening tool (Wang et al. 

2003).

In view of the above evidence and the increasing use of thrombolysis in acute stroke, it is likely that 

diffusion imaging, particularly when combined with perfusion imaging, will become the early imaging 

investigation of choice in patients presenting with a clinical picture suggestive o f cerebral ischaemia. Currently 

however, the use of thrombolysis in patients with DWI abnormalities is based only on circumstantial evidence as 

there have been no trials directly linking clinical outcome with treatment o f patients with diffusion abnormalities.

1.2.5.4.3 Epilepsy

DWI has been used to investigate epilepsy in both experimental and clinical settings.

Experimental studies

The first reported study, in 1993 by Zhong et al, reported an immediate fall in ADC in bicuculline-induced status 

epilepticus in rats (Zhong et al. 1993). The maximal drop in ADC was approximately 15%, which is about half of 

the reduction seen in ischaemia. A further study on status epilepticus induced by the milder convulsant flurothyl 

showed less intense seizure activity accompanied by an 8% reduction in ADC (Zhong et al. 1995). This was 

largely reversed by the administration of phenobarbitone. To eliminate the possibility that the diffusion changes 

were related to a drug effect, ADC measurements were made in rat brain stimulated by cortical electroshocks. With 

single shock pairs which caused electrical after discharges lasting less than five seconds, ADC fell an average o f 2- 

3% (Prichard et al. 1995). Longer shock trains produced larger ADC changes, on average 7-8%, which persisted 

for several minutes (Zhong et al. 1997; Prichard et al. 1995). These studies show that the magnitude of the 

reduction in ADC in experimental models of epilepsy correlate with the duration and severity o f brain activation. 

Additional experiments on kainate-induced status epilepticus provide supporting evidence for ADC changes in 

epilepsy and suggest that the cause relates, as in ischaemia, to cellular swelling (Ebisu et al. 1996; Wang et al.

1996). The extracellular space has been investigated with ion-selective microelectrodes during enhanced neuronal 

activity. At sites o f maximal activity, the extracellular space contracts by more than 30%. A shift o f water into 

cells occurs because intracellular osmolarity increases. This is due to a net movement o f potassium ions into glia 

and cleavage of intracellular macromolecules (Lux ef n/. 1986; Blennow ei «/. 1979; Howse ei n/. 1974).

The similarity o f the behaviour o f the ADC in both ischaemia and experimental epilepsy models suggest a 

common mechanism may be present. However the changes occur under very different circumstances. In ischaemia, 

the blood supply to the tissue is seriously compromised, resulting in energy failure, membrane dysfunction and cell 

death. Conversely, ongoing seizure activity leads to increased metabolic rate and cerebral blood flow so that 

cellular energy levels are upheld close to normal values (Meldrum and Nilsson 1976; Borgstrom et al. 1976; Plum 

et al. 1968; Chapman et al. 1977). These compensatory mechanisms may not be complete, as it has been 

demonstrated that the phosphocreatine content as a percentage o f the total amount o f high-energy phosphates in the 

brain decreases during the first 15 minutes o f a seizure in a canine model o f status (Young et al. 1985). 

Furthermore, the level o f lactate can also increase, suggesting the presence o f anaerobic metabolism. Systemic 

complications during status may also give rise to hypoxic ischaemia. However, changes in adenosine triphosphate
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(ATP) content during seizures are minimal if  the animals are well oxygenated and physiological parameters are 

tightly controlled (Petroff et al. 1984). This would suggest that tissue energy failure is not the primary cause of 

ADC decline in experimental status epilepticus. In the clinical setting however, status epilepticus may be 

associated with significant systemic changes which may cause tissue hypoxia.

In cerebral ischaemia, the disruption of energy metabolism not only retards membrane ion pump activity 

but also increases membrane ion channel permeability due to the release of excitatory neurotransmitters. This 

quickly results in the loss of cellular ion homeostasis, cellular swelling and eventually cell death. In status 

epilepticus, the cellular energy state may be upheld close to normal but enhanced membrane ion permeability 

results in measurable cellular swelling (McNamara 1994). It appears therefore, that loss o f ionic homeostasis 

whether from ischaemia or from enhanced neuronal activity is a common factor in both conditions. It has been 

shown that during ischaemia, ADC reduces twice as much as during status (Zhong et al. 1993). This is most likely 

due to additional mechanisms caused by cellular energy loss, such as reduced cytosolic motility, which may not be 

present, at least to the same degree, in uncomplicated status epilepticus. In summary therefore, the exact 

mechanism for changes in ADC following cerebral ischaemia or experimental status remain undetermined but 

most likely represent a combination o f one or more factors, including loss o f ionic homeostasis, water 

compartmentalisation and intracellular macromolecular and cytosolic changes. Following an acute reduction in 

ADC at the onset o f complex partial status epilepticus in a canine model, ADC gradually increases with status 

duration, and parallels histopathological changes in the epileptogenic mesial temporal lobe (Hasegawa et al. 2003). 

This suggests that DWI may be useful for finding the epileptic focus or for examining potential cerebral damage 

during status epilepticus.

Clinical studies o f  diffusion imaging in epilepsy

In addition to animal models, patients with status epilepticus have been studied with diffusion-weighted imaging. 

In a study o f three patients by Lansberg et al cortical ADC was reduced by approximately 36% during partial status 

epilepticus (Lansberg et al. 1999). The diffusion abnormalities normalised following cessation of the seizures. 

These diffusion changes were mirrored by localised increased signal in T2-weighted images, and also by areas of 

reduced attenuation on computed tomographic (CT) scanning. In addition, in a 51 year old with focal status 

epilepticus, an area of increased ADC was observed in the subcortical white matter, adjacent to the region of focal 

cortical reduced ADC (Wieshmann et al. 1997b). This was thought to represent a shift o f water into the cortical 

cells at the site o f increased neuronal activity, and a shift o f water into the extracellular space in the white matter in 

areas remote from this site; an observation previously seen in experimental models o f epilepsy (Lux, Heinemann, 

and Dietzel 1986). Correlation of DWI abnormality with electrocorticographic changes has also been observed 

(Diehl et al. 1999). Most recently, Konermann et al reported significantly decreased ADC in hippocampi and 

parahippocampal gyri, ipsilateral to the seizure onset, in patients with flumazenil-induced temporal lobe seizures 

(Konermann et al. 2003). Further work by the same group identified significant diffusion changes only in patients 

with complex partial seizures of greater than 60 seconds duration and if  the time from seizure to DWI scan was 

less than 15 minutes. Generalised seizures were associated with global ADC change (Hufhagel et al. 2003). The 

authors concluded that regions of ictally decreased ADC are useful in the localization of the seizure focus in some 

patients with TLE.
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Interictal studies have also been performed on patients with epilepsy. To date these have focused on 

structural abnormalities, such as hippocampal sclerosis, head injury, ischaemic lesions and malformations of 

cortical development (MCD).

In a study of patients with hippocampal sclerosis, anisotropy was reduced and averaged ADC was 

increased in sclerotic hippocampi compared to control subjects suggesting structural disorganisation and an 

expansion of extracellular space. This was thought to reflect neuronal loss, reduction o f dendritic branching and 

microstructural changes associated with epileptogenesis (Wieshmann et al. 1999a). These results concurred with a 

similar study o f patients where a significantly increased averaged ADC was found in sclerotic hippocampi. 

Changes in the anisotropy index in this second study were not significant however (Hugg et al. 1999).

Patients with epilepsy and malformations o f cortical development have been studied with DTI 

(Wieshmann et al. 1999c). In all three patients, fractional anisotropy was significantly reduced within the 

malformation but mean diffusivity was increased in only one. This suggests a loss o f directional organisation in 

combination with a preserved cell density. This study adopted a region-of-interest based approach to evaluate areas 

of MR visible abnormality only; normal appearing cerebral tissue was not examined. It is known however, that 

developmentally abnormal tissue often extends beyond that seen on conventional MRI and may affect several 

lobes (Eriksson et al. 1999; Sisodiya et al. 1995b; Woermann et al. 1999a). It would be of interest, therefore, to 

examine cerebral tissue distant from the obvious abnormality for diffusion, particularly anisotropic, changes.

Patients with epilepsy as a result o f head injury have similarly been studied and changes in both mean 

diffusivity and fractional anisotropy have been observed, concordant with neuronal loss, gliosis, and structural 

disorganisation (Wieshmann et al. 1999c; Wieshmann et al. 1999e). Other groups o f patients with, for example, 

epilepsy and chronic cerebral infarcts, perinatal hypoxia, mitochondrial cytopathy, or tumours have also been 

examined and invariably reduced anisotropy and frequently increased diffusivity were observed within each lesion 

(Wieshmann et al. 1999c; Wieshmann et al. 1999b).

Anisotropic changes have been reported following temporal lobe resections for the treatment o f epilepsy. 

In patients with a visual field defect after surgery, there was reduced anisotropy in the ipsilateral optic radiation, in 

areas distant from the site o f resection, suggesting the presence of Wallerian degeneration (Wieshmann et al. 

1999d; Beaulieu et al. 1996).

1.2.5.4.4 Other conditions

Diffusion weighted and diffusion tensor imaging have been applied to many other conditions in both experimental 

and clinical settings (Table 1.6).
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Table 1.6 Other diseases / conditions studied with diffusion imaging

Disease / Condition Diffusion imaging

multiple sclerosis (Werring et al. 1999; Droogan reduced anisotropy and increased mean diffusivity within

et al. 1999; Horsfield et «/. 1996; Cercignani et n/. inflammatory lesions and normal-appearing white matter.

2000; Tievsky et al. 1999; Rovaris et al. 2002) Correlates with pathological severity,

and experimental allergic encephalomyelitis 

(model o f multiple sclerosis) (Heide et al. 1993)

cerebral tumours (Hajnal et al. 1991; Tien et al. reduced ADC within solid tumours, increased ADC within

1994; Wieshmann et al. 2000; Bastin et al. 1999; necrotic or cystic tumours. Diffusion tractography

Lu et al. 2003; Beppu et al. 2003) demonstrates displacement o f tracts around tumour.

Peritumoral MD can be used to distinguish high-grade 

gliomas from metastatic tumors, peritumoral FA 

demonstrated no statistically significant difference.

FA predicts histological characteristics such as cellularity, 

vascularity and/or fiber stmcture in astrocytic tumors

motor neuron disease (Ellis et al. 1999; Jacob et 

al. 2003)

reduced anisotropy and increased mean diffusivity in 

corticospinal tracts. Correlates with disease severity and 

subtype o f motor neuron disease

CADASIL (cerebral autosomal dominant 

arteriopathy with subcortical infarcts and 

leucoencephalopathy) (Chabriat et al. 1999; 

Molko et al. 2002)

reduced anisotropy and increased mean diffusivity in 

lesions and normal-appearing white matter. Quantitative 

DTI can be used to monitor disease progression

HIV encephalopathy (Doran et al. 1990) reduced anisotropy in clinically concordant white matter.

progressive multifocal leucoencephalopathy 

(Hajnal era/. 1991)

reduced anisotropy throughout white matter.

schizophrenia (Foong et al. 2000b; Minami et al. 

2003)

reduced anisotropy and increased mean diffusivity in 

splenium o f corpus callosum, and other white matter tracts.

cerebral trauma (Werring et al. 1998; Wieshmann reduced anisotropy in tracts concordant with clinical

et al. 1999e; Chan et al. 2003; Huisman et al. disability.

2003) DWI identifies diffuse axonal injury not visible on

conventional MRI

transient global amnesia (Strupp et al. 1998) reduced ADC in hippocampi

Alzheimers disease (Hanyu et al. 1999; Sandson reduced anisotropy in white matter. Increased averaged

et al. 1999; Yoshiura et al. 2002) diffusion in hippocampi.

MD in the posterior cingulate white matter is proportional

to degree of cognitive impairment..
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Creutzfeldt-Jakob disease (Bahn and Par chi 1999; DWI hyperintensity in basal ganglia and cortex. Changes

Demaerel et al. 1999; Matoba et al. 2001; Yee et seen earlier than on conventional MR imaging.

al. 1999; Demaerel et al. 2003; Mendez et al. Multifocal cortical and subcortical grey matter

2003) hyperintensities may be a more useful noninvasive

diagnostic marker for CJD than CSF protein 14-3-3. 

Reported to be 100% sensitive and specific (12 patients)

As diffusion imaging develops further and as the realisation that it can offer unique information about the 

microstructural envirorunent becomes more widely appreciated, many other disease processes will be studied.

1.2.5.5 Tractography

Knowledge o f the link between functional brain regions and anatomical fibre connections is essential to fully 

characterise the organisation of cerebral tissue (Goldman-Rakic 1988; Mesulam 1990). With current conventional 

MRI techniques, the white matter o f the brain appears homogeneous and the complex arrangement of fibre tracts 

remains undisclosed. Imaging sensitive to the diffusion of water can describe this complex structure and provide 

information on cerebral connectivity.

After diffusion weighted imaging established the anisotropic nature o f cerebral white matter (Chenevert 

et al. 1990; Moseley et al. 1990a; Pierpaoli et al. 1996), attempts were made to display this information in a 

comprehensive, yet understandable format.

Preliminary proposals focused on the generation of colour-coded maps o f nerve fibre orientation based on 

the anisotropic quality of each voxel. Different colours were assigned to orthogonally orientated fibres with the 

saturation of the colour proportional to the degree of anisotropy (Douek et al. 1991). These colour maps were 

compared with the subjects’ anatomical images and regions of anisotropic diffusion identified. On coronal images, 

as expected, the corpus callosum and the vertical corona radiata fibres were appointed different colours. Overall, 

the orientation-coded colour maps were in good agreement with known anatomy and showed, for the first time, 

that individual white matter fibre tracts can be discerned. Limitations o f this approach include the disadvantages of 

using diffusion-weighted imaging rather than diffusion tensor imaging, colour coding for a specific direction of 

anisotropy rather than an individual tract which may lead to the same tract possessing varying colours o f differing 

intensities throughout its length, and the use o f varying diffusion gradient strengths depending on the applied 

direction (a limitation of the hardware) resulting in inaccurate ADC calculation.

With the introduction of diffusion tensor imaging, alternative methods for displaying anisotropic information and 

hence nerve fibre tracts were proposed. Diffusion ellipsoid images are graphical representations of the diffusion 

tensor within each voxel and highlight the three-dimensional character o f diffusion directionality (Plum, Posner, 

and Troy 1968; Pierpaoli and Basser 1996; Pierpaoli et al. 1996) (figure 1.4).
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Figure 1.4: (A) Axial T2-weighted image o f in vivo cat brain. (B) Diffusion ellipsoid image constructed from the 

effective diffusion tensor, estimated in each voxel for the ROl enclosed by the white square in (A) which contains 

both CSF and white matter tracts of the internal capsule. (Reproduced from Basser and Pierpaoli 1996)

Alternatively, they may be interpreted as the surfaces of constant mean-squared displacements of diffusing water 

molecules at a particular time after they are released at the centre o f each voxel. The degree of diffusion anisotropy 

is characterised by the shape or eccentricity of the ellipsoid, the overall mobility o f the diffusing medium is related 

to the size o f the ellipsoid and the preferred direction o f the diffusion is indicated by the orientation o f the 

ellipsoid. An isotropic voxel is represented by a spherical ellipsoid, whereas in white matter, which possesses 

anisotropy, the ellipsoid is markedly eccentric and orientated parallel to the fibre tract it represents. Constraints of 

this technique include displaying only a single slice when tracts often traverse many slices, and the lack of 

quantitative information.

More recently, an alternative method o f displaying anisotropy information based on colour-coding 

principal eigenvectors has been proposed (Makris et al. 1997). This approach utilises both the advantages of 

diffusion tensor imaging and the visual clarity o f colour maps. Different colours are assigned to three principal 

eigenvectors in each voxel. An oblique vector is assigned a mixture o f colours depending on the magnitudes o f the 

vector components. In addition, the brightness of the colours in each voxel are proportional to the lattice anisotropy 

index, thereby indicating the degree of directionality. These colour maps are then compared with an atlas o f human 

neuroanatomy and specific fibre tracts identified in normal controls. Using this method, disordered tracts within an 

area o f damaged brain were identified in a patient with a chronic parietal infarct. Other studies have adopted 

similar approaches to displaying anisotropic information based on colour-coded maps and have applied them in the 

study o f normal individuals and patients with cerebral pathology including infarcts, haemangiomas and tumours 

(Peled et al. 1998; Inoue et al. 1999; Nakada et al. 1999). It is important to note, however, that these studies were 

performed with anisotropic sampling voxels (for example, 1.5 x 1.5 x 6 mm) which reduces the sensitivity o f the 

technique in the slice-selecting plane. The use of isotropic voxels allows smaller tracts to be identified but at the 

cost o f a lower SNR and longer scanning times. Recently, a DTI sequence has been developed which produces 

isotropic, high-resolution (2.5mm^) voxels within a clinically acceptable time (Jones et al. 2002b). The studies 

which use colour-coded orientation maps display anisotropy information about the whole brain without specifically 

identifying the track o f an individual nerve tract. To address this limitation the technique of tractography has been 

developed which reconstructs the neuronal projections by tracking individual vectors. Using this method, the 

pathway, and hence connectivity, o f a specific tract can be displayed.
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Initial approaches involved taking an individual voxel in a fractional anisotropy map and assigning it to a 

particular “class” according to its orientation (Jones et al. 1999). Then each o f the 26 surrounding nearest 

neighbours (in a 3 x 3 x 3 kernel) were considered in turn for connection to the central voxel. If  a neighbouring 

voxel satisfied the criteria of minimum fractional anisotropy and compatibility of eigenvectors, i.e. maximum of 

45° between adjacent voxels, the voxel was assigned to the same class as the original central voxel. The algorithm 

thus proceeded through all the voxels in the image. A colour scheme was then applied to the map so identical 

colours represented the same tracts throughout the brain. Using this technique, individual tracts, such as the corpus 

callosum and internal capsule, were successfully tracked independent o f their orientation in any given image slice. 

This method uses a discrete rather than a continuous vector field which tends to lead to a deviation of the tracking 

from the true fibre orientation. This constraint was addressed in studies o f fibre tracking in the rat brain using a 

technique termed fibre assignment by continuous tracking (FACT) (Xue et al. 1999; Mori et al. 1999). This 

method also uses the strength of alignment between adjacent voxels to determine the orientation o f the track but 

follows individual paths rather than assigning colour codes after indiscriminately spreading voxel-by-voxel 

throughout the whole brain. Discrete fibre tracts can then be identified and correlated with an atlas of rat 

neuroanatomy. However, this technique was unable to distinguish between afferent and efferent pathways, and was 

insensitive to the inadvertent switching o f pathways if two tracts became close or the branching or diverging of 

tracts. Alternative tractographic methods applied to the study o f normal human brain include following the 

pathway o f “fastest” diffusion (direction o f greatest anisotropy) (Conturo et al. 1999), “fast marching” algorithms 

to generate maps representing the likelihood of connection between seed and tracking termination points 

(Ciccarelli et al. 2003a), probabilistic (Behrens et al. 2003), random walk (Hagmann et al. 2003) and diffusion 

tensor deflection algorithms (Lazar et al. 2003). A number of principal white matter pathways have been mapped 

using these techniques, for example, the corpus callosum (Catani et al. 2002; Hagmann et al. 2003) (figures 1.5 

and 1.6), thalamo-cortical connections (Behrens et al. 2003), the inferior longitudinal fasciculus (Catani et al. 

2003) (figure 1.5), pyramidal tracts (Guye et al. 2003; Basser et al. 2000) (figure 1.6), and spinal cord tracts using 

a high resolution diffusion sequence (Wheeler-Kingshott et al. 2002). Validation remains challenging however, 

and relies on histopathologically established brain atlases to confirm trajectories (Parker et al. 2002; Hagmann et 

al. 2003).

Tractography has also been applied in pathological conditions, for example, multiple sclerosis (Wilson et al. 2003), 

cerebral tumours where the results may be used to plan resective neurosurgery to reduce the risk o f injury to the 

major fibre tracts (Holodny and Ollenschlager 2002; Guye et al. 2003), stroke (Kunimatsu et al. 2003; Pierpaoli et 

al. 2001) and malformations of cortical development (Eriksson et al. 2002). In the latter study, tracts were 

followed through subcortical bands of heterotopic grey matter. This concurs with histopathological data which 

describes the existence o f white matter tracts traversing these malformations (Harding 1996). Until recently, the 

application o f tractography to human pathology has concentrated on the visual assessment of fibre trajectories and 

comparison with control subjects or anatomical atlases. The quantitative evaluation o f tractographic or 

connectivity maps is an important goal however, and is more objective and possibly more sensitive and 

reproducible than a qualitative appraisal. A number of studies have made important advances in this regard 

(Ciccarelli et al. 2003b; Jones 2003; Guye et al. 2003), however, methodological constraints exist. These include 

inaccuracies introduced by unrestrained normalisation o f either eigenvectors or the whole tensor (Jones et al.
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2002a), wide inter-subject variation and intra-subject "uncertainty" with respect to the course and trajectory of the 

major white matter tracts (Ciccarelli et al. 2003a; Jones2003), and disturbances of anisotropy at fibre crossing 

points which may be variable in both position and magnitude between individuals (Pierpaoli et al. 2001).

In summary, tractography using diffusion tensor imaging can be used to characterise the potential 

anatomical connections between functional domains permitting a more detailed study o f the organisation of normal 

and pathological cerebral tissue to be undertaken.

temporal loop
optic tract

optic radiations

splenium fibres
inferior longitudinal fasciculus

temporal pole

Figure 1.5: Diffusion tractographic representation o f the visual pathway of the right hemisphere and splenium of 

the corpus callosum, (reproduced from Catani et al. 2003).
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Figure 1.6: Three-dimensional tractography of a normal subject showing the anterior (yellow) and posterior (blue) 

part o f the corpus callosum, and the left and right (green and red) cortico-spinal tract, superimposed on an axial 

MR image through the lateral ventricles. Top and bottom images present two different views of the same 

tractography result (reproduced from Westin, C.-F. et al. 2002 (Westin et al. 2002))
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1.2.6 Magnetisation Transfer Imaging

1.2.6.1 Theory

Conventional M R imaging sequences exploit differences in the proton density, T, and T 2  times to provide contrast 

and tissue conspicuity within an object being studied. Additional contrasts may be provided by advanced MRI 

techniques, such as magnetisation transfer imaging (MTI).

The principle concept of MTI involves the exchange of magnetization between three separate proton 

pools (figure 1.7):

• free protons in bulk water

• tightly bound protons on macromolecules

• transiently bound hydration layer protons

The protons tightly bound to macromolecules, because of their immobility, have a very broad (-20kHz) MR peak 

and a very short T2. They are, therefore, invisible to conventional MRI. MTI, however, offers an insight into this 

macromolecular environment by an observable effect o f the bound protons on the free water pool (W olff and 

Balaban 1989; W olff and Balaban 1994).

One o f the fundamental assumptions involved in describing the magnetisation transfer (MT) process is 

that the state o f magnetisation of a proton can be transferred to a like proton in an adjacent molecule possessing 

different relaxation properties. This is based upon modified Bloch equations (Bloch 1946; McConnell 1958) and 

magnetic resonance spectroscopy experiments evaluating chemical exchange models (Forsen and Hoffman 1963b). 

Chemical exchange describes a mechanism where protons are physically transferred from one molecule to another. 

Alternatively, a “chemical exchange equivalent” process may occur where the molecule, on which the proton 

resides, changes its stmcture or moves between chemically different compartments (for example, intra- to 

extracellular shift). Chemical exchange can occur even when the molecules involved have different relaxation 

properties, for example, free water and protons tightly bound to macromolecules, such as proteins and membrane 

lipids. The transference o f protons between molecules is paralleled by a change in the net magnetisation in each 

compartment.

MT can occur in the absence o f physical (chemical) exchange, due to a process termed cross-relaxation 

(Hoffman and Forsen 1966). This is a particular form of dipole-dipole interaction in which a proton on one 

molecule transfers its spin to that on another molecule without explicit chemical exchange. Cross-relaxation 

typically occurs when water molecules are closely associated, or transiently bound with macromolecules. The 

transference o f spin is associated with a compartmental change in magnetisation.

Through these two atomic interaction mechanisms, chemical exchange and cross-relaxation, and through 

the continuous diffusional exchange of transiently bound and free water molecules, magnetisation can be 

transferred from one proton pool to another, despite the compartments possessing different relaxation properties. 

This results in the observed proton relaxation times reflecting characteristics o f both the free water protons and the 

macromolecular environment.
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Figure 1.7: Schematic diagram of proton pools in biological tissue. The central arrow represents diffusion between 

the free water pool and the transiently bound surface water pool. Magnetisation transfer effects occur between 

macromolecular protons and transiently bound surface water molecules.

By exploiting these processes, MTI represents a window into this environment. This is achieved by 

selectively saturating the macromolecular pool o f protons with an off-resonance pulse. This pulse typically has a 

bandwidth of several hundred hertz and is shifted from the water resonance by 1000 to 2500Hz. Protons in the 

immobile and transiently bound water pools are saturated, without affecting those in free water (figure 1.8). A 

standard imaging sequence is performed immediately after the saturation pulse and, because of the transfer of 

magnetisation between the macromolecular and free proton pools, new tissue relaxation characteristics and image 

contrasts are observed. The amount o f saturation transfer depends on the number of protons in each pool, the rate 

of exchange with the free water protons, the relaxation characteristics of the tissue and properties of the saturating 

pulse (power, frequency and duration) (Balaban and Ceckler 1992).
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Figure 1.8: Magnetisation transfer pulse applied off water resonance saturates the broad macromolecuiar proton 

pool without directly affecting the free water pool. Indirect effects on this pool occur through transfer of 

magnetisation by dipolar and chemical exchange interaction.

Signal intensity on a conventional T1-weighted image is determined by the amount of longitudinal 

magnetisation which has been flipped into the transverse plane by a radiofrequency (RF) pulse. T1 relaxation 

occurs due to a transfer of energy from the nuclear spin system to the environment. This results in a regrowth of 

longitudinal magnetisation, and the T1 value is defined as the time taken for 63% of this magnetisation to recover. 

Once all the magnetisation has recovered, applying a further RF pulse will flip the longitudinal magnetisation into 

the transverse plane and a further signal o f the same magnitude will be detected by the receiver coil. If the pulse is 

applied before all the longitudinal magnetisation has recovered, less magnetisation is available to be flipped into 

the transverse plane so less signal is “seen” by the receiver. This will result in most tissues appearing darker on the 

reconstructed T1-weighted image.

Following an off-resonance saturation pulse during MTl, the net longitudinal magnetisation of the 

macromolecuiar bound protons approaches zero. The free water protons possessing longitudinal magnetisation 

(unaffected by the off-resonanee pulse) will be subject to cross-relaxation and chemieal exchange with the bound 

macromolecuiar protons without longitudinal magnetisation (figure 1.9). This results in a smaller net longitudinal 

magnetisation component in the free water pool (the visible MRl pool) being available to be flipped into the 

transverse plane by the standard RF pulse. Thus, the signal intensity is reduced and tissues appear darker on the 

T1-weighted image (McGowan 1999). The reduction in signal intensity is greatest in regions where the transfer of 

magnetisation is most "efficient", and, assuming imaging parameters are kept eonstant, this is primarily attributable 

to an increased concentration o f macromolecules within the voxel.

In addition to the concentration of macromolecules, characteristies that determine MT include the 

macromolecuiar surface chemistry and biophysical dynamics. Greater magnetisation transfer contrast (MTC) has 

been observed in tissues with a high plasma membrane content, such as kidney or brain, suggesting that one or 

more of the components of cell membranes are the main determinants of MT (W olff and Balaban 1989).
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Furthermore, the presence of a cross-relaxation pathway between lipid and bulk water protons, where selective 

irradiation o f the free water pool affected the T1 values o f the lipid, has also been reported (Fralix et al. 1991). 

Increasing concentrations of cholesterol in a sample o f phosphatidylcholine was shown to enhance magnetisation 

exchange between bulk water and the macromolecuiar matrix, possibly by increasing the number and affinity of 

water interaction sites, or increasing the residency time o f water per site on the lipid (Fralix et al. 1991). This effect 

of cholesterol was later confirmed by Kucharczyk et al, who also noted a similar effect with sphingomyelin. The 

greatest increase in MT was observed with galactoeerebroside (GC) however, which was pH dependent, indicating 

that chemical exchange was the predominant magnetisation transfer process (Kucharczyk et al. 1994).

free water
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Figure 1.9: Schematic diagram of magnetisation transfer mechanisms in biological tissue, including cross­

relaxation and chemical exchange interactions between maeromolecular protons (hydroxyl and NH3 groups) and 

transiently bound water.

Macromolecules are therefore not equally effective in modulating relaxation and MT. The presence o f a hydroxyl 

group on the surface of a lipid membrane facilitates interaction between the molecule and surrounding water, 

thereby shortening the relaxation time and increasing the MT effect (Koenig 1991; Fralix et al. 1991; Koenig et al. 

1990). Replacement o f  this hydroxyl group by, for example, a chloride, eliminates the MT effect (Koenig 1991). 

Cholesterol expresses a single hydroxyl group on its surface, whereas GC displays four. In addition, the hydroxyl 

groups in GC are orientated perpendieular to, and extend outward from the membrane surface, increasing the 

thickness o f the interface region and further facilitating interactions with bulk water (Kucharczyk et al. 1994). 

These factors result in a greater MT effect in tissues containing predominantly GC, such as mature white matter.
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Prior to myelin formation, cholesterol, phospholipids, fatty acids, and monoglycerides are abundant in white 

matter. With the onset o f myelin synthesis, the amount of cholesterol and phospholipids increases further, and 

myelin-associated lipids (sphingomyelin, galactocerebrosides, and sulfatides) appear (Kinney et al. 1994). This 

results in mature white matter having a greater MTR than developing brain (van Buchem et al. 2001).

The concentration of sphingomyelin in mature white and grey matter is very similar and there is only one- 

third more cholesterol in white matter than grey (Morell et al. 1989). Galactoeerebroside is three times more 

abundant in adult white than grey matter and is, therefore, the most likely explanation for the stronger MT effect in 

adult white than grey matter (Mehta et al. 1995a; Kucharczyk et al. 1994). In addition to the concentration of 

cerebroglycosides, cholesterol, sphingomyelin, and phosphatidylcholine, other possible explanations for white 

matter possessing a greater MT effect than grey matter include density o f neurons, iron deposition, and tissue 

hydration and vascularity (Elster et al. 1994a; Silver et al. 1997a).

1.2.6.2 Development

In 1963, For sen and Hoffman (Forsen and Hoffman 1963a; Forsen and Hoffman 1963b) investigated the 

magnetisation exchange dynamics between two chemicals with different resonant frequencies, using nuclear 

magnetic double resonance. Saturating RF' excitation was applied sequentially at each spin resonance, whilst the 

magnetisation of the opposite spin resonance was measured. The first magnetisation transfer study of biological 

tissue was performed in 1977, by Edzes and Samulski who used the technique o f "selective hydration inversion" to 

study collagen and muscle (Edzes and Samulski 1977). The earliest M R imaging studies employed an off- 

resonance RF pulse to selectively saturate the macromolecuiar protons, leaving the free water spins unperturbed, to 

improve image contrast (Muller et al. 1983; W olff and Balaban 1989). Numerous methods to achieve selective 

saturation and hence examine the MT effect in MRI have been employed and include: continuous RF excitation via 

a separate channel (W olff and Balaban 1989), off-resonance pulsed RF excitation using the same RF train as the 

transmit and receive signals to the coil (McGowan III et al. 1994), and on-resonance pulsed RF excitation after 

selective inversion hydration (Hu et al. 1992). The underlying principle of all o f these MT methods is a 

comparison between a baseline condition and a condition in which the proton pool of interest has been indirectly 

disturbed in some way. The difference between these two states yields information about the imaged tissue, in 

particular the macromolecuiar environment, which is not directly obtainable from assessment o f the conventional 

M R parameters o f proton density, T1 and T2.

MT contrast can be examined by either visual qualitative assessment or by the calculation o f quantitative 

parameters. Qualitative assessment includes the use of MT contrast (MTC) in magnetic resonance angiography 

(MRA) and following administration of exogenous contrast agents. The MT effect is generally more effective in 

tissues than fluids. In MRA therefore, the signal from tissue is suppressed whilst blood remains bright. Similarly, 

in studies using exogenous contrast agents, tissue signal from non-enhanced tissue is suppressed whilst contrast- 

enhanced tissue remains bright, thus enhancing lesion conspicuity (Elster et al. 1994b; Fine Hi et al. 1994; Mathews 

et al. 1995). This is because gadolinium (Gd) enhancement is caused by a water-Gd ion interaction, and not 

macromolecuiar cross-relaxation.
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Figure 1.10: A diagram demonstrating the calculation o f an MTR map from two images; one with a prior 

saturation pulse (MTon), and the other without (MToff).

Depending on the image acquisition parameters, the intensity o f a region in an image obtained with MT contrast 

also reflects either proton density or a degree o f relaxation-weighting. To obtain an index o f MT effect which is 

relatively independent o f the other tissue parameters, it is necessary to calculate a ratio of MTC derived from voxel 

values obtained from two sets of images, one with and one without the prior saturation pulse (Figure 1.10) The 

most common calculated parameter is the magnetisation transfer ratio (MTR)

MTR = ( M o - M , ) / M „ x  100%

where Mj and Mq are the magnitudes o f the signals with and without the saturation pulse respectively. Each voxel 

therefore, contains quantitative information regarding the percentage o f signal loss occurring as a result o f the 

saturation of the immobile pool of protons, and consequently represents the efficiency of magnetisation transfer 

between the two pools. MTR values range from near zero in blood and CSF to greater than 50% in tissue that 

contains a high proportion o f poorly mobile macromolecules, such as muscle (W olff and Balaban 1989). The MTR 

map can be examined using region o f interest analyses (Dousset et al. 1992), contour mapping (Kasner et al. 

1997), or by the calculation of histograms (van Buchem et al. 1999).

Region of interest (ROI) analyses of MTR maps have been utilised in numerous studies of normal and 

pathological conditions (Silver et al. 1997a; Tofts et al. 1995; Tanabe et al. 1998; Foong et al. 2000a; Filippi et al. 

1998c). The underlying principle o f this technique is to calculate the mean MTR from a number o f pixels that 

constitute a region drawn on an image. Although simple, reproducible and almost universally employed, ROI 

analyses are subject to partial volume effects from the inclusion of CSF and varying amounts of grey and white 

matter, and operator-induced bias, particularly regarding the sizing and positioning of the ROI. Methods of 

blinding the operators to the clinical data, or drawing ROI on co-registered non-MTR images have been adopted to 

overcome some o f these limitations (Silver et al. 1997a). Contour mapping is an analysis technique which



79

demarcates tissue according to specific values of MTR, overlaying this information onto a co-registered anatomical 

image for accurate localisation. This display method is optimal for conditions with widespread pathological 

involvement, such as multiple sclerosis (MS) or progressive multifocal leucoencephalopathy (Kasner et al. 1997). 

Histogram analysis is an alternative technique for interrogating MTR data in conditions with diffuse abnormalities 

(van Buchem, McGowan, and Grossman 1999). Following MT imaging, the data set is segmented to remove 

extracerebral tissue. MTR values are then calculated for each pixel and from this, a mean MTR value and a 

graphical representation o f the range of MTR values and pixel counts are obtained. These histograms are then 

normalised to account for differences in cerebral volume between individuals. A number o f variables can be 

evaluated and compared with a control MTR histogram, processed under identical conditions. These variables 

include, location of the peak on the x  axis (median MTR value) and y  axis (number of pixels at the median MTR 

value), and 25^, 50* and 75* percentiles. Differences in these parameters between controls and patients yields 

information about the burden o f disease, or lesion load in the whole brain. MTR histogram analysis offers a 

number of benefits including, the assessment of normal appearing tissue in addition to conventional MRI visible 

pathological tissue, and the absence of operator-induced bias. However, the technique lacks localising information, 

is particularly sensitive to partial volume effects and tissue atrophy and, by including MTR values from every pixel 

in the brain, minor or subtle changes may be overlooked due to the overwhelming number o f normal values. 

Furthermore, only a distribution of pixel MTR values, rather than absolute values is obtained (Silver et al. 1998). 

This technique has been used to study age-related changes (Tanabe et al. 1997) and most commonly, MS (van 

Buchem gf nZ. 1996; van Buchem ef n/. 1997).

In addition to the calculation o f MTR, alternative quantitative parameters for the evaluation of the MT 

effect include the measurement of T1 values with and without the saturation pulse (Tlsat and T1 respectively). 

Theoretically, the variation in the T1 values under these two conditions describes the rate o f magnetisation transfer 

more accurately than MTR which is, by comparison, more susceptible to alterations in the experimental conditions 

(McGowan 1999). The difficulty however, is that the measurement o f T1 and Tljat is challenging, and relies on the 

creation o f a perfect selective saturation condition. This is a practical impossibility which, once again, results in the 

estimation of M T being dependent upon the acquisition parameters. The Z-spectmm is a term used to describe the 

variation o f MT with saturation pulse frequency. As the frequency of the offset saturation pulse is moved further 

and further away from water resonance, the MT effect diminishes. Applying the pulse at a frequency close to 

resonance will begin to affect the water spins directly. Mapping the Z-spectra for a range o f saturation power levels 

may allow complete characterisation of a tissue with regard to its relaxation and exchange properties (Holt et al. 

1994; Grad et al. 1990). This technique has most recently been applied in an MTI study o f demyelination, where a 

number o f parameters, including the bound water fraction, exchange rate, and transverse relaxation time of the 

bound pool were altered in cerebral tissue derived from patients with MS compared to control brain. This was 

achieved on a 1.5T scanner in a clinically acceptable scan time, suggesting that this technique may be extended to 

in vivo human studies (Ramani et al. 2001). A number of related techniques have been developed which yield 

parametric images of the fractional size of the restricted pool, magnetisation exchange rate and the relaxation times 

of both the restricted and free proton pools (Sled and Pike 2001).

Early MTI methods employed a continuous radiofrequency wave to provide off-resonance saturation of 

macromolecules (W olff and Balaban 1989). These long pulses, delivered by an auxiliary RF amplifier, had a very 

narrow bandwidth to minimise direct saturation of the water resonance. Clinical application was limited, however.
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by long scanning times and safety issues regarding energy deposition. Pulsed saturation techniques employ either a 

brief off-resonance or on-resonance RF pulse to selectively saturate the “bound” pool o f protons (Hu et al. 1992; 

Yeung and Aisen 1992). Off-resonance pulse techniques exploit the different bandwidths o f the proton pools in the 

same way as continuous wave, and similarly encounter high specific absorption rates (SAR). They are, however, 

more time-efficient, amenable to currently available MRI hardware, and easily incorporated into commonly used 

multi-slice sequences. Recent advances in off-resonance techniques, in particular the use o f a double quantum filter 

to selectively excite the restricted proton pool, enables independent control o f the effect o f the macromolecule 

characteristics, chemical exchange, and water-related parameters on the images (Neufeld et al. 2003). On- 

resonance techniques use low flip angle saturation pulses at varying phases to obtain selective saturation (Hu et al. 

1992). This results in reduced energy deposition in tissue and minimal direct saturation o f the freely mobile pool of 

protons, but at the expense o f greater sensitivity to motion artefacts and field inhomogeneities.

Qualitative assessment of MTC requires the acquisition o f only a single image. To calculate a map of 

MTR, images with and without the saturation pulse must be obtained. To ensure accurate and reliable quantitative 

MTR results are obtained, particularly where image intensity is varying rapidly with position (for example, in 

small lesions), the two data sets require coregistration. Assuming that there is no significant movement over the 

time required to collect one complete phase encode step (typically a few seconds) interleaved MR sequences result 

in exact co-registration of images (Barker et al. 1996). These sequences, particularly MTI, are however, inherently 

time-inefficient as delays occur whilst the MT effect builds and diminishes between each slice. High resolution 

MTI with satisfactory slice-coverage in a time suitable for clinical studies is therefore not possible. An alternative 

approach is to acquire MT-weighted and non-MT-weighted images consecutively (Boulby et al. 2000). This is 

time-efficient, but sensitive to positional change occurring between the acquisition o f the separate images (several 

minutes). Post-processing co-registration is possible however, permitting correction o f intrasubject positional 

variation and serial MTI studies to be performed. Accurate translation of these images and subsequent correct 

calculation of the MTR map is greatly facilitated if  the acquisition is 3-dimensional (Hajnal et al. 1997).

1.2.6.3 Limitations of in vivo MTI

MTR is not an absolute measure, but is highly dependant upon the chosen imaging parameters. These include, the 

bandwidth, shape, power and frequency offset o f the MT pulse, inter-pulse interval, and the presence o f direct 

saturation effects on the “free” water resonance (Silver et al. 1999). Further, MT pulses are not slice selective, 

require high RF power and deposit significant energy in the tissue, which may result in exceeding the SAR limits. 

MTI is also affected by patient motion which may require additional, corrective pre-processing steps (Hajnal et al.

1997).

The significant number of imaging variables affecting the resultant quantitative MT measures has resulted 

in a lack of standardisation across imaging centres. This precludes meaningful comparison of, for example, MTR 

maps, in patients imaged on different scanners. Furthermore, longitudinal studies require consistent imaging and 

processing parameters to be used over the study period; any deviation will invalidate the results. The 

implementation of a standardised sequence that performs identically on different scanners and provides adequate 

slice coverage within a clinically acceptable time is therefore an important goal. Alternatively, the use of



81

correction factors or histogram analysis techniques may obviate the need for a standardised imaging protocol 

across centres (Silver, Barker, and Miller 1999).

1.2.6.4 Clinical Applications

1.2.6.4.1 Normal tissue

Initial MT studies o f biological tissue were undertaken by Edzes and Samulski in 1977, who examined excised 

collagen and muscle (Edzes and Samulski 1977). The first in vivo MTI studies, by W olff and Balaban in 1989, 

evaluated the image contrast obtained by saturating the macromolecuiar proton pool, in skeletal muscle and kidney 

(W olff and Balaban 1989). The qualitative finding of a greater MT effect in the renal cortex than in the renal 

medulla was quantified in 1991 by Eng et al, who suggested that the higher lipid bilayer content o f the cortex may 

be responsible (Eng et al. 1991).

The earliest clinical application of MT imaging involved the qualitative evaluation of MTC in 

musculoskeletal disorders. Significant improvements in the contrast between articular cartilage and synovial fluid 

were observed suggesting that a more accurate assessment o f arthritic conditions may be possible (W olff et al. 

1991a). Other normal tissues that have been studied with MTI include the heart, where improved contrast between 

the myocardium and vascular compartment may provide useful information in volumetric or coronary 

angiographic studies (Balaban et al. 1991); the eye, where a more detailed evaluation o f the lens including the 

degree of hydration was possible (Ceckler et al. 1991); the liver, the MT of which showed considerable variation 

amongst normal subjects, thought possibly to relate to iron deposits or a recently ingested high fat meal (Kajander 

et al. 1996; Salo et al. 1997); breast tissue (Pierce et al. 1991); striated muscle, renal cortex, spleen (Kajander et al.

1996); head and neck structures (Yousem et al. 1994); and most extensively, the central nervous system (W olff et 

al. 1991b; Edelman et al. 1992; Koenig et al. 1990; Silver 1997a; Mehta, Pike, and Enzmann 1995a).

In the early animal studies of MTC in cerebral tissue, significant improvement in grey-white matter 

contrast was observed and, furthermore, the level of contrast could be determined by the power or duration of the 

off-resonance RE pulse (Wolff, Eng, and Balaban 1991b). Similar improvements in contrast were seen in human 

brain and spinal cord (Hu et al. 1992). A subsequent, quantitative, experimental study on bovine optic nerve 

proposed that the MT characteristics of white matter related mainly to myelin, suggesting that MTI is particularly 

sensitive to demyelinating conditions (Stanisz et al. 1999).

A quantitative MTI study of normal human subjects reported a lower M TR in grey matter than white 

matter, with the genu o f the corpus callosum possessing the greatest MT effect. There was no significant difference 

in M TR values between different grey matter regions, although a trend towards higher M TR values in the thalamus 

was observed. The higher MTR in the corpus callosum may be due to the presence o f a large number of myelinated 

fibres (approximately 300 million), and the greater MT effect in the thalamus, compared to other grey matter 

tissue, is consistent with the presence of afferent and efferent myelinated fibres within this structure. This study 

also found no interhemispheric, sex or age-related MTR changes in either tissue compartment (Mehta, Pike, and 

Enzmann 1995a). More recently. Silver et al also reported that the corpus callosum possessed the highest MTR 

values compared to other white matter structures, and, in addition, noted interhemispheric and age-related
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differences in normal subjects. Higher MTR values were found in the left hemisphere compared to the right, 

possibly related to cellular, morphological and functional asymmetry between the hemispheres (Wada et al. 1975; 

Shapiro et al. 1986). Increasing age was associated with reduced MTR in all white matter regions studied, and was 

attributed to neuronal and myelin loss, alterations in water content and phospholipid metabolism (Silver et al. 

1997a). The discordant results between these two studies are probably related to differences in the imaging 

parameters, subject recmitment criteria, and data analysis methods, thus highlighting the importance of 

standardising imaging and processing techniques across centres.

Age-related MT changes have been addressed in a number o f other cross-sectional studies. In particular, 

MTC images and MTR histograms have been examined during infant and child development (van Buchem et al. 

2001; Engelbrecht et al. 1998). Engelbrecht et al qualitatively examined MTC images o f normal children aged 1 

week to 80 months and found increasing MTC in white matter with advancing age. This was inversely proportional 

to T2 relaxation times and was attributed to the formation of myelin (Engelbrecht et al. 1998). These findings were 

later quantified by van Buchem et al who used histogram analyses to examine the relationship between increasing 

age and MTR values in children aged 3 weeks to 16 years (van Buchem et al. 2001). As expected, the mean MTR 

increased with brain maturation, consistent with myelination and, more specifically, the increasing concentration 

of galactocerebrosides. However, the peak histogram height was the parameter which most closely paralleled 

increasing age. Although the most rapid changes in MTR parameters occurred during the first 2 years of life, the 

peak histogram height continued to change for a significantly longer period, in agreement with pathological data 

which suggests that myelination continues up to the third decade (Yakovlev and Lecours 1967).

The technique o f analysing MTR histograms was also applied to the study of healthy subjects aged 65 to 

85 years. In particular, areas o f asymptomatic white matter signal hyperintensity, identified on T2-weighted 

images, were compared with normal appearing white matter. MTR values were approximately 10% lower in areas 

o f signal hyperintensity compared to normal white matter implying loss of structural integrity, and furthermore, 

MTR values in all tissue compartments were inversely proportional to increasing age (Tanabe et al. 1997). 

Pathologic correlates of asymptomatic areas of white matter hyperintensity include dilated Virchow-Robin spaces, 

infarction, gliosis, cystic cavitation, axonal loss, and chronic extravasation o f fluid. The authors hypothesised that 

by analysing the histograms further, in particular to see whether the histogram is constructed from a single 

distribution or mixture of distributions, subclassifications of abnormal tissue may be elucidated.

J.2.6.4.2 Epilepsy

The earliest MTI study in epilepsy was undertaken in 1995 by Tofts et al, who used a hippocampal region-of- 

interest based analysis to investigate three patients with temporal lobe epilepsy (Tofts et al. 1995). Reduced MTR 

was found in the abnormal hippocampi of all patients, as defined by MR-identified volume loss and EEG data. The 

contralateral hippocampus, in each case, had normal MTR values. Gliosis in the affected hippocampi was 

suggested as the pathological correlate for the reduced MTR. More recently, Li et al, attempted to confirm these 

findings in a larger cohort o f patients with TEE. MTR values of amygdalae and hippocampi in 10 patients were 

compared with similar regions in control subjects. Three patients had significantly different MTR values compared 

to the control group; however, only one was concordant with electroclinical data. It was suggested that although
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there was neuronal loss in the affected hippocampi, a decrease in hippocampal volume may result in the cell 

density, and therefore the MTR, remaining relatively preserved (Li et al. 2000). It is also possible that a change in 

the concentration and distribution o f macromolecules as a result of gliosis may lead to an increase in MTR, even in 

the presence of neuronal loss and reduced tissue density. In addition to region-of-interest based analyses, MTR 

histograms have also been utilised in the investigation o f patients with epilepsy. Compared with control subjects, 

patients with nocturnal frontal lobe epilepsy (NFLE) had lower MTR histogram peak heights, suggesting subtle 

widespread abnormality (Ferini-Strambi et al. 2000). No differences in MTR between frontal and non-frontal 

cerebral tissue were detected, consistent with the knowledge that NFLE is a genetically determined ion channel 

disorder which presumably affects all neurons. The authors proposed that the pathological substrate for the 

abnormal MTR in these patients was diffuse gliosis, however, the rationale behind this hypothesis is not clear and, 

moreover, the MTR in patients with idiopathic generalised epilepsy, who were studied concurrently, was normal. 

Alternative suggestions for the reduced MT effect may include: altered cell membrane structure or permeability, or 

reduced macromolecuiar concentration or cell density. MTI was also used to study patients with solitary 

cysticercal brain cysts and focal epilepsy (Pradhan et al. 2000; Gupta et al. 1999a). Perilesional gliosis, only 

visible on MTC images, was associated with refractory epilepsy and a greater chance o f seizure recurrence on 

cessation of anti-epileptic medication. The authors concluded that in patients with neurocysticercosis, MTI 

provides prognostic information (Pradhan et al. 2000). In a region-of-interest based study o f 10 patients with 

malformations of cortical development (MCD), abnormal MTR values were identified in the grey matter o f 7 

patients (Sisodiya et al. 1996a). These were all within the MCD identified on routine MRI. No white matter or 

extralesional MTR abnormalities were detected.

1.2.6.4.3 Other conditions

Initial MTI studies o f CNS disorders were used to accentuate MR angiography and to increase the conspicuity of 

gadolinium contrast enhancement. The application o f a saturation prepulse in contrast-enhanced imaging increases 

the contrast-to-noise ratio and improves conspicuity of normal cerebral structures and cerebral pathology (Finelli et 

al. 1994; Kurki et al. 1992; Elster et al. 1994a). Knauth et al compared MTI and a single dose o f contrast agent, 

with non-MT imaging and a triple dose of contrast agent, in 24 patients with cerebral neoplasia and found the two 

methods to be equally efficacious in identifying lesions (Knauth et al. 1996). In demyelinating disease, however, 

triple-dose non-MT imaging reveals more lesions than single-dose MTI (van Waesberghe et al. 1997; Silver et al. 

1997b; Bastianello et al. 1998).

MTR in disorders of white matter was first addressed in a study of guinea pigs with experimental auto­

immune encephalomyelitis (EAE) and patients with multiple sclerosis (MS) (Dousset et al. 1992). The EAE 

induced in the animal model resulted in signal hyperintensity on T2-weighted images, only minimal demyelination 

on histopathological examination, and a reduction in MTR of approximately 5-8%. Intralesional MTR was reduced 

by approximately 26% in the patients with MS, suggesting that demyelination affects MTR more profoundly than 

tissue oedema. Further correlation o f histopathological abnormalities with MTR was provided by a study of 

relapsing EAE with demyelination in non-human primates (Brochet and Dousset 1999). A close relationship 

between the degree o f demyelination and decrease in MTR was observed. Furthermore, during pathologically
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proven remyelination, MTR increased. This may have been partly due, however, to resolution o f tissue oedema. A 

post-mortem MTI study of brains from patients with MS similarly showed a strong correlation of reduced MTR 

with the degree o f demyelination and percentage o f residual axons (van Waesberghe et al. 1998). Overall, it 

appears that demyelination and axonal loss are the principal determinants o f reduced MTR in MS, although 

inflammation and oedema contribute, albeit to a lesser extent (Brochet and Dousset 1999).

A large number of clinical studies have been performed in MS. Region-of-interest analyses of MS lesions 

and normal appearing white matter (NAWM) have shown a range o f abnormal M TR values within lesions 

suggesting the presence o f a spectrum o f pathological change and, in addition, reduced MTR in NAWM when 

compared to control subjects (Filippi et al. 1995a; Loevner et al. 1995; Filippi et al. 1998c; Laule et al. 2003). 

Baseline disability has been correlated to T1-lesion load (Truyen et al. 1996), and inversely correlated to average 

lesion MTR (Gass et al. 1994). Furthermore, the average change in brain MTR between baseline and at 1 year has 

shown a relatively high specificity and positive predictive value for Expanded Disability Status Scale score 

deterioration over a 4.5 year period in individual patients with MS (Rovaris et al. 2003a). MTR ROI analysis has 

been applied to the study o f the evolution of MS lesions. Filippi et al reported that abnormal MTR in NAWM 

preceded the appearance of new enhancing lesions (Filippi et al. 1998c), a finding later corroborated by others 

(Goodkin et al. 1998; Laule et al. 2003; Guo et al. 2001). Post-mortem histological examination o f NAWM in 

such patients revealed diffuse astrocytic hyperplasia, patchy oedema, perivascular infiltration, abnormally thin 

myelin, and axonal damage (Allen and McKeown 1979; Adams 1977). M TR decreases rapidly with the 

appearance of early enhancing lesions. This is followed either by continued decline o f MTR, or complete or partial 

normalisation, which may represent remyelination. The lowest MTR exists in lesions which are hypointense on 

T1-weighted images, a lesional characteristic that is associated with severe demyelination and axonal loss (van 

Waesberghe, Kamphorst, and van W alderveen 1998).

A marked reduction of MTR was observed in the pons of a patient with central pontine myelinolysis, 

again suggesting that myelin is the principal determinant o f the MT effect in biological tissue (Silver et al. 1996). 

This is further supported by evidence from a study of HIV encephalitis, a condition with significant neuronal 

damage but minimal demyelination. MTR was only moderately reduced within each lesion despite extensive signal 

change on conventional MRI and marked cognitive impairment (Dousset et al. 1997).

Acute cerebral infarction becomes evident on MTI after approximately 7 days (Kovacs et al. 1997). 

Subsequently, MTR progressively decreases over the next 12 months, allowing the age o f an infarct to be 

estimated (Prager et al. 1994). Overall, infarction results in a less pronounced decline in MTR than demyelination, 

thereby providing a means to differentiate the two conditions (Mehta et al. 1996; Reidel et al. 2003).

Reduced MTR within normal-appearing white matter in patients with traumatic brain injury and persistent 

neurological deficit has been reported. No patients with complete recovery had an abnormal MTR within NAWM, 

suggesting that MTI is a sensitive method for the detection of subtle traumatic cerebral injury (Bagley et al. 2000).

Quantitative MTI has been applied to a number of conditions in both experimental and clinical settings 

(table 1.7).



85

Table 1.7 Other central nervous system disorders evaluated with MTI

Disease / Condition Magnetisation transfer imaging

Schizophrenia (Foong et al. 2000a; Foong et a l  Reduced cortical MTR in fronto-temporal regions and

2001; Bagary et al. 2003; Bagary et al. 2002) in white matter incorporating the fasciculus uncinatus.

Migraine (Rocca et al. 2000) Normal MTR values despite the presence o f white 

matter abnormalities on T2-weighted images

Chronic obstructive and normal pressure Reduced MTR in normal-appearing white matter

hydrocephalus (Hahnel et al. 2000; Hahnel et al. suggesting difftise WM injury

1999)

Cerebral infection (Mehta et al. 1995b; Pui 2000; Qualitative improvement in lesion conspicuity and

Runge et al. 1995; Kathuria et al. 1998; Gupta et meningeal thickening or enhancement using MTI. MTR

al. 1999b; Pradhan et al. 2000; Gupta et al. reduced in cystic cerebral infection although to a lesser

1999b; Burke e /a /. 1996) extent than cystic infarction or tumour allowing

pathological differentiation. Improved visualisation of 

perilesional gliosis in neurocystercicosis

Systemic auto-immune mediated disorders Abnormal MTR histogram parameters in systemic

(Rovaris et al. 2000) lupus erythematosus but not Bechet’s disease,

W egener’s granulomatosis or anti-phospholipid 

syndrome.

Amyotrophic lateral sclerosis (Tanabe et al. 1998; Reduced MTR in corticospinal tracts, even when T2

Kato et al. 1997) was normal. This is not, however, universally accepted.

Cerebral tumours (Kurki e? u/. 1996; Boorstein e? Significant MT effect in high-grade gliomas and

al. 1994) meningiomas allows differentiation from low-grade

gliomas. Abnormal MTR in normal appearing tissue 

around metastatic tumours, even beyond inc. T2 signal.
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Neurodegenerative diseases - Alzheimer’s disease 

(Hanyu et al. 1999; Imon et al. 1998; van der 

Flier et al. 2002).

Multiple system atrophy (Naka et al. 2002).

Parkinson's disease and progressive supranuclear 

palsy (Hanyu et al. 2001b)

Reduced MTR in the corpus callosum despite normal 

conventional MRI. Peak heights o f MTR histograms of 

patients with mild cognitive impairment and AD 

patients were lower than those of controls for the whole 

brain and, in particular, the temporal and frontal lobes. 

MT imaging revealed more extensive changes in pons, 

cerebral peduncles and putamen than conventional MRI 

No difference in MTR between patients with PD and 

controls, unless associated with dementia or as part of 

PSP when reduced MTR was seen in subcortical white 

matter and subcortical grey matter nuclei respectively.

1.2.7 T2 m apping

1.2.7.1 Theory

In 1946, Felix Bloch presented a set o f mathematical formulations describing the phenomenon of “nuclear 

induction” - the stimulated absorption and emission o f energy from nuclei placed within a magnetic field (Bloch 

1946). Two time constants were introduced, T1 and T2 which described the re-establishment o f nuclear 

magnetisation equilibrium following a radiofrequency pulse. T1 refers to the regrowth of longitudinal 

magnetisation, whereas T2 describes the decay of the transverse components, i.e. loss of phase coherence. The T2 

relaxation time is the time for the transverse magnetisation to decay to e ’ or approximately 37% o f its initial value. 

(Figure 1.11).

37%

T2
TIME

Figure 1.11 T2 decay curve. T2 is the time for the transverse magnetisation (M%y) to decay to approximately 

37%.
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T2 relaxation, which is also called spin-spin relaxation, results from any intrinsic process that causes spins to lose 

their phase coherence in the transverse plane. Typically, this is due to the influence of static or slowly fluctuating 

variations in the local magnetic field, within the tissue itself. I f  a spinning proton transiently experiences a change 

in the local field due to a slow interaction with another spinning proton or through an alteration in the chemical 

environment, it temporarily processes at a slightly different frequency and thus becomes out o f phase with other 

spinning protons. This process is extremely efficient when protons interact with molecules, such as membrane 

lipids and most macromolecules, which are moving, or “tumbling”, at rates significantly lower than the Lamour 

frequency. This results in large molecules possessing a short T2 relaxation time, often too short to be visible on 

standard MR sequences. Conversely, when molecular motion is rapid, for example in cerebrospinal fluid, any local 

field inhomogeneities experienced by a proton average to zero over a short time and an effective distortion in the 

local magnetic field is not seen. The T2 relaxation process is therefore inefficient and T2 values are 

correspondingly long (Fullerton 1992) (Table 1.8).

Table 1.8 Tissue compartments with hydrogen fractions and corresponding T2 relaxation rates.

Tissue Compartment Hydrogen fractions T2 relaxation rate

Macromolecules 5 - 8 % 10 - 100 jisec

Partially bound / Hydration layer water 3 - 5 % 5 - 1 0  msec

Bulk / Free water 90% 1 - 2  sec

Mobile Fatty Acids varies with tissue ~100 msec

Theoretically, T2 relaxation results only from interactions at the atomic and molecular levels within the tissue. In 

practice, however, transverse magnetisation decays more rapidly than predicted, due to inhomogeneities in the 

main magnetic field or susceptibility-induced field distortions produced by tissue placed within the field. This 

results in a shorter T2 relaxation time which is designated T2* (T2-star).
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Figure 1,12: Fast exchange state model for T2 relaxation in normal tissue. Three chemically different proton pools 

are identified: macromolecules excluding mobile fatty acids, water protons, and mobile fatty acid protons. Rigid 

lattice dipole-dipole interactions (a), local field inhomogeneities at macromolecule-hydration layer interface (b), 

exchange diffusion (c), slower reorientation and translation (d), give rise to relaxation times indicated by the solid 

black arrows; the width representing the contribution to the total signal, (adapted from Bottom ley et al. 1987).

The transverse relaxation time of a specific tissue is sensitive to the total amount of water present, its distribution, 

and its interaction with the microstructural environment (Figure 1.12). Pathological processes may cause a 

disturbance to any or all o f these factors, which will in turn modify the relaxation times and, therefore, the image 

contrast. An increase in T2 relaxation time in pathological tissue compared to the normal state is generally 

considered to be due to (Mathur-De Vre 1984):

an increase in total water content 

an increase in the ratio o f free to bound water 

a change in the dynamic structure o f water near macromolecules 

a change in the structure of intracellular water 

a change in the concentration o f paramagnetic ions

In the presence of a single proton species in a homogeneous environment, T2 decay is monoexponential. This 

becomes more complicated in biological tissue, where multiple “compartments” are present, for example, the intra- 

and extracellular space. In addition, the molecular environment is dynamic with proton exchange and water 

diffusion occurring continuously. If two compartments are present but are exchanging rapidly, or if  one o f the 

compartments is small (for example, the extracellular space in normal white matter), then effectively only one
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combined “compartment” can be imaged and the transverse decay will be monoexponential. If  both compartments 

are large or exchange between them is negligible then multiexponential decay may be demonstrated. This has been 

reported in both normal (Whittall et al. 1997; Whittall et al. 1999; Gareau et al. 1999) and pathological tissue 

(Naruse et al. 1982; Kidd et al. 1997; Armspach et al. 1991; Harrison et al. 1995). In normal human white matter, 

three separate pools of protons, each with a distinct decay curve, have been described using a multi-echo spin echo 

sequence (Whittall, MacKay, and Li 1999; Whittall et al. 1997). A pool with T2 relaxation times of between 10 

and 50ms was believed to be water protons compartmentalised between myelin bilayers. A larger pool o f intra- and 

extra-cellular water possessed T2 times o f approximately 70msec, and protons with T2 times greater than 1 second 

were believed to be CSF. Supporting evidence for the multi-compartment model is provided by experimental work 

by Beaulieu et al, who studied excised myelinated and non-myelinated garfish nerves. Medium and long T2 

components were seen in all nerve types but the short T2 component, which was clearly demonstrated in 

myelinated nerves, was absent in non-myelinated fibres (Beaulieu et al. 1998). Using a multi-echo sequence and, 

for example, a least-squares algorithm to convert relaxation decays into exponential components, the total tissue 

water content, myelin fraction, and distribution of T2 values in each structure can be estimated. The construction, 

therefore, o f “short T2 maps” may permit the detection of subtle demyelinating pathology before it is apparent on 

conventional imaging (Moore et al. 2000; MacKay et al. 1994; Vavasour et al. 1998).

Biexponential T2 decay has been reported in experimental oedema, with a short T2 component 

representing intracellular water, and a long T2 component representing oedematous intramyelinic spaces. The 

magnitude of the long T2 component was proportional to the degree o f oedema, determined ultrastructurally 

(Bames et al. 1986a; Bames et al. 1986b). Furthermore, transverse decay curve characteristics have been shown to 

discriminate between vasogenic and cytotoxic oedema, reflecting the different protein contents in each state 

(Bames et al. 1987). This distinction was not possible on visual assessment o f the images. Conversely, tissue 

gliosis is characterised by only mildly elevated T2 relaxation times and a monoexponential decay curve, reflecting 

minimally increased total tissue water content and increased water shifts as a result o f loss o f restrictive myelin 

layers (Bames et al. 1988).

1.2.7.2 Development

A number of different methods have been described for measuring T2. In liquids, T2 times can extend over many 

seconds. Over this time course, accurate measurements o f T2 are hampered by inhomogeneity o f the magnetic 

field. To overcome this, and estimate the tme, “natural” T2, several techniques were proposed (see Meiboom and 

Gill 1958). The most widely used o f these, was the spin echo method described by Hahn in 1950 (Hahn 1950). 

Although this compensated for field inhomogeneity, the measurement o f very long T2s remained limited by 

molecular self-diffusion. In 1954, Carr and Purcell introduced a modification o f the Hahn spin-echo experiment 

which reduced the error caused by diffusion (Carr and Purcell 1954). This modification used a succession o f 180° 

pulses after a single 90° pulse, instead of the Hahn method which relied on a series o f linked 90° and 180° pulses. 

However, small deviations in the 180° pulse amplitudes led to substantial cumulative error, and poor measurement 

reproducibility. In 1958, Meiboom and Gill published a further modification o f the spin-echo experiment, in which 

the initial 90° pulse was shifted by 90° relative to the phase of the 180° pulses. This corrected the cumulative effect
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of inaccurate 180° pulses, and therefore permitted the measurement o f long T2 values without an appreciable effect 

from molecular diffusion, and with good reproducibility (Meiboom and Gill 1958). The Carr-Purcell-Meiboom- 

Gill (CPMG) sequence remains the basis for conventional qualitative and quantitative T2-weighted imaging.

In 1986, Hennig introduced a fast T2-weighted sequence, called rapid acquisition with relaxation enhancement 

(RARE) (Hennig et al. 1986). This influenced the development of fast spin echo (FSE) imaging by others in the 

early 1990s (Mulkem et al. 1990; Melki et al. 1991). In a standard conventional spin echo (CSE) sequence, one 

line of k-space (the spatial frequency domain) is completed within a single TR interval. In FSE imaging, multiple, 

closely spaced echoes are produced, each separately phase encoded to represent a different line in k-space. Thus k- 

space is filled more rapidly than with CSE, and scan times are shorter, typically by a factor o f two or more. It is 

important to note, however, that each line in k-space has different transverse relaxation weighting (Listerud et al.

1992). Furthermore, image contrast between CSE and FSE imaging is often dissimilar, relaxation times can vary 

by 25-30% (Constable et al. 1992), and reproducibility o f FSE is inferior to CSE (Duncan et al. 1996). Recently, 

FSE imaging has been shown to provide stable, reproducible and clinically useful T2 relaxation times in the 

hippocampus in patients with temporal lobe epilepsy; and considerably shorter acquisition times than is possible 

with CSE (Okujava et al. 2002). In addition to the Hahn spin-echo method for obtaining T2 relaxation times, it is 

possible to generate echoes using a gradient-echo technique. Instead of recovering de-phased signal using a 180° 

pulse, reversal o f an applied magnetic gradient will change the direction o f precession and refocus the spins. 

Unlike the spm-echo method, this technique does not correct for macroscopic distortions in the local magnetic field 

due to, for example, susceptibility effects, and the relaxation times obtained are therefore denoted T2*. This is 

particularly useful in, for example, functional imaging to evaluate local concentrations o f deoxyhaemoglobin, and 

post-head injury to look for haemosiderin deposits (Parizel et al. 1998).

It is possible to apply an inversion pulse to standard T2-weighted sequence to suppress the signal from 

cerebrospinal fluid, overcome partial volume effects and increase lesion conspicuity, particularly in mesial 

temporal lobe structures or in the neocortex. This is the basis o f fast fluid-attenuated inversion recovery (FLAIR) 

imaging. (See chapter 1.2.2). Although visual, qualitative evaluations o f T2-weighted images are sensitive to 

pathological change, mostly as a result o f altered tissue water, quantitative analyses yield additional abnormalities 

(Woermann et al. 1998a; Jackson et al. 1993b). Quantitation requires both accuracy and reproducibility, o f which 

reproducibility is the most important. Good precision (or reproducibility) allows the comparison of individual 

measurements with a normal range to identify abnormalities with maximum sensitivity. It does not permit multi­

centre studies however, unless identical hardware and imaging sequences are utilised (Tofts and du Boulay 1990). 

It has been shown that single-slice multi-echo CPMG sequences are capable o f estimating T2 relaxation times 

accurately (Johnson et al. 1987; Whittall et al. 1997; Whittall, MacKay, and Li 1999). However, multi-echo 

sequences m n in multi-slice mode are inaccurate due to increased artefacts and inadequate TR intervals which 

prevent the collection of a complete set o f slices at each echo time. Current practice is to use either a single slice 

multi-echo sequence or a dual-echo sequence if  more than one slice is required (Tofts and du Boulay1990). Multi­

echo sequences, in addition to improved accuracy, also allow the magnetisation decay curve to be fully 

characterised, and analysed for multi-exponential components. This may prove beneficial in the future 

investigation o f white matter diseases, such as multiple sclerosis (Moore et al. 2000; MacKay et al. 1998). Multi­
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slice dual-echo experiments are more useful in, for example, temporal lobe epilepsy, where reproducible T2 

measurements through the whole hippocampus are o f paramount importance (Duncan, Bartlett, and Barker 1996).

earlv-echo

W t J

T2  map

late-echo

Figure 1.13: A diagram demonstrating the calculation o f a T2 map from two images with different echo times.

The calculation o f T2 relaxation times from dual-echo data is relatively straightforward. The T2 relaxation 

function of a pixel can be described as a monoexponential decay:

!V1,y (I) = (0) and (2) = M̂ y (0) e"""

where M^y is the magnetisation at times (0), (I) and (2) and TE (I) and TE (2) are two echo times where TE (2) > 

TE ( I ). T2 can then be estimated from the expression:

T2 =
(TE(2) -TE(1))

In ( M x y ( l ) / M x y ( 2 ) )

Following the acquisition and calculation of T2 maps, quantitative evaluation can be made using a number of 

different methods. These include a standard region-of-interest (ROI) approach (Woermann et al. 1998a), histogram 

based analyses (Armspach et al. 1991; Rumbach et al. 1991 ) or semi-quantitative visual rating scales (Scheltens et 

al. 1993; O'Sullivan et al. 2001). More sophisticated techniques have also been employed including statistical 

parametric mapping (Auer et al. 2001), cluster analyses based on feature-space segmentation methods (Soltanian- 

Zadeh et al. 1998; Jacobs et al. 2001b), measures of tissue complexity using multifractal analysis (Takahashi et al. 

2001), and texture maps (Kjaer et al. 1995) and colour-coded images derived from multiparametric data (Alfano et 

a/. 1992).
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1.2.7.3 Clinical applications

1.2.7.3.1. Normal tissue

Generally, T1 and T2 values correlate most strongly with the bulk water content o f a tissue. The more water in a 

tissue, the longer the T1 and T2 times. Exceptions to this generalisation include tissues with a high concentration 

of aliphatic lipid protons. These storage fats have a short T l, but long T2. They tumble at a frequency close to the 

Lamour frequency and therefore cause only minimal distortion to the local magnetic field; a necessary requirement 

for the decay of transverse magnetisation. In cerebral tissue however, the MR signal arises almost entirely from 

bulk water protons and therefore changes in total water content, the degree o f binding and water 

compartmentalization will result in alterations in T2. This was evident in studies on human preterm neonates where 

T2 relaxation times, analysed quantitatively, decreased with brain maturation (Ferrie et al. 1999; Counsell et al. 

2001). Elevated T2 times were seen in the perinatal period, due to a high interstitial water content (Thornton et al. 

1999). During brain maturation, tissue water decreases (from 88% by weight at birth to 82% at 6 months o f age), 

myelin precursors, such as glycolipids, cholesterol and proteins appear, glial cells proliferate and differentiate, and 

a number of biochemical cell membrane changes occur (Dobbing and Sands 1973). These changes increase the 

proportion o f bound to free water and thus shorten the T2-relaxation times, even before myelination is evident on 

histological examination (Van der Knapp and Valk 1995). This concurs with studies o f diffusion-weighted imaging 

in animal models where anisotropy was apparent in this “premyelination” period o f cerebral maturation 

(Wimberger et al. 1995). A number o f studies have shown T2 relaxation times decrease to mature values by 

approximately 2 to 3 years o f age (Holland et al. 1986; Masumura 1987; Ono et al. 1993), although small but 

definite reductions in T2 values continuing into late childhood and early adulthood have been reported (Hassink et 

al. 1992). T l relaxation times also decrease with cerebral maturation, particularly with the onset o f myelination 

(Holland et al. 1986; Johnson et al. 1983; Masumura 1987; Suhonen-Polvi et al. 1988); however, T2 times 

decrease more rapidly suggesting that T2-weighted imaging is more sensitive to tissue maturational changes. It has 

therefore been suggested that the measurement of relaxation times, particularly T2, may be useful in monitoring 

brain development (Ferrie et al. 1999; Counsell et al. 2001; Holland et al. 1986; Thornton et al. 1999).

Variations in T2 relaxation times exist within normal adult brain at regional, local and microscopic levels. 

Both qualitative and quantitative studies o f T2 values in different regions o f the brain have established the presence 

o f significant heterogeneity in cortical signal intensity (Georgiades et al. 2001; Whittall et al. 1997; Zhou et al. 

2001; Breger et al. 1989; Larsson et al. 1986). In particular, structures o f the limbic system have the highest, and 

the primary visual and auditory cortices the lowest, T2 relaxation times (Yoshiura et al. 2000; Hirai et al. 2000; 

Korogi et al. 1997; Larsson et al. 1986). This has been attributed to variations in, for example, water content, 

cytoarchitecture, and iron concentration (Georgiades et al. 2001; Larsson et al. 1986; Whittall et al. 1997). The 

primary visual and auditory cortices are characterized by densely packed neurons, a high degree o f myelination 

and increased iron concentrations (Yoshiura et al. 2000; Williams and Warwick 1975; Hock et al. 1975), all of 

which may generate shorter T2 times. Atypical cellular composition o f the trilaminar cortex and increased water 

content and vascularity in the limbic lobe grey matter stmctures may be at least partly responsible for the longer T2 

relaxation times in these regions (Hirai et al. 2000). A number o f studies have shown that grey matter possesses a 

longer T2 relaxation time than white matter (Larsson et al. 1986; Drayer et al. 1986; Vymazal et al. 1999). This is 

thought to be due to differences in, for example, water compartmentalization, vascularity (Table 1.9) and iron



93

concentration (Vymazal et al. 1995). The total water content o f grey matter is greater than white matter (0.82 and 

0.72 ml/g) (Brooks et al. 1980). Furthermore, in white matter, approximately 13% o f the total tissue water is 

intercalated between myelin lamellae which possesses a very short T2 relaxation time (approximately 10-50 msec) 

(Whittall et al. 1997; Whittal et al. 1999). Blood volume is significantly greater in grey matter than white matter 

(Leenders et al. 1990; Koshimoto et al. 1999). T2 times o f blood water are longer than T2 times o f parenchymal 

water and this contribution tends to increase grey matter T2 values.

Table 1.9 Cerebral tissue parameters and calculated T2 values of grey and white matter in normal human adult 

brain (adapted from Zhou et al. 2001)).

Tissue parameters Grey matter White matter

Cerebral water content (ml/lOOg) 82 72

Percentage o f myelin water (%) ~0 13

Cerebral blood volume (ml/lOOg) 5.2 2.8

T2 relaxation times (msec) 92 87

More recently, it has been reported that this trend is reversed in the occipital lobes with grey and white matter T2 

values of 79 and 87 msec respectively (Zhou et al. 2001). This represents both a shortening of the grey matter T2 

time and a lengthening o f white matter T2 relaxation time. Occipital lobe grey matter has a greater iron 

concentration than frontal lobe grey matter, and furthermore, occipital lobe white matter has less iron than frontal 

lobe white matter (Drayer et al. 1986). The paramagnetic property of iron produces a shortening of the proton 

relaxation times and reduces the signal intensity in T2-weighted images.

The prevalence of non-specific white matter hyperintense lesions on T2-weighted imaging increases with 

advancing age (Fazekas 1989); and may be asymptomatic (Bartzokis et al. 1999; Mineura et al. 1995; Ylikoski et 

al. 1995). The clinical significance of white matter hyperintensities is controversial however. Careful 

neuropsychological examination has revealed subtle disturbances o f higher cortical function, particularly specific 

cognitive domains, such as memory and global and executive functioning which are reliant on processing speed 

and the presence o f widely distributed neural networks (Gunning-Dixon and Raz 2000). Conversely, intelligence 

and fine motor performance did not correlate with the burden o f white matter hyperintensities (Gunning-Dixon and 

Raz 2000) and lesions have been detected in both patients with dementia and normal cognition (Brun et al. 1990). 

Periventricular areas are predominantly affected, and are almost universally involved by the age o f 65 years 

(Ylikoski et al. 1995; Salonen et al. 1997). This is most likely due to age-related fluctuations in the periventricular 

fluid dynamics in association with disruption o f the subependymal lining (Fazekas et al. 1993). Additionally, 

subcortical or deep white matter may be involved (Ketonen 1998). Histopathological examination commonly 

reveals hypomyelination, neuronal loss, expansion of the extracellular space, infarction, and gliosis (Fazekas et al. 

1998; Scarpelli et al. 1994; Leifer et al. 1990).
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1.2.7.3.2 Pathology

The fundamental basis o f neuroimaging is the distinction of pathological from normal tissue. It is now generally 

accepted that MRI is more sensitive than CT in the detection o f cerebral lesions (Bydder et al. 1983; Bailes et al. 

1982; McLachlan et al. 1985; Latack et al. 1986; Lesser et al. 1986; Kuzniecky et al. 1987) and, o f the 

conventional MRI sequences, T2-weighted imaging is the most discriminating (Smith et al. 1985). Early studies 

proposed that the evaluation of a combination o f NMR parameters, principally proton density and T l and T2- 

relaxation times, may provide not only sensitivity, but tissue specificity, allowing the complete and accurate 

characterisation of pathological tissue in vivo (Damadian 1971).

Epilepsy

(See section - 1.3.1.2 T2-relaxometry)

Cerebral neoplasia

In 1971, Damadian reported significantly elevated T2 relaxation times in malignant tumours in the rat, compared 

to either normal tissue or benign tumours. It was suggested that this was due to an increase in the motional freedom 

of tissue water molecules, and may be used to discriminate between benign and malignant surgical specimens ex 

vivo (Damadian 1971). By 1974, however, doubts concerning the specificity and utility of NM R relaxation times 

for cancer diagnosis had grown, as further studies revealed overlap between normal and tumour values (Parrish et 

al. 1974; Eggleston et al. 1975). More recently, the principles of NMR have been translated into the field of 

neuroimaging and, on visual inspection o f T2-weighted MRI images, tumours were reliably detected in vivo 

(Brant-Zawadzki et al. 1984; Bydder et al. 1983; Bailes et al. 1982; Schomer et al. 1989; Nishio et al. 2001; 

Matsumoto ei a/. 1999; Kim er a/. 1998; Hashimoto e? a/. 1993; Schwaighofer ef a/. 1987; Smith ei a/. 1985; Elster 

et al. 1989). Tovi showed that by analysing T2-weighted images both qualitatively and quantitatively, the degree 

of malignancy of neoplastic tissue could be estimated. Comparison with histopathology also revealed, however, 

that in the majority of cases, some tumour cells were not identified on the conventional images (Tovi 1993). More 

recent work by Kurki and coworkers suggested that although T2 relaxation times correlated with the volume 

fraction o f tumour cell nuclei in neoplastic tissue, visual morphometric evaluation o f low and high grade gliomas 

was equally discriminating and quantitative analysis conveyed little benefit (Kurki et al. 1995). Measurements of 

T2 relaxation times in animal models revealed a spectmm of values throughout normal, neoplastic and oedematous 

brain; normal brain possessed the lowest values and regions o f oedema, the highest (Hoehn-Berlage et al. 1992; 

Eis et al. 1995; Hoehn-Berlage and Bockhorst 1994). Differentiation between tumour types was not possible using 

only T2 images analysed quantitatively (Eis, Els, and Hoehn-Berlage 1995; Hoehn-Berlage and Bockhorst 1994; 

Wilmes et al. 1993; Just et al. 1988). The use o f multiparametric or feature space analyses combining data from, 

for example, T l and T2-weighted, proton density and diffusion-weighted images has been shown to improve tissue 

characterisation, but relies on sufficient signal to noise and good reproducibility (Eis, Els, and Hoehn-Berlage 

1995; Ye e? a/. 1996; Soltanian-Zadeh e? a/. 1998).

Multiple Sclerosis

Conventional MRI is considerably more sensitive than CT imaging in delineating multiple sclerosis (MS) lesions 

(Bailes et al. 1982; Smith et al. 1985; Borgel et al. 1986). Fast Fluid Attenuated Inversion Recovery sequences are
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qualitatively superior to conventional T2-weighted imaging, particularly supratentorially (Tubridy et al. 1998; 

Gawne-Cain et al. 1997; Stevenson et al. 2000), and the use of thinner slices further enhances lesion identification 

(Filippi et al. 1995c). MRI lacks pathological specificity however (van Waesberghe et al. 1999). Abnormalities 

identified on T2-weighted images reflect altered tissue water content. This may be associated with axonal loss, 

gliosis, demyelination and oedema; all o f which can occur in MS lesions (Larsson et al. 1989), and all of which are 

associated with a variety o f clinical sequelae. To attain a greater understanding o f the natural history of the 

disorder, characterize the extent o f tissue injury, and monitor the temporal evolution o f both individual lesions and 

the overall disease activity, additional quantification or post-processing techniques need to be employed. Accurate 

and precise measurements o f T2 relaxation times have been reported in normal subjects and in patients with MS, 

both in normal-appearing white matter (NAWM) and in lesional areas (Miller et al. 1989; Larsson et al. 1992). In 

acute MS lesions, due to inflammation and oedema, T2 relaxation times initially increase then, as the oedema 

resolves and before significant demyelination and axonal loss occurs, values rapidly decrease (Larsson et al. 1989). 

Chronic plaques exhibit a wide range o f values resulting in considerable overlap in T2 relaxation times between 

acute and chronic lesions (Larsson et al. 1988); reflecting the substantial pathological heterogeneity (van 

Waesberghe et al. 1999). Cerebral lesions characterised by expansion of the extracellular space have previously 

been shown to demonstrate biexponential T2 decay (Namse et al. 1982; Bames et al. 1987; Rumbach, Armspach 

et al. 1991), and cellular or gliotic white matter, monoexponential decay (Rumbach et al. 1991; Bames et al.

1988).

Quantitation o f total brain lesion load on T2-weighted images has frequently been employed in exploring 

the natural history o f MS (Filippi et al. 1998b; Filippi et al. 1998a; Filippi et al. 1995d) and, more recently, as an 

outcome measure in therapeutic trials (Molyneux et al. 2001). The measurement of total brain lesion load can be 

performed using a number of techniques including a semi-quantitative arbitrary scoring system (Ormerod et al. 

1987), manual outlining o f lesions, semi-automated lesion contouring (Wicks et al. 1992) (using local lesion-based 

thresholding), and intensity-based thresholding for the whole brain (Filippi et al. 1995d; Filippi et al. 1995b).

It has previously been proposed that, in addition to limitations of T2-weighted imaging in accurately and 

reproducibly characterising clinically significant MS lesions, a significant proportion o f disability arises from 

occult white matter abnormality (Barbosa et al. 1994). Quantitative ROI-based studies o f T2-relaxation times in 

normal appearing white matter (NAWM) have shown relaxation times to be prolonged by an average of 

approximately 5-10% compared to control subjects (Miller et al. 1989; Kesselring et al. 1989; Haughton et al. 

1992; Armspach et al. 1991; Stevenson et al. 2000; Rumbach 1991; Barbosa et al. 1994), consistent with the 

occurrence of diffuse demyelination (Larsson et al. 1988), diffuse astrocytic hyperplasia (Allen et al. 1981), 

vasogenic oedema (Armspach et al. 1991), perivascular infiltration (Miller et al. 1989) or scattered products of 

disintegrated myelin (Ormerod et al. 1987). Histopathological studies have reported microscopic abnormalities in 

72% of samples of macroscopically normal white matter from patients with MS (Allen and McKeown 1979). It 

was assumed from the numerous ROI-based imaging studies that the increased T2 relaxation times seen were due 

to “widespread” white matter abnormality. Barbosa et al demonstrated, however, using T2-mapping and 

histogram-based analyses, that scattered within the normal NAWM were discrete areas, often only 5-lOmm^ with 

abnormally prolonged T2 times (Barbosa et al. 1994). The creation o f T2 histograms allows data from a defined 

region to be displayed and easily compared with control values. A number o f parameters may be calculated 

including, for example, the mean value, peak position, peak height, variance and dispersion (Armspach et al. 1991;
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Rumbach et al. 1991; Grenier et a l  2001). This can provide information on cerebral atrophy, biexponential T2 

decay, and average white matter T2 relaxation times.

Neurodegenerative disorders

Quantitative analysis o f T2-weighted imaging has also been utilised in neurodegenerative conditions, including for 

example, multi-infarct dementia, Parkinson’s and Alzheimer’s disease (Hauser and Olanow 1994). White matter 

hyperintensities are often found in patients with dementia; but have been variably correlated with severity of 

cognitive impairment (Bondareff et al. 1988; Mirsen et a l  1991; Barber et al. 1999b; Hirono et al. 2000; Leys et 

al. 1990). Furthermore, there is lack o f consensus on the pathophysiological origin and effect o f white matter 

changes in dementia (McDonald et al. 1991; Scheltens et al. 1995; Scheltens et al. 1992; Fazekas et al. 1996). 

Quantitative analysis has previously demonstrated an increased volume of white matter hyperintensities in patients 

with vascular dementia compared to normal subjects, but no correlation between volume o f lesions and global 

cognitive decline (Giubilei et al. 1997).

Regions o f extratemporal white matter signal change in Alzheimer’s disease have also been assessed 

quantitatively on T2-weighted images using region of interest and automatic thresholding and voxel counting 

methods (Hirono et al. 2000; Parsey and Krishnan 1998). Hirono et al. reported that the volume o f irregular 

periventricular and deep confluent hyperintensities did not correlate with dementia severity (Hirono et al. 2000), 

consistent with previous qualitative and semi-quantitative studies (Smith et a l  2000; Erkinjuntti et al. 1994; Leys 

e ta l  1990).

Atrophy o f temporal lobe structures, in particular the hippocampus, is a common feature of Alzheimer’s 

disease, and can be readily identified using quantitative MRI techniques (Callen et al. 2001; Du et al. 2001; Chan 

et al. 2001). Despite a large number of studies reporting T2 relaxation times in extratemporal regions (see above), 

there are few reports o f T2 relaxometry in mesial temporal lobe structures. In 1992, Kirsch et al demonstrated 

significantly elevated hippocampal T2 values in patients with Alzheimer’s disease compared to patients with 

multi-infarct dementia and control subjects. Furthermore, the T2 values correlated with the severity of functional 

and cognitive impairment (Kirsch et al. 1992). Similar findings were reported by Laakso et al who found diffuse 

and symmetrical involvement of the hippocampi but not the amygdalae (Laakso et al. 1996). The diagnostic value 

was limited however, by a substantial overlap between the study groups. Most recently, using a region-of-interest 

based analysis, there was no statistically significant difference in hippocampal T2 relaxation times detected 

between control subjects and patients with Alzheimer’s disease (Campeau et al. 1997). This finding supports 

earlier results o f ex-vivo M R microscopy o f the hippocampus in Alzheimer’s disease where only a non-significant 

trend o f increased T2 relaxation times in patients with Alzheimer's disease was apparent. The authors suggested 

that due to methodological limitations o f performing the experiments on excised, fixed tissue and at high field 

strength, the sensitivity of T2 relaxometry may have been compromised (Huesgen et al. 1993). Additionally, 

reduced magnetisation transfer ratio and elevated averaged apparent diffusion co-efficient (ADC (av)) have been 

reported in hippocampi of patients with Alzheimer’s disease suggesting the presence of loss of structural integrity 

and increased extracellular water (Hanyu et al. 2001a; Kantarci et al. 2001; Sandson et al. 1999). In the presence 

o f these microstructural changes it is highly likely that T2 relaxation times would be elevated, and careful, more 

extensive in vivo quantification of T2 values is therefore required.
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Cerebral ischaemia

Magnetic resonance imaging has been shown to be more sensitive than CT in the detection of acute (Barber et al. 

1999a; Kertesz et al. 1987; Brown et al. 1988) and chronic stroke (Bailes et al. 1982; Kinkel et al. 1986; Bryan et 

al. 1991; Brant-Zawadzki et al. 1984). Furthermore, T2-weighted imaging is more sensitive than proton density 

and Tl-weighted imaging (Bryan et al. 1983; Smith et al. 1985; Salgado et al. 1986; Yuh et al. 1991; Mantyla et 

al. 1999). Cytotoxic oedema develops during the first few hours o f ischaemia. This phase is associated with only 

small changes in tissue total water content (approximately 3%), macromolecuiar compartmentalisation, and 

hydration layer binding (Schuier and Hossmann 1980) resulting in minimal alteration in T2 relaxation times. 

Vasogenic oedema occurs approximately 6-8 hours post-infarction. As a consequence o f degeneration of the 

blood-brain barrier, leakage of water, proteins and other macromolecules occurs and T2 signal intensity increases 

quickly (Loubinoux et al. 1997b; Yuh et al. 1991).

Quantitative analysis o f T2-weighted images in acute stroke has been performed in both experimental 

(Buonanno et al. 1983; Horikawa et al. 1986; Calamante et al. 1999; Messager et al. 2000; Lei et al. 1998; 

Loubinoux et al. 1997a; Knight et al. 1994; Hoehn-Berlage et al. 1995) and clinical studies (Jacobs et al. 2001a; 

Lansberg et al. 2001; Lutsep et al. 1997). T2 values became significantly elevated 4 hours post-stroke, but only in 

those regions which subsequently demonstrated severe neuronal damage on histopathological assessment. Regions 

of significantly elevated T2 values continued to grow over the next 4 hours, suggesting that very early assessment 

by T2-weighted images may underestimate the size of the ischaemic region, and thus may not be a suitable MRI 

parameter in the clinical evaluation of acute human stroke (Hoehn-Berlage et al. 1995).

The sensitivity and temporal resolution of diffusion weighted imaging, combined with the established 

histopathological correlates (Lei et al. 1998; Marshall et al. 1988; Castillo et al. 1996; Bose et al. 1988; Barone et 

al. 1991) and well-defined biophysical mechanisms (Mansfield and Morris 1982b) of altered T2 relaxation times 

have been shown to improve lesion characterisation. By amalgamating data from diffusion-weighted and T2- 

weighted imaging in a cluster plot analysis, a number of tissue “signatures” may be derived (Welch et al. 1995; 

Jacobs et al. 2001a; D'Olhaberriague et al. 1998). These can be used to predict histopathological features and, 

therefore, discriminate between tissue that is likely to recover and tissue that will eventually progress to necrosis. 

This has important implications for cytoprotective or thrombolytic therapy (D'Olhaberriague et al. 1998), and for 

predicting clinical outcome (Jacobs et al. 2001a). A development o f this technique utilised colour-encoded 

overlays, in addition to the cluster plot analyses, to represent the spatial distribution of the parameter values and 

thus provided both simultaneous physiological and anatomical information (Bemarding et al. 2000). These 

histogram-based, cluster plot analysis methods characterise irregular, scattered or heterogeneous tissue 

abnormalities more precisely than region-of-interest based methods, which are more appropriate for homogeneous, 

discrete lesions.

The enthusiasm for imaging sequences or post-processing techniques to rapidly, accurately and 

completely characterise acute ischaemic lesions has been driven by the development and use o f cytoprotective or 

thrombolytic agents. Experimental studies using quantitative T2-weighted imaging have shown either smaller 

volumes of infarction or less elevated T2 relaxation times in animals given thrombolysis (Jiang et al. 1998), or 

cytoprotective agents (Pan et al. 1995; Sauter and Rudin 1986; Loubinoux et al. 1997b) than those left untreated. 

However, T2-weighted imaging is o f limited use in human, clinical studies evaluating the efficacy of 

pharmacological treatment o f acute stroke as abnormalities are not commonly visualised on T2-weighted imaging
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within the narrow therapeutic window available. T2-weighted imaging remains the imaging modality o f choice in 

delineating subacute and chronic stroke however (Salgado et al. 1986; Bryan et al. 1983; Smith et al. 1985).

Cross-sectional studies evaluating patients with cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy (CADASIL) using semi-quantitative, lesion counting methods have 

demonstrated extensive white matter changes in predominantly the temporal and frontal lobes (Chabriat et al. 

1998; Yousry et al. 1999; Auer et al. 2001). A statistical parametric mapping based comparison of FLAIR images 

obtained from patients with CADASIL and patients with sporadic subcortical arteriosclerotic encephalopathy 

(Binswanger’s disease) identified regions of symmetrical high signal intensity in anterior temporal white matter 

and superior frontal white matter in those with CADASIL. This voxel-by-voxel analysis method was more 

sensitive than a semiquantitative visual rating scale in identifying regions o f abnormality and, because of observer- 

independence and absence of prior hypotheses, was potentially less biased (Auer et al. 2001).

Other conditions

T2-weighted M R imaging has been utilised in a number of other conditions including, for example, head injury 

(Yanagawa et al. 2000; Wardlaw and Statham 2000; Hadley et al. 1988; Gentry et al. 1988), cerebral infections 

(Thumher et al. 1997; Bailes et al. 1982), migraine (Ferbert et al. 1991; Soges et al. 1988), psychiatric disorders 

(Buckley et al. 1995), and alcohol-related diseases (Sullivan and Pfefferbaum 2001; Park et al. 2001). The 

majority relied on only qualitative assessment; however, where quantitation was performed, increased sensitivity 

was demonstrated. In a study of central pontine T2 relaxation times in patients with alcoholic Korsakoffs 

syndrome (KS) and asymptomatic alcoholic patients, prolonged T2 values were detected in more patients with KS 

than were apparent from visual assessment. Furthermore, in asymptomatic patients, T2 values increased with 

advancing patient age; a trend not observed in control subjects (Sullivan and Pfefferbaum 2001). A semi­

quantitative approach was used to evaluate patients with head injury. Positive correlation between clinical 

measures, including duration of unconsciousness and Glasgow Outcome Scale, and number of lesions identified on 

MRI was seen with T2*-weighted gradient-echo imaging but not with T2-weighted fast spin echo imaging, 

implying that following head trauma, the prevalence of small haemorrhages is more clinically significant than 

axonal loss and gliosis (Yanagawa, et al. 2000). Quantitative analysis o f T2-weighted images using spatial 

autocorrelation statistics showed enhanced sensitivity over visual assessment in patients with Human 

Immunodeficiency Virus (HIV) infection and cerebral involvement by detecting abnormalities in normal appearing 

white matter (Corrigall et al. 1995). Furthermore, quantitative analysis was able to discriminate between patients 

with low and high CD4 lymphocyte counts (Wilkinson et al. 1996), and has also been employed in monitoring the 

response to antiretroviral treatment (Wilkinson et al. 1997).
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1.2.8 Double Inversion Recovery

1.2.8.1 Theory

Lesion conspicuity can be enhanced by using an inversion recovery (IR) sequence such as short Tau inversion 

recovery (STIR) which suppresses the signal from fat (Bydder and Young 1985), or fast fluid attenuated inversion 

recovery imaging (FLAIR) which nulls the signal from cerebrospinal fluid (CSF) (Rydberg et al. 1994; De Coene 

et al. 1992; Wieshmann et al. 1996). Applying two carefully timed inversion pulses results in the signal from two 

tissues being nulled simultaneously. This is referred to as double inversion recovery (DIR) imaging, and may be 

beneficial if information about only one compartment is required and where an accurate evaluation, whether 

qualitative or quantitative, is confounded by the signal from adjacent tissues.

The underlying principles are relatively straightforward. Following the first inversion pulse, the 

magnetisation o f grey and white matter recovers almost completely, while CSF, with its substantially longer Tl 

recovers to only a fraction of equilibrium magnetisation. Following the second inversion pulse, which flips any 

longitudinal magnetisation that had recovered after the first inversion pulse, magnetisation starts to recover again 

and the tissues approach the null point for the second time. As, for example, CSF and white matter pass through 

the null point simultaneously, image acquisition using a standard spin echo sequence commences. Grey matter, 

with a longer T l remains negative and generates a signal (figure 1.14).

t
1st inversion  pulse
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A cquire  im age
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from  GM
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Figure 1.14; The evolution of longitudinal magnetisation (M^) following two inversion pulses. The x-axis 

represents time, and also indicates the null point at which the signal from each tissue is zero. Image acquisition 

commences following the second inversion pulse, as the null point is reached for both white matter (WM) and CSF 

but where residual magnetisation o f the grey matter (GM) remains.
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The inversion times prescribed determine whether the suppressed tissues are CSF and white matter, or CSF and 

grey matter. Images can thus be acquired o f just grey (figure 1.15) or white matter (Redpath and Smith 1994).

Figure 1.15: Series o f normalised, axial DIR “grey matter” images from a single control subject.

For GM images, the adequate suppression o f the MR signal from white matter relies on its possession o f a 

relatively narrow range o f T1 values (Redpath and Smith 1994). Deviation from this will result in insufficient 

suppression from the carefully timed inversion pulses, and the appearance of signal from white matter. 

Furthermore, depending on the echo time (TE), DIR sequences may be proton-density or T2-weighted. In addition, 

therefore, to altered grey matter concentration, abnormal DIR signal intensity (DSl) may be due to either abnormal 

proton-density, T1 or T2 relaxation times. The following principles apply:

1. increased DSl in white matter may be due to either abnormal white matter (possessing an altered T l- 

relaxation time), or ectopic grey matter.

2. decreased DSl in the white matter compartment is not encountered, as the MR signal derived from this 

compartment is completely suppressed in normal subjects and is therefore, by definition, zero.

3. increased DSl in the cortex may be due to either increased concentration o f grey matter, for example 

thickened gyri, or increased cortical proton-density or T2 signal.

4. decreased DSl in the cortex may be due to loss of grey matter tissue, or an altered cortical T1-relaxation 

time.

DIR imaging therefore evaluates both white and grey matter compartments and provides information on both the 

quantity and microstructural environment o f cerebral tissue.

T1 relaxation reflects the total water content and the dynamic structure of water, including the ratio o f free 

to bound water, the structure and concentration of local macromolecules, and the degree o f inter-compartmental 

exchange (Mathur-De Vre 1984). Changes in both total water content and macromolecular structure and 

concentration will therefore influence tissue T1 relaxation, and consequently the degree o f signal suppression
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during DIR imaging. White matter possesses a T1 relaxation time o f approximately half that o f grey matter due, 

most likely, to myelin and more specifically, the presence of cholesterol (Koenig et al. 1990). Cerebrospinal fluid 

has very long T1 times as there is a low concentration of macromolecules. Quantitative abnormalities of T l-  

weighted imaging have been reported in cerebral ischaemia (Calamante et al. 1999), tumours (Bastin et al. 2002; 

Hoehn-Berlage and Bockhorst 1994), and most commonly multiple sclerosis (Vaithianathar et al. 2002; Barkhof et 

al. 2000), where abnormal T1 times were identified both in lesions and in normal appearing white and grey matter 

(Griffin et al. 2002).

Typically, a change in the proton-density in cerebral tissue arises from altered water content. Increased 

proton-density is commonly seen in oedema and gliosis (Barnes et al. 1986b), and has been reported in Wallerian 

degeneration (Khurana et al. 1999), subtle demyelination (Oka et al. 2001), and as a transient post-ictal 

phenomenon (Aykut-Bingol et al. 1997). The determinants of T2 signal intensity have been described previously 

(see section 1.2.7.1 T2-mapping).

1.2.8.2 Development and clinical applications

The first clinical DIR sequence was developed by Redpath and Smith in 1994 (Redpath and Smith 1994). They 

implemented and validated a clinical sequence with inversion times o f 2300 and 300ms after calculating theoretical 

inversion times and undertaking a “trial-and-error” scanning programme o f human control subjects. Good 

suppression of white or grey matter was achieved; however, the repetition time (TR) was 8 seconds long which 

prohibited the acquisition of more than 6 slices during the 26 minute sequence. The authors also noted that the 

presence of magnetic field inhomogeneity, could result in variable tissue suppression and hence advocated the use 

of hyperbolic-secant inversion pulses.

It was not until 1998 that DIR imaging was utilised in the evaluation of pathological tissue. Bedell and 

co-workers implemented a fast spin echo DIR sequence to investigate patients with multiple sclerosis. This 

sequence exploited the principles o f fast spin echo (FSE) imaging, which allowed the whole brain to be imaged in 

48, 3mm thick, slices in less than 6 minutes. Suppression of the signal from white matter and CSF was satisfactory 

and, moreover, lesion conspicuity was good. Lesions identified on the DIR images were easily delineated from 

normal tissue and showed clear heterogeneity of internal stmcture compared to lesions demonstrated on either 

standard T2-weighted or FLAIR images which were less well characterised and were more homogeneous in 

appearance (Bedell and Narayana 1998a). Using similar FSE sequences, Turetschek et al also compared DIR with 

FLAIR imaging, but in patients with a variety o f cerebral lesions. Both sequences proved equally efficacious in the 

overall identification o f abnormalities, but DIR was superior in the visualisation o f infratentorial lesions or those 

characterised by only minimally increased T2 signal. This was thought to be due to T1 contrast differences 

between the two sequences. Conversely, FLAIR identified more juxtacortical lesions. Overall, it was concluded 

that there was no evidence to support the replacement o f FLAIR imaging with DIR for the majority o f clinical 

scans (Turetschek et al. 1998). DIR may be important, however, in the quantitative analysis o f scans o f patients 

with, for example, dementia where the evaluation o f subtle changes in grey matter volume may be confounded by 

partial volume effects.
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In addition to evaluating the usefulness of the DIR images in identifying lesions, Bedell and Narayana studied the 

partial volume effect (PVE) of post-processing segmentation procedures. A comparison o f tissue volumes derived 

from DIR images, with theoretically minimal PVE, and standard segmented tissue volumes revealed a significantly 

increased grey matter volume of approximately 13% and a reduced CSF volume o f approximately 45% in the 

standard segmented images, implying the existence of a significant PVE (Bedell and Narayana 1998b). The 

authors suggest that the accurate determination o f tissue volumes is only possible with images “segmented” at the 

acquisition stage, and may be useful in evaluating the course of numerous pathological processes. Previous work in 

diffusion imaging had demonstrated that white and grey matter possessed very similar mean diffusivity values 

(Pierpaoli and Basser 1996). Zacharopoulos et al suggested that this might be due to PVE and therefore developed 

a DIR-diffiision sequence to circumvent the potential confound of contamination from neighbouring voxels. They 

found that, as previously described, white and grey matter do in fact have similar mean diffusivity values 

(Zacharopoulos and Narayana 1998).

1.3 POST-ACQUISITION TECHNIQUES

1.3.1 Quantitative analysis of mesial temporal lobe structures

1.3.1.1 Volumetry

1.3.1.1.1 Hippocampus

The cardinal MRI features of hippocampal sclerosis are atrophy, best demonstrated on coronal T1-weighted 

images, and increased signal intensity on T2-weighted images (Jackson et al. 1990). In clinical practice, 

hippocampal volume asymmetry of 20% is reliably discernible to neuro-imaging specialists on qualitative visual 

assessment (Van Paesschen et al. 1995b). Lesser degrees of volume asymmetry, which may still be clinically and 

surgically relevant, require quantitative assessment. A number o f studies have shown that measurement of 

hippocampal volume is superior to visual inspection, with correct latéralisation o f hippocampal pathology in a 

larger proportion o f patients (Tien et al. 1993; Jack Jr. 1993; Cook et al. 1992; Spencer et al. 1993). In addition, 

and as importantly, false latéralisations were minimal (Jack Jr. et al. 1990c). Several studies have demonstrated the 

reliability o f quantitative assessment in the detection o f HS (Bronen 1992; Jack Jr. 1993; Jack Jr. et al. 1990a), and 

quantitative assessment o f hippocampal atrophy on MRI compares favourably with other non-invasive means of 

localisation (Spencer, McCarthy, and Spencer 1993; Ashtari et al. 1991; Baulac et al. 1994). The degree of 

hippocampal atrophy has been correlated with neuronal loss on qualitative (Cascino et al. 1991; Cendes et al. 

1993a) and quantitative histopathological examination (Bronen et al. 1991; Tenez et al. 1992; Lee et al. 1995). 

Overall, these findings suggest that the pursuit o f minor hippocampal volume change, smaller than can be reliably 

determined on visual inspection alone, is worthwhile.

The use of contiguous thin coronal slices through the hippocampus allows accurate and reliable 

measurements along the entire length of the structure. Thick slices result in increased partial volume effect and an 

unreliable estimation o f hippocampal volume. Following acquisition, a manually driven cursor is used to outline 

the hippocampus and/or amygdala in each slice. The total hippocampal volume (HCV) is calculated by summing
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the hippocampal cross-sectional areas and multiplying by the distance between two slices (Cavalier!'s principle) 

(Cook et al. 1992; Gundersen and Jensen 1987). The results may be expressed as total volume, ratio or corrected 

volume (Jack Jr. 1993). In addition, measurement of hippocampal volume may be achieved using a point counting 

technique (Mackay et al. 2000). This method uses a grid which is overlaid on coronal T1-weighted images and the 

number of equally spaced points contained within the boundaries o f the hippocampus summed. Semi-automated 

methods o f measuring hippocampal volumes have also been developed using signal intensity-based and global 

pattern matching image registration techniques, with good reproducibility and specificity (Haller et al. 1997; Webb 

et al. 1999).

There exists a wide normal range of hippocampal volume measurements. The use o f left / right ratios, 

generated fiom  the absolute values, precludes identification of bilateral HS, or lesser degrees o f contralateral 

hippocampal damage. Correcting absolute hippocampal volume measurements for total intracranial volume allows 

bilateral hippocampal pathology to be recognized (Van Paesschen et al. 1997a; Free et al. 1995). In a study 

comparing HCV in patients with TLE against controls, it was noted that 41% o f control subjects had asymmetrical 

positioning o f the hippocampi (Van Paesschen et al. 1997a). This can lead to an erroneous diagnosis of 

hippocampal atrophy on visual inspection of the scan (Van Paesschen et al. 1995b), or if  only the volume of the 

hippocampal body is measured rather than the entire structure (King et al. 1995; Kim et al. 1994). It is therefore 

mandatory that the whole length o f the hippocampus is measured. The repeatability of hippocampal volume 

measurements improves with greater grey-white matter contrast, e.g. with the addition o f an inversion pulse before 

a spoiled gradient echo sequence (IRp-SPGR). This is thought to be due to improved discrimination of 

hippocampal boundaries, particularly anteriorly (Wieshmann et al. 1998b).

In addition to quantitative assessment of hippocampal volumes being associated with the localisation of 

the ictal focus (Ashtari et al. 1991; Baulac et al. 1994; Cendes et al. 1993a), hippocampal atrophy in the resected 

hippocampus has been shown to correlate with a good surgical outcome (Bronen et al. 1991). Further, patients 

with atrophy o f the non-resected hippocampus, and patients with bilateral, symmetrical hippocampal atrophy do 

less well postoperatively (Jack Jr. et a/. 1992).

Quantitative hippocampal MRI has corroborated the pathological data associating anterior or diffuse, 

unilateral HS with prolonged febrile convulsions in childhood (Cendes et al. 1993a; Kuks et al. 1993; Cavanagh 

and Meyer 1956; Bruton CJ 1988). Bilateral hippocampal atrophy has also been reported in such patients 

(Theodore et al. 1999); however, in a study by Van Paesschen et al, none o f the patients with bilateral HS had a 

history of febrile convulsions (Van Paesschen et al. 1997a). Bilateral HS was associated with a history of 

meningoencephalitis, as has previously been reported (Free et al. 1995), and also with an increased number of 

secondary generalised seizures, over the patient’s lifetime (Van Paesschen et al. 1997a; Woermann et al. 1998a). 

Longitudinal studies are obligatory in establishing whether repeated seizures cause hippocampal injury. A large 

community-based longitudinal study of patients with newly-diagnosed seizures recently reported that over a 3.5 

year period, there was no significant hippocampal atrophy in patients with newly diagnosed seizures compared to 

control subjects, and in those with chronic epilepsy, frequent seizures did not correlate with more rapid 

hippocampal volume loss (Liu et al. 2002b). This suggests that recurrent seizures do not inevitably cause 

hippocampal damage (Duncan 2002); however, this is not universally accepted (Briellmann et al. 2002a; Liu et al. 

2002b). Furthermore, it is possible, that with an interval o f 3.5 years, the degree o f atrophic change was 

insufficient to be recognised as significant, over and above the coefficient o f repeatability.
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Hippocampal volumetry has been shown to predict the degree o f verbal memory impairment in patients 

undergoing temporal lobe resection. The more severe the atrophy in the language-dominant hemisphere 

preoperatively, the less likely the patient is to develop further verbal memory impairment postoperatively 

(Trenerry et al. 1996). Most recently, it has been reported that in TLE, atrophy within the temporal lobe is often 

not confmed to the hippocampus and extends into the adjacent entorhinal and to a lesser extent the perirhinal 

cortices (Jutila et al. 2001; Bemasconi et al. 2003b). This is thought to be due to cell loss, secondary to a 

disruption o f entorhinal-hippocampal connections, and may be seen in the presence o f normal hippocampal 

volumes (Bemasconi et al. 2001b).

1.3.1.1.2 Amygdala

Intracranial EEG recordings have identified focal seizures arising from the amygdala in approximately 10% of 

seizures in patients with intractable TLE (Quesney 1986; So et al. 1989; Maldonado et al. 1988). Isolated lesions 

o f the amygdala, including tumours, vascular lesions, sclerosis, MCD and microdysgenesis have also been 

demonstrated (Bruton CJ 1988; Falconer and Cavanagh 1959; Hudson et al. 1993; Feindel et al. 1991). These 

abnormalities may be evident on qualitative assessment of MRI but reported detection rates have been low 

(Hudson et al. 1993; Kuzniecky et al. 1987; Bronen et al. 1995a). The amygdala has therefore become a focus for 

quantitative MRI techniques.

Pathological studies have shown ipsilateral amygdala sclerosis (AS) to be present in 50-76% o f cases of 

HS (Bruton CJ 1988; Falconer et al. 1964; Margerison and Corsellis 1966). In studies o f amygdala volumetry, 

Cendes et al detected ipsilateral atrophy in a similar percentage of patients (Cendes et al. 1993b). Kalviainen et al 

found amygdala atrophy in only 20% of patients with chronic TLE, and no atrophy in newly diagnosed patients 

(Kalviainen et al. 1997b). Other workers have previously found that a poor coefficient o f repeatability (>20%) 

precludes meaningful inference from the results (Bland and Altman 1986; Van Paesschen et al. 1996).

More recent studies in patients with TLE, using more sophisticated image registration and display 

methods, report inter- and intra-observer variabilities o f approximately 5% (Bemasconi et al. 1999), and a 

coefficient o f repeatability of approximately 15% (van Elst et al. 2000). Bemasconi et al (Bemasconi et al. 1999) 

reported reduced mean amygdala volumes ipsilateral to the seizure foci in groups o f patients with TLE, compared 

to age and gender matched control subjects. Chronic seizures resulting in neuronal loss has been suggested as the 

cause of the amygdala atrophy (Saukkonen et al. 1994; Du et al. 1993).

1.3.1.2 T2 relaxometry.

1.3.1.2.1 Hippocampus

Increased T2-weighted signal intensity on qualitative visual assessment has been reported in 8% to 70% o f cases of 

HS (Bronen et al. 1991; Jackson et al. 1990; Ashtari et al. 1991; Kuzniecky et al. 1987). This variability is most 

likely due to subjective visual assessment of subtle signal abnormalities in images o f varying quality and 

resolution. Quantitative measurement o f hippocampal T2 relaxation time (HCT2) is an unbiased, objective way of 

assessing the frequency and severity of signal abnormalities in patients with temporal lobe epilepsy and has been
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shown to confer additional sensitivity over qualitative assessment (Jackson et al. 1993b; Woermann et al. 1998a; 

Okujava et al. 2002; Namer et al. 1998; Bemasconi et al. 2000).

Early studies of hippocampal relaxometry measured HCT2 on only one slice using a multiecho sequence 

(Van Paesschen et al. 1997a; Jackson et al. 1993b; Grünewald et al. 1994), or on a few thick slices with interslice 

gaps (Pitkanen et al. 1996). HS may vary in severity throughout the length of the hippocampus, resulting in false 

negatives should the abnormality fall outside the slice selected (Kim et al. 1994; Van Paesschen et al. 1997a).The 

use o f an interleaved, multislice sequence, in which the whole brain is imaged, improves the sensitivity of 

detecting lesions in patients with TLB (Woermann et al. 1998a). Other methodological issues regarding 

relaxometry include partial volume effects from surrounding cerebrospinal fluid or sulcul encystments within the 

hippocampus (Sasaki et al. 1993), and asymmetrical positioning of the head resulting in measurements being taken 

from different regions of the hippocampus, which may have different HCT2 values (Woermann et al. 1998a). The 

use o f a multislice, contiguous sequence circumvents this latter limitation (Duncan, Bartlett, and Barker 1996; 

Woermann et al. 1998a; von Oertzen et al. 2002). More recently, using a CSF-nulled T2-weighted sequence, 

elevated HCT2 times were demonstrated in the same number of patients as a non-CSF-nulled sequence suggesting 

that parenchymal change, rather than CSF contamination, is the predominant determinant for prolonged HCT2 

times in hippocampal sclerosis (Woermann et al. 2001).

An advantage o f HCT2 measurements over volumetry is that the HCT2 values are absolute, so can be 

compared against control values without correction. The range o f HCT2 values in control subjects is narrow, with 

values ranging from 99 to 106 msec measured on a single slice using a multiecho sequence on a Siemens 1.5T 

scanner (Grünewald et al. 1994; Jackson et al. 1993b). Using this sequence, in a study o f 50 patients with 

medically refractory temporal lobe epilepsy, a HCT2 o f 116 msec or higher was invariably associated with HS. 

Abnormal HCT2 values in the range 106 to 116 msec were detected in (i) ipsilateral hippocampi in TLE with no 

imaging evidence of hippocampal sclerosis; (ii) the contralateral hippocampi in 29% o f patients with ipsilateral 

HS; (iii) the ipsilateral hippocampus in some patients with extratemporal epilepsy (Jackson et al. 1993b). Despite 

HCT2 values being significantly elevated in the vast majority of cases o f HS, some patients with pathologically 

confirmed HS had normal HCT2 (Van Paesschen et al. 1995b). This may have reflected the methodological 

constraint o f using only a single slice from which to determine HCT2 values, rather than a specific pathological or 

clinical entity. Minor increases in HCT2 values may be caused by hippocampal oedema secondary to prolonged 

seizures (Katz et al. 1992; Takamatsu K et al. 1991), lesser degrees of neuronal loss or gliosis, as has been 

reported in pathological studies of hippocampi contralateral to HS (Bmton CJ 1988; Margerison and Corsellis 

1966), or drug effects. In rats, the administration of vigahatrin was associated with intramyelinic oedema and 

astrocytosis, which paralleled an increase in HCT2 values (Jackson et al. 1994a). Similar changes, however, have 

not been seen in humans on carbamazepine or vigabatrin (Van Paesschen et al. 1998). In a study examining the 

factors influencing hippocampal relaxometry, it was reported that the duration and severity of epilepsy, age of the 

patient, or occurrence of a single seizure immediately prior to scanning were not associated with a change in HCT2 

values. Similarly, there was no significant change in HCT2 values in individual patients scanned twice with an 

inter-scan interval o f up to 10 months, suggesting lack of progression of hippocampal pathology in patients with 

refractory focal epilepsy over this time (Grünewald et al. 1994). A large community-based longitudinal study 

found similar results over a longer inter-scan interval of 3.5 years (Liu et al. 2002a). Grünewald et al also reported 

that HCT2 values were significantly more abnormal in patients with a history o f prolonged early childhood
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seizures than in those without, reflecting the recognised association between early childhood seizures and HS 

(Duncan and Sagar 1987; Sagar and Oxbury 1987). Similarly, Van Paesschen and colleagues found a strong 

association between prolonged febrile convulsions and unilateral diffuse or focal anterior HS (Van Paesschen et al. 

1997a). They also reported a correlation between frequency o f seizures and unilateral diffuse or bilateral diffuse 

HS, a finding later supported by others (Woermann et al. 1998a). More recently, Okujava et al found a correlation 

between bilateral HCT2 abnormalities and an early age of seizure onset and an initial precipitating injury, but no 

association with seizure frequency or total number of generalised seizures (Okujava et al. 2002).

Previous studies have shown that hippocampal volume correlates inversely with HCT2 values allowing 

characterization in vivo o f a range of severity o f HS (Van Paesschen et al. 1995b; Van Paesschen et al. 1997a; 

Pitkanen et al. 1996). However, they do not have the same neuropathological basis, and elevated HCT2 times have 

been reported in the presence o f normal hippocampal volumes (Bemasconi et al. 2000). In a study reporting the 

relationship between imaging and histopathology of the hippocampus in patients with TLE, increased HCT2 was 

associated with pathological changes in the hilus and cornu Ammonis (CA) 1 region o f the hippocampus, whereas 

neuronal cell loss and concomitant gliosis in the CAl,  CA2, CA3, and hilus were associated with MR-based HCV 

loss (Van Paesschen et al. 1997b). More recently, von Oertzen et al reported a strong inverse correlation between 

neuronal cell density and HCT2 in regions CAl and CA3, and hippocampal volume loss was associated with a 

reduction in neuronal cell density in regions CAl,  3 and 4 (von Oertzen et al. 2002). Previously, it was proposed 

that increased HCT2 values reflects gliosis in the sclerosed hippocampus (Jackson et al. 1993a; Kuzniecky et al. 

1987). Van Paesschen et al suggested that as HCT2 measures correlated more strongly with neuronal loss than 

increased glial density, gliosis per se is not the predominant factor in increased HCT2 values (Van Paesschen et al. 

1997b). However, Briellmann et al recently demonstrated that HCT2 times was most confidently predicted by the 

glial cell count in the dentate gyms. Furthermore, almost one third o f the glial cells were reactive astrocytes, 

suggesting recent or ongoing pathological change, such as synaptic reorganisation (Briellmann et al. 2002b). 

Alternative pathological abnormalities include altered glial fibrillary acidic protein (GFAP) content (O'Callaghan

1993), density o f glial cell processes (Hawrylak et al. 1993), size of glial cells (Krishnan et al. 1994), or increased 

extracellular space (Wieshmann et al. 1999a). In addition to improved sensitivity in the identification of 

hippocampal abnormalities, analyses o f HCT2 times have been shown to be an independent predictor of 

neuropsychological impairment following temporal lobectomy (Wendel et al. 2001; Baxendale et al. 1998; Wood 

et al. 2000; Incisa della Rocchetta et al. 1995; Kalviainen et al. 1997a). Elevated HCT2 in the left hippocampal 

body in patients with left temporal lobe epilepsy (TLE) was associated with a better verbal memory outcome than 

high HCT2 in the left hippocampus in right TLE patients, suggesting that the measurement o f HCT2 may be useful 

pre-operatively in predicting the risk of post-operative memory impairment (Wendel et al. 2001).

1.3.1.2.2 Amygdala

Detection o f increased T2 signal intensity on qualitative visual assessment o f the amygdala is challenging (Miller 

et al. 1994; Bronen et al. 1995a). T2-mapping o f the amygdala (AT2) has therefore been applied in patients with 

epilepsy. The principle is similar to HCT2 mapping, although the image orientation may be different (Van 

Paesschen et al. 1996). In a study o f patients with TLE, abnormal AT2 ipsilateral to the seizure focus was seen in 

52% o f patients. This represents additional sensitivity over visual assessment for the detection o f amygdaloid
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sclerosis (Miller et al. 1994; Bronen et al. 1995a). In a recent study by Bartlett et al, 44% o f patients with HS 

demonstrated elevated AT2, with a satisfactory co-efficient o f reliability (Bartlett et al. 2002). Neuropathological 

correlates of increased AT2, in a small number of patients who have undergone resective surgery, included gliosis 

and microdysgenesis (Van Paesschen et al. 1996). Compared with patients with HS, patients with an isolated 

abnormality of the amygdala developed habitual epilepsy at a significantly older age and did not have a history of 

febrile convulsions, in agreement with previous reports (Duncan and Sagar 1987; Bruton CJ 1988; Grünewald et 

al. 1994; Kuks et al. 1993; Cendes et al. 1993a).

1.3.2. Q ualitative analysis of mesial tem poral lobe structures

Hippocampal volume measurements may also be performed semi-automatically using a deformation-based 

segmentation algorithm (Haller et al. 1997). In this technique, an electronic atlas o f the hippocampus is used as a 

deformable template that is matched to an individual MR image. The individual hippocampi can then be extracted 

and studied either quantitatively, for example with measures o f volume and shape, or qualitatively as 3D-rendered 

models. In a study o f five patients with mesial temporal sclerosis, Hogan and colleagues showed that this technique 

was more reproducible and less time-consuming and arduous than manual segmentation methods for the 

calculation of hippocampal volume measurements (Hogan et al. 2000). Furthermore, visual assessment of 

hippocampal morphology on 3D surface-rendered images revealed subtle structural differences between normal 

and sclerotic hippocampi, for example, loss of hippocampal head digitations. It has previously been proposed that 

such changes may exist in HS in the presence o f normal volumetry (Oppenheim et al. 1998), suggesting that shape 

analysis may be useful in the evaluation of patients with cryptogenic temporal lobe epilepsy. Statistical evaluation 

of differences in hippocampal shape is also possible, and is a more objective method than visual interpretation. 

This has been applied to patients with schizophrenia and to patients with Alzheimer's dementia. Compared to 

control subjects, both individual analyses of volume and shape, and composite analyses using combined 

volumetric and morphological data were discriminatory (Csemansky et al. 2002; Shenton et al. 2002).

1.3.3 Neocortieal post processing techniques

1.3.3.1 Introduction

Conventional qualitative assessment of high resolution MRI identifies a lesion in a large proportion o f patients 

with refractory focal epilepsy. Up to 25% of patients, however, have normal imaging (Li et al. 1995). Re­

orientating volumetric data sets to optimise visual assessment of potentially abnormal gyri (Barkovich et al. 1995), 

improving spatial resolution by the use o f surface coils (Grant et al. 1997), increasing scanning time or image 

averaging (Knowlton 2000) may improve the yield of abnormalities from visual inspection o f the resultant images. 

Alternatively, post-processing techniques may detect additional abnormalities. These may be quantitative, such as 

changes in volume distribution o f grey and white matter (Sisodiya et al. 1995b) or fractal analysis (Free et al. 

1996b), or qualitative, such as 3-dimensional cortical surface rendering (Sisodiya et al. 1995a), curvilinear
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reformatting (Bastes et al. 1995) or texture analysis (Bemasconi et al. 2001a).

1.3.3.2 Quantitative methods

Cerebral structural development and connectivity are determined by a relatively small number o f genes suggesting 

that general principles and patterns of cerebral orgartisation exist. In dysgenetic brain, where these principles are 

violated, abnormalities may therefore extend beyond the margins o f the visible malformation. Furthermore, 

acquired cerebral insults, such as head trauma, may result in focal or diffuse brain damage which is frequently 

distant from the principal site o f injury, and which is often not visually apparent on conventional MRI. The 

hypothesis that cortical dysgenesis is more diffuse than can be appreciated on visual inspection o f conventional 

MRI was tested in a quantitative study o f the regional distribution of grey and subcortical matter volumes in 

patients with MCD (Sisodiya et al. 1995b). Following semiautomatic segmentation of a T1-weighted volumetric 

data set into cortical grey matter or subcortical matter (comprising white matter and basal nuclei, but excluding the 

caudate), each volume of interest was divided into 10 smaller volumes, each spanning one tenth o f the total 

anterior-posterior extent o f the hemisphere from which they were derived. A number of variables, including total 

hemispheric volume, and grey and subcortical matter volumes in each “block” were derived and compared to 

control subjects. In the majority o f patients with cerebral dysgenesis, the regional distributions of grey and 

subcortical white matter were abnormal both within and beyond the margins o f the visually apparent lesion. It was 

postulated that this was due to structural abnormalities that may give rise to abnormalities in intemeuronal 

connectivity. This finding concurs with previous suggestions that cerebral dysgenesis is a more diffuse 

pathological entity than can be appreciated on visual inspection of either MR images or at surgery (Palmini et al. 

1991b; Andermaim 1994), and may account for the often poor surgical outcome in these patients (Bruton CJ 1988; 

Guerrini et al. 1992). This “block” method was utilised in the investigation o f patients with refractory focal 

epilepsy and HS. A poor surgical outcome correlated strongly with widespread regional volume abnormalities on 

quantitative analysis o f pre-operative imaging (Sisodiya et al. 1997b). Patients with hypothalamic hamartpmata 

and gelastic seizures were also investigated using this technique (Sisodiya et al. 1997a). These patients typically 

have a poor seizure outcome following surgical resection of the identified lesion, although some recent success has 

been reported (Berkovic et al. 2003; Freeman et al. 2003). Widespread abnormalities in the volume distribution of 

grey and subcortical matter were again detected, suggesting the presence of extra-lesional occult structural 

abnormality. It was postulated therefore that in patients with cerebral dysgenesis, including hypothalamic 

hamartomata, and in the 30% of patients with unilateral hippocampal sclerosis who continue to have seizures post­

operatively, the occult structural abnormalities possess intrinsic epileptogenicity. The authors concluded that this 

technique provided a useful predictor o f outcome following resective surgery for refractory epilepsy (Sisodiya et 

al. 1997b).

In a study of quantitative MRI and preoperative neuropsychological function, abnormally distributed grey 

and white matter in patients with unilateral HS was associated with global memory impairment (Baxendale et al.

1999). This may explain the recognised association between preoperative cognitive dysfunction and poor surgical 

outcome in these patients (Helmstaedter et al. 1992). ^

This quantitative MRI method was also used to investigate patients with idiopathic generalised epilepsy
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(IGE) (Woermann et al. 1998b). A relative increase in neocortieal grey matter was detected in the IGE group when 

compared to a group of control subjects, and widespread structural changes were detected in a third of the patients 

analysed on an individual basis, possibly as a result o f alterations in intemeuronal connectivity. In addition, 

patients with juvenile myoclonic epilepsy and stmctural changes were more likely to have a positive family history 

than those without any stmctural change. It was therefore suggested that quantitative MRI may contribute to the 

determination o f different IGE phenotypes, and thus aid genetic analysis.

Bekkelund et al measured cross-sectional areas of the cerebmm, cerebellum and corpus callosum in 

patients with generalised and focal epilepsy and found global atrophy in all patients irrespective o f type and 

duration of seizure. Further prospectively designed studies are required to establish whether this relates to an effect 

o f recurrent seizures, medication or underlying aetiological factors. (Bekkelund et al. 1996). Numerous studies 

have examined total cerebral and cerebral substmcture volumes in conditions other than epilepsy, including: 

normal subjects (Filipek et al. 1989; Filipek et al. 1994; Murphy et al. 1992), dementia (Murphy et al. 1993), Rett 

syndrome (Reiss et al. 1993), schizophrenia (Lawrie and Abukmeil 1998), obsessive compulsive disorder (Jenike 

et al. 1996), hypertension (Salemo e? fl/. 1992) and cerebral tumours (Filipek e? a/. 1991).

Quantitative analysis o f the surface area o f cortical grey matter in patients with MCD identified 

abnormalities in normal appearing hemispheres suggesting the presence o f more widespread stmctural dismption 

than visually apparent and again, implicating abnormal connectivity, as a result o f subtle stmctural abnormalities, 

as the likely explanation (Sisodiya and Free 1997).

Fractal geometry refers to the concept o f self-similarity (Madelbrot 1983) and has been used to 

quantitatively assess the shape of the cerebral cortex in normal healthy subjects (Free et al. 1996b), and in patients 

with schizophrenia or bipolar disorder (Bullmore et al. 1994). In addition, several studies have demonstrated 

abnormal fractal dimensions (for example, altered complexity) of the white-grey matter interface in patients with 

focal epilepsy, including those with normal appearing MRI (Cook et al. 1995; Free et al. 1995a).

A further method to quantify surface complexity is the gyrification index (GI). This is derived from the 

surface area o f the white matter compared with the surface area of the smallest smooth, enclosing, surface of the 

same brain region. The less convoluted the surface, the more similar the two measures will be, and the smaller the 

GI. In a study of patients with MCD, half o f the subjects had gyrification indices outside the normal range 

suggesting abnormal gyral complexity (Free et al. 1996a).

In a quantitative MR study examining cortical thickening in patients with MCD compared with control 

subjects, areas of increased thickness were observed both within areas of overt dysgenesis and in normal appearing 

tissue, in agreement with previous studies reporting the widespread nature o f abnormalities in MCD (Sisodiya et 

al. 1995b; Sisodiya and Free 1997).

1.3.3.3 Qualitative methods

Subtle gyral abnormalities cannot be fully appreciated on visual assessment o f 2-dimensional MR slices. 

Reconstructing the data, and presenting the grey matter segment as a 3-dimensional image of the cortical surface 

allows meticulous examination, in vivo, o f gyral width, position, relations, and complexity. This technique has 

been applied in presurgical planning (Jack Jr. et al. 1990b) and to more accurately localise and define known
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cerebral lesions (Damasio and Frank 1992). More recently, visual assessment o f 3D surface rendered images have 

identified additional gyral abnormalities both in patients with epilepsy and normal conventional MRI (Sisodiya et 

al. 1995a; Sisodiya et a l  1996b) and in those with cortical dysgenesis (Sisodiya et al. 1995a). Choi et al validated 

this technique in a study of patients with intractable neocortieal epilepsy in which abnormalities identified only on 

3D cortical images concurred with intraoperative electrocorticography and subsequent histopathological findings 

o f cerebral dysgenesis (Choi and Kim 1999).

The conventional presentation of 2D MRI slices may artefactually suggest the presence of cortical 

thickening because of the obliquity of the image plane in relation to the gyrus, in addition to volume averaging of 

thick slices. Curvilinear reformatting is a technique which reconstructs images into thin, curved slices where the 

distance from the surface of the hemispheric convexities is kept constant. This results in anatomical images in 

which the slice plane is approximately perpendicular to the sulci thus reducing the appearance of artefactual 

cortical thickening. Using this technique, Bastos et al have demonstrated, and histologically verified, occult focal 

cortical dysplasia (FCD) in patients with epilepsy and normal conventional MRI (Bastos et al. 1999). Recently this 

technique was reported to be superior to 3D surface rendering for the visualization o f extratemporal cortical lesions 

(Meiners et al. 2001), and may also be useful in accurately displaying the position o f intracranial electrodes 

following surgical placement (Schulze-Bonhage et al. 2002).

A further technique employed to increase the detection rate of subtle FCD is texture analysis. This has 

been previously applied to normal subjects and patients with cerebral tumours to improve tissue classification 

(Kjaer et al. 1995; Schad et al. 1993; Lerski et al. 1993). Bemasconi et al investigated patients with surgically 

treated epilepsy and histologically proven FCD using feature maps modelled on recognised imaging features of 

FCD, such as cortical thickening, grey-white matter interface blurring, and signal hyperintensity. In almost all 

patients, including those with normal preoperative MRI, lesions were visually apparent on feature ratio maps, thus 

suggesting that this technique is clinically useful in patients with focal epilepsy due to occult FCD but normal 

conventional MRI (Bemasconi et al. 2001a).

In summary, more information is embodied in imaging data than is accessible from the conventional 

presentation of 2D imaging slices for visual assessment. The yield o f lesion detection can be increased by using 

post-processing techniques, particularly in patients with well-defined focal epilepsy and normal MRI. However, 

the majority of the techniques are presently time-consuming and computationally expensive and are, therefore, 

limited to dedicated imaging centres.

1.3.4 Statistical parametric mapping

1.3.4.1 Methodology

Statistical parametric mapping (SPM) refers to the production of statistical images to test hypotheses about 

regionally specific effects or differences. In SPM, every voxel in a patient’s image data set is analysed using a 

standard univariate statistical test. The resulting statistical parameters are assembled into a map or probability 

image - the statistical parametric map. Unlikely excursions of the map are interpreted as regionally specific effects 

or differences between groups of images, for example, patients against control subjects, or a single subject’s
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images acquired under a number of different experimental conditions.

Statistical parametric mapping represents the product o f two earlier ideas: change distribution analysis 

and significance probability mapping. Change distribution analysis was a voxel-based assessment of 

neurophysiological changes developed for positron emission tomography (PET) (Fox and Mintun 1989). This 

provided a measure of the size of activation but, unlike SPM, not a measure o f the statistical reliability or 

significance o f the effect. Significance probability mapping was originally developed for the analysis of 

multichannel EEG data.

The analysis o f an MRI image using statistical parametric mapping comprises several stages (figure 1.16):

• Spatial normalisation, including linear and non-linear transformations

• Segmentation into separate tissue compartments may be performed in some cases

• Spatial smoothing

• Voxel-wise statistical analysis (using the General Linear Model)

• Statistical inference (using the theory of Gaussian Fields)

1.3.4.1.1 Spatial Normalisation

To implement meaningful voxel-based analyses of images, data from different subjects must derive from identical 

regions o f the brain. Spatial transformations are therefore applied that move, rotate, re-scale, shear and /or warp the 

images so that they all conform approximately to a standard brain. The transformation of an image into a standard 

anatomical space, usually that described in the atlas o f Talairach and Toumoux (Talairach and Toumoux 1988), is 

referred to as spatial normalisation (Fox et al. 1985).

Spatial transformations can be broadly divided into label-based and non-label-based. Label-based 

techniques identify identical anatomical structures, features, or landmarks in two images and find the 

transformations that most closely align the labelled points (Pelizzari et al. 1988). However, the reliability is limited 

by the reproducibility of labelling. Non-label-based approaches, implemented in the image analysis software 

SPM96 and SPM99 (Wellcome Dept o f Cognitive Neurology, Institute o f Neurology, London, UK), identify a 

spatial transformation that minimises the difference between an object and a reference image, where both are 

treated as unlabelled continuous processes. The transformation may be linear (e.g. principal axes (Alpert et al. 

1990)or image realignment (Woods et al. 1992; Lange 1994; Collins et al. 1994)) or non-linear (e.g. plastic 

transformation / warping (Friston et al. 1991b)). Without any limitations on the extent o f spatial transformation, 

specifically when using a non-linear approach, it is possible to normalise an image so that it matches another 

exactly. The critical issue therefore, when using spatial normalisation, is defining the constraints under which the 

transformation occurs.

Linear (affine) normalisation uses a rigid-body transformation (translation and rotation) in addition to 

zoom and shear transformations to minimise the sum of the squared difference between images (Friston et al. 

1995a). Non-linear normalisation utilises basis functions to deform and focally shape the image to correct for more 

subtle differences and create a more accurate fit (Ashbumer and Friston 1999). These basis functions are o f low 

spatial frequency so individual sulci are unable to be matched exactly between individuals. The use o f higher 

spatial frequency basis functions allows this to occur but at the expense of computational time and stability o f the
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algorithm. To minimise excessive warping during non-linear normalisation, the Bayesian formulation is 

incorporated which takes account of a priori probability information regarding the normal variability of brain size 

and shape (Friston et al. 1995a). In the statistical parametric mapping software, SPM96 and SPM99, iterative re­

sampling of the realigned images during the process o f normalisation may be performed using either nearest 

neighbour, bilinear, or sine interpolation. Bilinear uses eight nearest neighbours as normalisation references, 

whereas sine uses several hundred; thus, it has greater resolution but is more time-consuming.

1.3.4.1.2 Segmentation

On the basis o f  an MR image, cerebral tissue can be broadly classified into three separate compartments: grey 

matter (GM), white matter (WM), and cerebrospinal fluid (CSF). This partitioning can be performed manually by 

selecting suitable image intensities that encompass most o f the voxel intensities o f a particular tissue type. The 

manual selection o f thresholds is subjective however, and additional editing o f scalp tissue is required.

An alternative, automated method involves the use o f clustering algorithms (Hartigan 1975; Ashbumer 

and Friston 1997). This assumes that each voxel in a MR image belongs to one o f a small number of tissue types 

(clusters). Voxels are classified into one of these clusters according to their signal intensity. In addition, combining 

the clustering algorithm with a priori information about the likely spatial distribution o f these compartments from 

averaged, normalised, multi-subject atlases, (such as that provided by the Montreal Neurological Institute (Evans et 

al. 1992)) the classification process is further improved.

This model assumes that each voxel contains tissue from only one of the underlying clusters. Those 

voxels which lie on the interface of neighbouring compartments may contain a mixture o f tissue types and hence 

may be misclassified. The use of high resolution images reduces this partial volume effect but fails to eliminate it 

entirely.

Additional difficulties are imposed by the non-uniformity of signal intensity across the images. This 

artefact may also lead to aberrant tissue classification. Correcting for non-uniformity has been shown to improve 

the segmentation o f T1-weighted images (Ashbumer and Friston 2000). Incorporating additional information about 

each voxel in an image, such as the tissue type of the neighbouring voxels, may further improve the accuracy of 

the segmentation process (Van Leemput et al. 1999).

1.3.4.1.3 Spatial smoothing

Smoothing is a process whereby the images are convolved with a Gaussian kernel (Friston 1997; Ashbumer and 

Friston 2000). It has several important objectives. Firstly, it generally increases the signal to noise ratio. This is 

because noise tends to have a high spatial frequency (as the effects o f noise within each voxel may be regarded as 

independent), whereas the information o f clinical interest is normally expressed over a larger scale. Smoothing will 

therefore reduce the effect o f noise without affecting the signal intensity from areas o f interest. Secondly, the 

validity o f SPM is increased because the data conforms more closely to the Gaussian field model (becomes more 

normally distributed). This is important if  one wants to use the theory of Gaussian fields to assign statistical values 

to the regionally specific effects. Thirdly, it further assists the normalisation process. The magnitude or spatial 

extent o f the kernel, and thus the degree of smoothing, is numerically defined by the fiill-width, half-maximum 

(FWHM) value. For example, at a smoothing level o f 8mm, the width of the kernel is 8mm at half the maximum 

voxel intensity. In SPM96 and 99, the smoothing is performed initially in the x, then y, then z plane (axial image).
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Figure 1.16: The stages o f image processing in SPM (a single control subjects DIR image is shown).

1.3.4.1.4 Statistical analysis

Following stereotactic normalisation and smoothing, statistical analysis o f the images is performed. The initial 

stage o f the analysis involves creating a statistical image, reflecting evidence against a null hypothesis o f no 

regional differences, using the general linear model. The second stage (statistical inference) assesses this statistical 

image, locating voxels where a difference is demonstrated, whilst controlling for false positives.

Using the general linear model, a standard univariate test is applied to each voxel in the image 

independently. Individual voxel values from one group of images are compared with the voxel values at the same 

position in another group o f images. A number of covariates may be introduced to model the data. Following 

statistical analysis, by referring to the error variance, a t value for each and every voxel is calculated, creating a 

S P Ml / h  Following conversion to the unit normal distribution (mean=0, sd/variance=l) a Gaussian field or 

SPM 1Z| is obtained. This is a three-dimensional voxel-by-voxel map o f Z scores (and hence p values) from which 

statistical inferences can be made.

1.3.4.1.5 Statistical inference

Images contain a large number of voxels; hence, during the analysis and construction o f a parametric map a large 

number of statistical tests are performed. Correction for multiple comparisons is therefore required if inferences 

are to be made from the whole brain. Alternatively, if  an a priori hypothesis regarding a specific region is 

employed, and all other brain regions are ignored, irrespective of the p-values in these areas, the multiple 

comparison correction may be less stringent (Worsley et al. 1995). Difficulties arise when correcting for multiple 

comparisons in statistical parametric maps because of the non-independence o f voxel intensities due to both the 

initial resolution o f images and to postprocessing, especially smoothing. This non-independence cannot be treated
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by Bonferroni procedures, which treat voxels as if  they were independent, because they are too stringent. The 

theory of Gaussian fields allows a corrected P  value to be calculated whilst respecting the non-independence 

(Friston et al. 1991a; Worsley 1993). This is achieved by considering the behaviour of stochastic processes 

(mathematical structures used to define a phenomenon with intrinsic randomness which makes perfect prediction 

impossible) defined over a space o f usually 3 dimensions (Cox and Miller 1990). A further statistical test, the 

extent statistic, can be applied to the data in SPM. This is based on the number o f connected voxels in a cluster 

defined by a prespecified threshold (usually ;?<G.G5). It describes the probability that a region (cluster o f voxels) of 

the observed size could have occurred by chance over the entire volume analysed.

The resulting SPM{Z)} therefore provides P  values which pertain to several levels o f inference: the 

number of clusters / regions above some height and volume thresholds, the number o f voxels comprising a 

particular region, and the P  value for each voxel within that region.

1.3.4.2 Clinical applications

The technique of statistical parametric mapping was originally utilised in the analysis o f PET data (Petersen et al.

1989). Validation o f the method originated from a PET study of functional specialisation of extrastriate cortex. 

Regional differences in brain activity were correlated with homologous areas in the primate model which showed 

specific electrophysiological responses to equivalent stimuli (Lueck et al. 1989).

More recently, SPM has been used to process and analyze ligand and PET data in patients with

epilepsy and hippocampal sclerosis (Koepp et al. 1996; Van Bogaert et al. 2GGG), malformations o f cortical 

development (Van Bogaert et al. 1998; Richardson et al. 1996), non-progressive acquired lesions (Richardson et 

al. 1998), and in those with normal conventional MRI (Koepp et al. 2GGG; Richardson et al. 1998; Koepp et al. 

1997).

SPM has also been used in functional MRI experiments. Focal differences in signal intensity, due to the 

blood oxygen level-dependent (BOLD) contrast, between resting and active states have permitted cerebral areas 

involved in common tasks, such as the processing of visual and auditory stimuli to be localised (Heun et al. 1999; 

Rees et al. 2GGG; Friston and Buchel 2GGG). In addition, the cerebral regions associated with higher cortical 

functions such as memory, attention and emotion (Morris et al. 1996) and the functional re-organisation or 

recovery from a cerebral injury, have also been examined (Levy et al. 2GG1; Rosen et al. 2GGG). The processing 

and analysis o f fMRl data differs from that used for PET data in a number o f ways. Firstly, the general linear 

model used in the analysis o f PET data assumes that each scan represents an independent observation. MR images 

are acquired every few seconds and thus a specific haemodynamic response, in addition to other physiological 

variables, may be seen over a number o f scans. This is termed temporal autocorrelation and requires an extended 

general linear model with temporal smoothing to ensure statistical validity. Secondly, filtering is necessary to 

remove physiological noise. This is derived from, for example, cardiac blood flow effects, pulsatile motion, and a 

periodic variation in blood oxygenation and movement induced by respiration (Noll et al. 1993; Le and Hu 1996; 

Friston et al. 1996). A number of studies have shown good agreement between the results o f functional MRI and 

PET experiments with identical paradigms. This suggests that, despite PET measuring blood flow variations and 

fMRl quantifying relative changes in the oxygenation of venous blood, the two methods are comparable (Paulesu
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et al. 1995; Dettmers et al. 1996).

Voxel-based morphometry (VBM) is a term used to describe the application of SPM in the examination 

of the local concentrations of grey matter between two groups. Whereas fMRl identifies regional changes in blood 

oxygenation in an individual patient, in response to specific tasks, VBM examines static structural differences in 

grey matter between two groups of subjects. High resolution T1-weighted images are spatially normalised, then 

segmented and smoothed before being statistically analysed. Individual subjects may be compared to a group 

(usually healthy control subjects) or group analyses may be performed where one group is compared to another. 

VBM has been utilised in the investigation of numerous conditions, for example, patients with psychiatric 

disorders (Wright et al. 1999; Wright et al. 1995; Shah et al. 1998; Sowell et al. 2000; Woermann et al. 2000), 

headache (May et al. 1999), autism (Abell et al. 1999), dementia (Mummery et al. 2000; Frisoni et al. 2002), in the 

investigation of age-related changes (Sowell et al. 1999), and in epilepsy. Comparison o f patients with juvenile 

myoclonic epilepsy with control subjects identified an increase in grey matter in the mesial frontal regions of the 

patients (Woermann et al. 1999b). In a methodologically similar study, patients with malformations o f cortical 

development were found to have significantly abnormal grey matter within and beyond the margins of the lesion 

visualised on qualitative assessment of the conventional MR images (Woermann et al. 1999a). Processing o f the 

images, particularly segmentation, normalisation and smoothing, preclude reliable identification o f small 

abnormalities, such as hippocampal atrophy, in individual patients. Group analyses, however, are able to identify 

such lesions, but consequently are limited in terms o f clinical usefulness. In patients with both left and right 

temporal lobe epilepsy, VBM identified local reductions of grey matter concentration (GMC) in mesial temporal 

lobe structures, in addition to reduced GMC in the right dorsal preftontal cortex. It was suggested that this was due 

to epileptiform excitotoxic discharges from the reciprocally connected pathological hippocampus, and may be the 

aetiology of executive dysfunction commonly seen in such patients (Keller et al. 2002a). Furthermore, 

hippocampal grey matter concentration was unrelated to duration or age o f onset o f epilepsy. However, VBM 

demonstrated reduced GMC in bilateral thalamic, preftontal, and cerebellar regions, which did correlate to the 

duration and age o f onset o f epilepsy (Keller et al. 2002b). VBM has also been applied in a small study o f patients 

with known focal cortical dysplasia. Compared to a group of control subjects, abnormalities were detected on the 

patients' grey matter density maps, which concurred with previous imaging and electroclinical data. It was, 

therefore, postulated that VBM may be a useful screening tool for subtle dysplastic lesions (Kassubek et al. 2002). 

In individual patients however, pre-surgical evaluation o f patients with focal epilepsy requires maximal specificity 

(to minimise false positives), frequently at the expense of sensitivity.

Recently, it has been postulated that the use of the cluster extent threshold in VBM is invalid (Ashbumer 

and Friston 2000). Fifty normal subjects were randomly assigned to two groups. Analysis o f these groups was 

performed to look for false-positives. With p  values o f 0.05, approximately 5 significant clusters would be 

expected by chance. Eighteen were found suggesting that the use of the cluster extent statistic should not be used 

in VBM. The large number of false positives found was thought to be due to the “non-stationary” nature and lack 

o f smoothness of the underlying, variable neuroanatomy. Large size clusters occur in regions where the data are 

relatively stationary, i.e. smooth and uniform, and multiple, small size clusters will occur where the data are non- 

stationary and “rough”. The distribution o f cluster sizes, and hence the statistical results, will therefore be biased 

depending on the smoothness o f the underlying data (Worsley et al. 1999). This finding will undoubtedly impact 

on future work using VBM and, importantly, questions the validity o f studies previously reported. Correcting local
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maxima for multiple comparisons using the Gaussian field theory to allow for the non-independence of the voxel 

intensities was seen to be valid, however, with only the small number o f false positives allowed by chance detected 

(Ashbumer and Friston 2000).

The underlying principle of VBM is the comparison o f the local composition of brain tissue once 

macroscopic differences in brain shape have been discounted through normalisation. The normalisation process 

produces deformation fields which explicitly describe the mapping of one image onto a reference template image. 

It is possible to statistically analyse these deformation fields in order to interrogate brain shape and composition. 

This is the basis o f deformation-based (DBM) and tensor-based morphometry (TBM). DBM identifies differences 

in the relative positions o f brain structures following nonlinear normalisation, and TBM identifies differences in 

the local shape o f brain stmctures. DBM can be applied on a global scale to ascertain whether there are any 

differences in overall brain shape between different populations, or at a voxel level, by creating a statistical 

parametric map. This latter approach identifies brain stmctures that are in relatively different positions, but does 

not directly localise brain regions with different shapes. This is determined by analysing statistical parametric 

maps of morphometric measures derived from TBM. TBM requires high dimensional warps to exactly match 

individual gyri, is computationally intensive and time-consuming, and is therefore currently of limited clinical 

usefulness. It is possible, however, to move more towards TBM by incorporating a lesser degree of tensor 

information from deformation fields, as a result o f imperfect normalisation, in order to estimate changes in the 

volumes of cerebral compartments. Using this method. Good et al demonstrated reduced grey matter volume with 

increasing age and gender differences in grey and white matter volume in a cohort o f 465 normal adult subjects 

(Good et al. 2001b; Good et al. 2001a). The use o f deformation fields to modulate the data resulted in increased 

sensitivity over non-modulated images.

Deformation-based morphometry identified changes in volume o f a number o f structures in the brains of 

patients with schizophrenia consistent with a disturbance in the prefrontal-thalamic-cerebellar circuit (Volz et al.

2000). A comparison of this method with conventional MR volumetry in estimating ventricular size in patients 

with schizophrenia showed marked concordance between the two methods and, fiuthermore, by incorporating 

tensor information, changes in ventricular shape could be estimated. This was not possible with a standard, semi­

manual tracing method. The authors concluded that DBM is therefore both valid and useful in the regional and 

global examination o f brain morphology (Gaser et al. 2001). In addition, the technique is entirely automatic and, 

with no user bias or a priori-defined regions of interest, may prove useful in studies with large numbers o f subjects.
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1.4 HARDWARE DEVELOPMENTS

1.4.1 Surface Coil Im aging

The outcome following resective surgery for refractory focal epilepsy correlates strongly with the identification of 

a lesion on MRI (Cascino et al. 1992) and the extent o f its subsequent removal (Palmini et al. 1991a). The goal 

therefore in the assessment of patients with conventional MR imaging is to determine accurately and characterise 

fully all macroscopic epileptogenic lesions. In order to achieve this objective, scanning parameters must be 

optimised to offer the highest spatial resolution possible. Improved signal-to-noise ratio (SNR) can be 

accomplished by increasing scanning time and averaging, or by the use of surface coils which reduce the distance 

between the patient’s head and the coil elements (from approximately 5cm to 2cm) (Fitzsimmons et al. 1997).

MR radiofrequency coils (including surface and head coils) consist o f a loop o f conducting material 

acting as an inductive element in a magnetic field. The coil and associated circuitry are designed to maximise 

power transfer from the tissue MR signal to the receiver amplifier (Murphy-Boesch 1984).

Conventional MRI of the brain is performed using a standard quadrature head coil provided by the 

scanner manufacturer. This produces a uniform signal intensity with a large field o f view and good SNR (Hayes et 

al. 1985). A surface coil provides greater signal sensitivity at the expense o f field o f view and field homogeneity. 

However, the sensitivity to the MR signal decreases rapidly with increasing distance from the coil or depth into the 

tissue, therefore restricting the benefit to superficial tissues. To increase the depth o f improved signal sensitivity, 

surface coils with larger radii are required (Edehnan et al. 1985a). To overcome the limitations o f a restricted field 

of view imposed by a single surface coil, it is possible to use a phased-array assembly which acquires data from 

multiple coils simultaneously (Roemer et al. 1990). The signal is combined into a composite image which 

therefore possesses both an increased SNR and a larger field o f view (Hayes et al. 1993). Alternatively, a close 

fitting “dome-shaped” birdcage coil which covers the entire brain has shown an increase in SNR o f approximately 

10-20%, when compared to a standard head coil design (Fitzsimmons et al. 1997). An increase in spatial resolution 

from 2 X 2mm to 1 x 1mm in-plane necessitates a 16-fold increase in scanning time to maintain the same SNR. 

Using a surface coil with a 4:1 SNR advantage, this level o f spatial resolution can be obtained in the same imaging 

time as the lower resolution head-coil images. Alternatively, the increased SNR can be traded for reduced scanning 

time whilst maintaining the same level o f resolution and SNR as obtained with the standard head-coil (Edelstein et 

al. 1983; Crooks ei a/. 1984).

Surface coils were originally used clinically in the imaging of superficial tissues, for example the orbit 

(Schenck et al. 1985), neck and chest wall (Axel 1984). This was subsequently extended into imaging deeper 

structures, such as the lumbar spine (Edelman et al. 1985b), and in the examination o f abdominal viscera, a two to 

four-fold increase in the SNR for structures within 12cm of the coil was seen (Edelman et al. 1985a). An MRI 

study o f the temporal lobes using four surface coils in a phased-array assembly showed an improved SNR 

throughout the region of interest. This was quantified, using a water phantom, to be approximately 1.67 times 

greater than the SNR of the standard quadrature head coil at the expeeted depth o f the hippocampi (approximately 

5-6 cm) and 6 times greater at cortical depth. The improved SNR allowed images with a spatial resolution of 

0.3mm X 0.3mm in plane to be produced. Images with the same resolution obtained using the standard head coil 

were o f unacceptably poor quality. In order for the surface coil to acquire satisfactory images at this improved
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resolution, however, additional head restraints to prevent movement, cardiac gating and flow compensation were 

required (Hayes, Tsuruda, and Mathis 1993).

The question o f whether these improvements in the SNR and/or spatial resolution result in improved 

detection or characterisation of pathological lesions has been addressed in only a small number o f studies (Grant et 

al. 1997; Moore et al. 2002). Twenty-five patients with medically refractory neocortieal focal epilepsy underwent 

routine (voxel size of approximately Imm^) and surface-coil (voxel size of approximately 0.4mm^) M R imaging. 

The phased-array surface coil was placed over the region thought most likely to contain the epileptogenic focus as 

determined by the standard head-coil MR images as well as clinical and electrophysiological data. Overall, more 

lesions or better definition of known lesions were seen in 16 o f the 25 patients. This included the detection of new 

lesions in three patients (heterotopia, focal cortical lesion suggestive o f a neoplasm, and a small temporal lobe 

cyst), six scans originally classified as indeterminate were re-classified as either abnormal (focal cortical dysplasia) 

or normal, and two cases remained indeterminate. In addition, o f the 10 cases with established diagnoses on head- 

coil imaging, 5 were re-classified following examination with the surface-coil. These included three patients with 

abnormalities thought to represent tumours which were shown to be more likely to be non-neoplastic on surface- 

coil imaging. Pathology was available from seven patients and in only one patient did the surface-coil add 

diagnostic information prior to surgery. The surface coil imaging did, however, result in surgical treatment being 

deferred in four patients who were originally thought to have neoplastic lesions but were re-classified as non­

neoplastic (Grant et al. 1997).

In summary, surface-coil MR imaging can offer increased sensitivity in the identification o f specific 

cerebral lesions. This is at the expense of additional hardware, in addition to increased scanning and reporting 

time. In epilepsy centres with optimised, high resolution head-coil imaging, the use o f surface coils are indicated in 

two groups of patients; those with focal electroclinical localisation but normal conventional imaging, and those 

with subtle head-coil imaging abnormalities which require additional characterisation, for example focal cortical 

thickening. In centres with sub-optimal conventional MRI, improvements in standard head-coil imaging are more 

likely to produce an increase in lesion detection, rather than the introduction of surface-coil imaging.
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CH A PTER TW O

Common Methodology

2.1 INTRODUCTION

The image acquisition, processing and statistical analyses were individually tailored for each of the four advanced 

techniques to take advantage of specific properties of each sequence, with the overall goal o f enhancing lesion 

sensitivity and specificity. There were, however, a number of common methodological steps.

2.2 SUBJECTS

Healthy volunteers with no history of neurological disease, and patients with focal epilepsy recmited from the

clinics of The National Hospital for Neurology and Neurosurgery and The National Society for Epilepsy were 

scanned with conventional MRI and advanced imaging techniques. The patient group comprised:

• 21 patients with clear history and imaging findings o f past acute and non-progressive cerebral injury, 

including ischaemia, head injuries, perinatal injury, and post-encephalitis.

• 41 patients with a variety o f malformations of cortical development, including gyral abnormalities, focal 

cortical dysplasia, heterotopia (subependymal, subcortical nodular and band), and dysembryoplastic 

neuroepithelial tumours.

• 100 patients with focal epilepsy and normal conventional MRI. Following video and EEG telemetry, 

these were diagnosed with temporal lobe epilepsy, frontal lobe epilepsy, occipital lobe epilepsy or defined 

as possessing less well localised, more widespread abnormalities.

Within the MRI-negative group, significant abnormalities on advanced imaging were defined as concurring with 

electroclinical data if they localized to the same cerebral lobe in the same hemisphere.

Written informed consent from each subject and approval by the local ethical committees of The National 

Hospital for Neurology and Neurosurgery and Institute of Neurology were obtained.

2.3 CONVENTIONAL MRI

All controls and patients had conventional MR imaging on a 1.5T Horizon Echospeed scanner (GE, Milwaukee, 

USA) which comprised a T1-weighted inversion recovery prepared - spoiled gradient recalled (IRp-SPGR) 

volumetric acquisition, a contiguous 5mm oblique coronal T2-weighted, a proton density and a fast FLAIR image. 

These were reviewed by experienced neuroradiologists who detected no abnormalities in either the control or MRI- 

negative subjects.
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2.4 POST-ACQUISITION PROCESSING

2.4.1 C onstruction of quantitative maps

Following data acquisition, the images were transferred to an off-line workstation (Sun Microsystems, Palo Alto, 

CA) for post-processing, which was highly specific for each technique. {See chapters 3-6 fo r  details).

2.4.2 Statistical param etric  m apping

To allow objective voxel-by-voxel statistical comparisons to be made, all image maps were normalised to a 

standard template using SPM96 (DTI) or SPM99 (MTI, T2M, DIR) (Wellcome Dept o f Imaging Neuroscience, 

Institute of Neurology, London, UK) (Friston et al. 1995a). Each advanced sequence necessitated the formation of 

a tailored template. These were created by normalising a control subject’s image to standard SPM space, which 

approximates Talairach space, using linear (rotation, shear, translation, re-scale) and non-linear steps ("warping"). 

Subsequently, the images o f the patients and controls were normalised to this template, which afforded a robust, 

reproducible normalisation.

Prior to statistical analysis, the normalised maps were smoothed with an isotropic Gaussian kernel to improve 

signal to noise ratio, to allow the images to conform more closely to a Gaussian field model to increase the validity 

o f statistical inference, and to further reduce mterindividual variation (Friston et al. 1995b). Different techniques 

demanded different degrees of smoothing to optimize lesion sensitivity and specificity {See chapters 3-6 fo r  

details).

Using SPM, a standard univariate statistical test was applied to every voxel in the image in order to create a map 

from which statistical inference was made. Significant increases or decreases in image voxel values were detected 

at an individual voxel threshold of /?<0.001. The theory of Gaussian fields was used to calculate a corrected 

multiple comparison p  value of 0.05 (Friston et al. 1994). This correction describes the probability that a region of 

the observed size could have occurred by chance over the entire volume analysed whilst allowing for the non­

independence of voxel intensities determined by both the initial resolution o f the images and the smoothing.

Each patient’s map was compared to the 30 control subjects. Additionally, each control was statistically compared 

with the remainder o f the control group with equivalent smoothing, signal intensity threshold parameters and 

significance levels o f /?<0.001, corrected to /?<0.05. Group comparisons were also performed. All MRI-negative 

patients with distinct clinical and electroencephalographic (EEG) evidence o f left or right temporal lobe, frontal 

lobe or occipital lobe epilepsy following video and EEG telemetry were grouped and statistically compared with 

the control group.
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2.4.3 Region-of-interest analyses

In order to illustrate the magnitude of the statistical differences, areas highlighted by the SPM comparison as 

deviating significantly from normal in terms o f voxel intensity and cluster extent (p<0.05) were then analysed 

using a region-of-interest (ROI) approach. These areas were automatically outlined and superimposed on the 

normalised maps using Displmage 4.7 (Plummer 1992). Careful visual assessment o f these superimposed regions 

permitted accurate anatomical localization of abnormalities in both patients and controls. The mean voxel value in 

the ROI from each patient’s map was compared to the mean value in the equivalent ROI from all 30 of the control 

subjects’ maps and the difference expressed as a percentage of the control mean (Barker, Tofts, and Gass 1996).

2.5 METHODOLOGICAL LIMITATIONS

To enable the voxel-by-voxel analysis to compare similar brain regions between patients and control 

subjects, gross anatomical and positional variability between individuals needed to be corrected. An absolute 

metric to quantify the accuracy of normalisation does not exist. Nevertheless, on visual assessment normalisation 

of the maps / images to a common three-dimensional (Talairach) space worked satisfactorily in all subjects, even 

those with structural lesions. This was supported by only a small number o f changes seen on analysis o f the control 

subjects.

It was generally observed that central cerebral stmctures were most accurately matched to the other subjects after 

normalisation. The most peripheral cerebral stmctures, for example, the cortical ribbon and subcortical white 

matter corresponded less well, resulting in a wider range o f values in these regions. Statistical comparison o f these 

areas between controls and patients may have failed to identify subtle differences.

The parameters used for normalisation, smoothing, and signal intensity threshold were optimised to offer maximal 

specificity, as this is o f paramount importance in pre-surgical assessment. Inevitably, this may have resulted in a 

lowering o f sensitivity in identifying lesions in MRI-negative patients.

Specific methodological issues are discussed in Chapters 3-6 and also in Chapter 7.2.
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CHAPTER THREE

Diffusion Tensor Imaging

3.1 DIFFUSION TENSOR IMAGING IN FOCAL EPILEPSY

3.1.1 Summary

Diffusion tensor imaging (DTI), analysed using Statistical Parametric Mapping (SPM96), was used to objectively 

examine the diffusion properties, and hence structural organisation, o f cerebral tissue in 10 patients with partial 

seizures and acquired lesions, 22 patients with malformations of cortical development and 30 patients with partial 

seizures and normal MRI. Fractional anisotropy and mean diffusivity maps were calculated and using SPM, 

individual patients were compared to a group of 30 control subjects. Diffusion tensor imaging and objective voxel- 

by-voxel statistical comparison identified significant increases in diffusivity and significant reductions of 

anisotropy in all patients with acquired nonprogressive cerebral lesions and partial seizures. In all o f these patients 

the areas of increased diffusivity and in nine patients the areas of decreased anisotropy concurred with 

abnormalities identified on visual inspection of conventional MRI. In addition there were ten areas, which were 

normal on conventional imaging, which exhibited abnormal anisotropy or diffusivity. Areas of reduced anisotropy 

were found in seventeen patients and areas of increased diffusivity in ten patients with MCD. Two patients had 

areas of increased anisotropy. There were no patients with reduced diffusivity. Areas of increased diffusivity were 

in general more extensive than areas of reduced anisotropy. Changes in tissue beyond the MCD, that appeared 

normal on conventional MRI, were found in six patients for anisotropy and nine patients for diffusivity. Individual 

analyses o f the 30 patients with partial seizures and normal optimal MRI identified a significant increase in 

diffusivity in eight o f the subjects. In six of these, the areas of increased diffusivity concurred with the localisation 

of epileptiform EEG abnormality. Analysis o f anisotropy in the MRI-negative patients revealed significant 

differences in two patients, one of which concurred with electroclinical seizure localisation. Group analysis of nine 

patients with electroclinical seizure onset localising to the left temporal region revealed a significant increase of 

diffusivity and a significant reduction in anisotropy within the white matter o f the left temporal lobe. DTI analysed 

using SPM was sensitive in patients with acquired cerebral damage and MCD. Significant differences in the 

diffusion indices in individual MRI negative patients and the group effect in patients with left temporal lobe 

epilepsy suggests minor structural disorganisation exists in occult epileptogenic cerebral lesions. These techniques 

are promising, non-invasive imaging methods for identifying the cause of partial seizures, and can contribute to 

presurgical evaluation.

3.1.2 Introduction

Diffusion is a random process resulting from the thermal translational motion o f molecules. The diffusion 

displacement distances are comparable with cellular dimensions, raising the possibility that the measurement of 

water diffusion might provide a means o f exploring cellular integrity and pathology. Diffusivity is a measurement 

of the magnitude o f the diffusion and its degree of directionality can be quantified by various anisotropy indices
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(Pierpaoli and Basser 1996; Pierpaoli et al. 1996). Tissues with more restricted diffusion in one direction than 

another, for example white matter, are termed anisotropic whereas those with the same diffusion in all directions 

are referred to as isotropic, for example cerebrospinal fluid. Pathological processes that change the microstructural 

environment, such as neuronal swelling or shrinkage, increased or decreased extracellular space and loss of tissue 

organisation, result in altered diffusivity and/or anisotropy (Anderson et al. 1996; Sevick et al. 1992).

The aim o f this study was to test the hypothesis that DTI would identify areas o f altered anisotropy and 

diffusivity in patients with epileptogenic acquired lesions and malformations o f cortical development, and would 

identify focal abnormalities in MRI negative patients.

3.1.3 Methods

3.1.3.1 Subjects

• 30 healthy control subjects :

10 men, median age 30 years, range 20-50 years

•  62 patients with focal epilepsy 

Acquired

10 patients (9 men, median age 36 years, range 20-53 years)

3 patients with ischaemic lesions

5 patients with head injuries

1 patient vyith a history of encephalitis

1 patient with a history of perinatal injury

Malformations o f  cortical development

22 patients (9 men, median age 31 years, range 21-51)

13 patients with gyral abnormalities 

11 patients with heterotopia

subependymal (n=5), subcortical nodules (n=l) and band heterotopia (n=5)

Two patients had both subependymal heterotopia and gyral abnormalities (patient 12 & 21)

MRI-negative

30 patients (17 men, median age 36 years, range 18-55 years)

15 were diagnosed with temporal lobe epilepsy (9 left, 6 right)

6 with frontal lobe epilepsy (3 left, 2 right, 1 bilateral)

2 with occipital lobe epilepsy

7 had electroclinical evidence of less well-defined, more widespread abnormalities
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3.1.3.2 Diffusion tensor imaging

Scans were performed on a 1.5T Horizon Echospeed scanner (G.E, Milwaukee, Wise., USA) using single-shot 

CSF-suppressed diffusion weighted eehoplanar imaging (EPI) (TR/TE/Tl=5000/78/1788 ms, field-of-view 24cm, 

acquisition matrix 96x96, reconstruction matrix 128x128, slice thickness 5mm) (Barker et al. 1997). Pulsed 

unipolar diffusion gradients were used for diffusion sensitisation (0=28ms, A=35ms). Two b-values (differing 

degrees o f diffusion weighting) were applied in each of seven non-eollinear directions (to allow rotationally 

invariant parameters to be calculated) at 13 slice positions (bmax=703 s/mm '). Two interleaved series with nine 

repeats each were acquired, resulting in 1872 images. Repeat scans were averaged after magnitude reconstruction 

to increase signal to noise while retaining the low motion sensitivity o f the single shot acquisition. Diffusion 

scanning time was 19 minutes. Total scanning time including diffusion, localiser and high-resolution EPI 

anatomical scan was 25 minutes. Images were transferred to an off-line workstation (Sun Microsystems, Palo Alto, 

CA) for post-processing.

Figure 3.1; Normalised, axial mean diffusivity (top row) and fractional anisotropy (bottom row) maps. Averaged 

from the 30 control subjects.

3.1.3.3 Analysis

The maps o f mean diffusivity and fractional anisotropy were calculated using the method proposed by Basser and 

Pierpaoli (Pierpaoli and Basser 1996; Pierpaoli et al. 1996) using in-house software. The mean diffusivity map 

represents the magnitude o f the diffusion in each voxel measured in mm '/s. Each voxel in the fractional anisotropy 

map represents a value o f the anisotropy index, which is a rotationally invariant scalar index of diffusion
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anisotropy with 0 representing an isotropic medium where there is no directionality to the diffusion and 1.0 

representing maximum anisotropy.

To allow objective voxel-by-voxel statistical comparisons to be made, all images were normalised to a 

standard template using SPM 96 (Wellcome Dept, of Imaging Neurosciences, Institute of Neurology, London, UK) 

(Friston et al. 1995a; Friston et al. 1995b). This template was created by normalising a control subject’s image 

with no diffusion weighting (the b=0 image) to SPM space, which approximates Talairach space using 12 linear 

degrees of freedom and a 4x5x4 non-linear warp. Subsequently the b=0 images of the patients and controls were 

normalised to this template using linear steps with 12 degrees o f freedom (translation, rotation, zoom and shear). 

Using parameters derived from this process the mean difftisivity and fractional anisotropy maps were similarly 

normalized (figure 3.1).

Prior to statistical analysis, the normalised maps were smoothed with an isotropic Gaussian kernel (8mm 

for anisotropy maps and 10mm for difftisivity). In addition, a signal intensity threshold was set at 0.5 to reduce the 

level o f noise from the diffusion images included within the analysis; that is, only voxels with values exceeding 

50% of the whole brain mean intensity for each parameter were analysed. This procedure excluded noise that arose 

principally from outside the brain.

The smoothed, normalized maps were statistically analysed on a voxel-by-voxel basis, and inferences 

made from the resultant maps, as described in Chapter 2.3 Common methodology: Post-acquisition processing. 

R egion-of interest analyses were also performed in order to illustrate the magnitude of the differences in 

anisotropy and difftisivity in areas highlighted by the SPM comparison as deviating significantly from normal.

3.1.4 Results

3.1.4.1 Control group

Comparing each control subject with the remaining 29 control subjects using identical parameters and statistical 

thresholds as the comparison between patients and controls, two subjects had areas o f significantly increased 

difftisivity and one subject had a significant reduction in anisotropy. At a statistical threshold of /?<0.05 and 60 

examinations (30 subjects with two contrasts each (an increase and a decrease)), up to three abnormal areas may 

have been anticipated by chance for each diffusion parameter.

3.1.4.2 Acquired Lesions

3.1.4.2.1 Individual SPM  analyses:

In all ten patients with acquired lesions, SPM detected areas o f significantly reduced anisotropy and increased 

difftisivity (table 3.1). In nine patients the areas of reduced anisotropy and in all patients the areas of increased 

difftisivity corresponded to the abnormalities identified on visual inspection o f the conventional MR images (figure 

3.2). In three patients areas of significantly reduced anisotropy and in a further three patients areas o f significantly 

increased difftisivity were detected in regions previously reported as normal.

Analysis o f patients 1, 2 and 3 also demonstrated significant increases in anisotropy. In patient 2, this was
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within an area of visualised damage whereas, in patients 1 and 3, the areas of increased anisotropy were within 

normal-appearing cerebral tissue, most commonly immediately adjacent to the areas of visualised damage.

Figure 3.2: Patient 8, mature cortical infarct in right frontal lobe.

Normalised axial anisotropy maps at the same slice position for the averaged 30 control subjects (a) and the patient 

(b) and (c). Normalised axial diffusivity maps at the same slice position for the averaged 30 control subjects (e) 

and the patient (f) and (g). The difference in signal to noise between the maps is due to averaging of the 30 controls 

subjects. The region o f significantly decreased anisotropy is superimposed on map (c) and the region of 

significantly increased diffusivity is superimposed on map (g). These regions coincide with the localisation o f the 

abnormality identified on conventional MRl. (d) and (h): The equivalent slice o f the patient’s T1-weighted image. 

The regions in (c) and (g) were used for quantitative region-of-interest analyses of anisotropy and diffusivity 

values respectively. Note that right on the images is patient’s right.

3.1.4.2.2 Region-of-interest analyses

In order to demonstrate the magnitude of the effect, quantitative ROI analyses were made in two patients whose 

appearances on conventional imaging were considered typical for each aetiology. In patient 1 (head injury) the 

average anisotropy within the identified right parietal region was 0.24. This was 41% of the mean anisotropy 

within the corresponding regions in the control subjects (mean anisotropy o f 0.59). The average diffusivity within 

the identified right parietal region was 1038 xlO'^mm^/s. This was 146% of the average diffusivity within the 

corresponding regions in the eontrol subjects (average diffusivity o f 710 xlO'^’mm^/s). The mean anisotropy within 

the region o f increased anisotropy in patient 1, anterior to the identified region of cerebral damage, was 0.64, 

(159% of the control groups mean anisotropy o f 0.40). The average diffusivity within the area o f normal appearing
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cerebral tissue in the right frontal region, immediately anterior to the conspicuous cerebral damage (but separate 

from the area o f increased anisotropy) was 843mm^/s, (117% of the control groups average of 722mmVs).

Two areas o f reduced anisotropy were seen in patient 8 (cerebral infarction). The lateral frontal area 

(figure 3.2) was associated with increased T 2  signal on standard imaging, whereas the medial frontal region 

appeared normal. The mean anisotropy in these two frontal regions was 0.28 and 0.29 respectively. These were 

both 51% o f the mean anisotropy within the corresponding areas in the control group (0.56 and 0.57). The average 

diffusivity within the lateral frontal region in patient 8 was 902mm^/s, (128% o f the control groups average of 

704mm^/s), (figure 3.2).



Table 3.1 Clinical characteristics, EEG, MRI and DTI findings in patients with non-progressive acquired lesions

Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy

(yr)

EEG features Conventional MRI 

Findings

DTI findings 

Sig. decreases in 

Anisotropy 

(P-value)

DTI findings 

Sig. increases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

diffusivity 

(P-value)

1 44 M head injury 33 R. temp, i.e.a. R. temp.par.occ. 

multicystic damage

R. temp. par. occ 

(P<0.001)

R. frontopar. 

(P=0.003)

R. front, temp, par 

(P<0.001) + L. par. 

(P<0.001)

2 33 M head injury 13 bil. temp, i.e.a. R. front.temp.par. + minor 

L. front damage

R. temp. (P=0.008) R. front. 

(P=0.018)

R. front, temp, par 

(P<0.001) + L. 

front.par.(P=0.004)

3 38 M head injury 3 R. temp, i.e.a. R. front.temp.par. damage R. front, temp. par. 

(P<0.001)

L temp. 

(P=0.013) + R. 

front (P=0.010)

widespread R>L 

(P<0.001)

4 27 M head injury 6 bil. frontotemp. 

i.e.a.

bifront. + R. temp. + 

corpus callosum damage

L. front (P=0.046) + 

bil. temp. (P=0.003)

nil bifront. (P<0.001) 

+ corpus callosum 

(P<0.001)

5 51 M head injury 47 L. temporopar. 

i.e.a.

superficial atrophy of L. 

hemisphere, sparing temp.

L. mesial temp. 

(P=0.007)

nil L. front, par. occ 

(P=0.010)

6 35 M infarction 27 R. front + L. 
temp, i.e.a.

Post. L. middle cerebral 
artery territory damage

L. par. occ. 
(P=0.013)

nil L. par. occ. 
(P<0.001) + R. par.

iP=0.024)



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy

(yr)

EEG features Conventional MRI 

Findings

DTI findings 

Sig. decreases in 

Anisotropy 

(P-value)

DTI findings 

Sig. increases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

diffusivity 

(P-value)

7 38 M infarction 36 R. front.temp.par. 
i.e.a.

R. temp.par.occ. 
ischaemic damage

R. temp. par. occ. 
(P=0.008)

nil R. temp. par. occ. 
(P<0.001)

8 20 F infarction 12 R. frontotemp. 
i.e.a.

R. lat. front, cortical scar R. med. (P=0.003) + 
lat. front. (P=0.036)

nil R. lat. front. 
(P<0.001)

9 23 M focal
leucoencephalitis

7 R. frontotemp. 
i.e.a

R. front, scarring, CSF- 
filled cortical cavity

R. front. (P=0.003) nil R. frontopar. 
(P<0.001)

10 53 M perinatal injury 48 R. temp, i.e.a diffuse signal change in 
bil. post. WM

L. occ. WM 
(P=0.018)

nil bil. occ. WM 
(P<0.001)

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; front.=frontaI; par.=parietal; temp.=temporal; occ.=occipital; WM=white matter; i.e.a..=interictal 

epileptiform activity; Sig.=significant; M=male; F=female.
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3.1.4.3 Malformations of Cortical Development:

3.1.4.3. ! Individual SPM  analyses 

Anisotropy

In seventeen o f the twenty-two patients with MCD, SPM detected areas o f decreased anisotropy (table 3.2). In 

fifteen o f these patients the changes corresponded to all or part o f the MCD. In six patients changes were found 

outside the MCD in tissue that appeared normal on conventional MRI.

Nine of the eleven patients (patients 11-21) with gyral abnormalities had areas of significantly reduced 

anisotropy that corresponded to all or part o f the MCD. In four o f the eleven, changes were found in areas beyond 

the margins of the evident MCD, in areas that appeared normal on T l-  and T2-weighted images (figure 3.3). 

Reduced anisotropy was also seen in the patients with agenesis o f the corpus callosum (patient 22) and subcortical 

heterotopia (SCH) (patients 23, 24, figure 3.4). None o f the patients with band heterotopia (BHT) (patients 25-28) 

had any significant anisotropy changes detected by SPM in the areas o f the MCD. One patient (25) however had a 

periventricular area o f decreased anisotropy outside the evident MCD. In the patients with subependymal 

heterotopia (SEH), SPM detected areas of reduced anisotropy that corresponded to all or part o f the SEH in three 

patients (29-31). In one patient (patient 31), reduced anisotropy was also shown in the frontal gyral abnormality 

and in normal appearing grey and white matter.

In two patients (1 1 and 24), SPM detected areas o f increased anisotropy. Two of the areas were in white 

matter adjacent to MCD (figure 3.4). In one patient (patient 24) a further area of increased anisotropy was found in 

the left temporal lobe in grey matter that appeared normal on conventional MRI.

M

Figure 3.3: Patient 11, bilateral frontoparietal gyral abnormalities with thickened cortex.

Normalised axial anisotropy maps at the same slice localisation for the averaged 30 control subjects (a) and the 

patient (b) and (c). The regions o f significantly decreased anisotropy are superimposed (blue) on map (c). (d): The 

equivalent slice o f the patient’s Tl-w eighted image. The regions of decreased anisotropy not only coincide with 

the localisation o f the gyral abnormalities with thickened cortex but are also found in the normal appearing 

occipital lobes. Note that right on the images is the patient’s right.
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Figure 3.4: Patient 24, right fronto-parietai and occipital nodular heterotopia.

Normalised axial anisotropy maps at the same slice localisation for the averaged 30 control subjects (a) and the 

patient (b) and (c). The regions o f significantly decreased (blue) and increased anisotropy (red) are superimposed 

on map (c). (d): The equivalent slice of the patient's Tl-w eighted image. A region of reduced anisotropy is found 

in the fronto-parietai heterotopia. The region of increased anisotropy is in normal appearing white matter adjacent 

to the occipital heterotopia. Note that right on the images is the patient’s right.

Mean diffusivity

In ten o f the twenty-two patients with MCD, SPM detected areas o f increased diffusivity (table 3.2). In eight of 

these the changes corresponded to all or part of the MCD. In nine patients changes were found outside the MCD in 

tissue that appeared normal on conventional MRI. In seven of the ten patients the diffusivity changes were more 

extensive than the anisotropy changes. Seven of the eleven patients (patients 11-21) with gyral abnormalities had 

areas o f increased diffusivity corresponding to all or part o f the MCD. In six o f these and in one additional patient 

changes were found outside the MCD in grey and/or white matter that appeared normal on conventional MRI 

(figure 3.5). One of the patients with nodular SCH (patient 24) had areas o f increased diffusivity both within and in 

areas beyond the MCD. There were no diffusivity changes in the other patient with nodular SCH (patient 23), the 

patient with agenesis o f the corpus callosum (patient 22) or the patients with BHT (patients 25-28). One (patient 

29) of the patients with SEH (patients 29-32) had an area of increased diffusivity outside the MCD in normal 

appearing grey and white matter. There were no areas of decreased diffusivity.

3.1.4.3.2 R egion-of interest analyses

A n isotropy

Quantitative ROI analyses o f decreased anisotropy were made in patient 11 and 24, whose appearance on 

conventional MRI were typical of gyral abnormality with thickened cortex and nodular heterotopia, respectively. 

In patient 11 (figure 3.3) the analyses were made in the normal-appearing left occipital white matter and right 

frontoparietal area with gyral abnormality. The mean anisotropy value was 0.35 in the left occipital region, which 

was 60% of the mean o f control values o f 0.58. The mean anisotropy in the right frontoparietal region was 0.30. 

This was 51% on the mean anisotropy in the corresponding areas in the control subjects o f 0.59. In the right fronto­

parietal heterotopia in patient 24 (figure 3.4) the mean anisotropy was 0.43, which was 61% of the mean
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anisotropy value (0.71 ) in the same region in the control subjects.

ROI analyses were also made in one of the patients with areas of significantly increased anisotropy, 

patient 24 (figure 3.4). In this area o f normal appearing occipital lobe the anisotropy value was 0.75 in the patient 

and 0.38 in the control subjects (197%).

H M

Figure 3.5: Patient 11, bilateral frontoparietal gyral abnormalities with thickened cortex.

Normalised axial diffusivity maps at the same slice localisation for the averaged 30 control subjects (a) and the 

patient (b) and (c). The regions of significantly increased diffusivity (red) are superimposed on map (c). (d): The 

equivalent slice o f the patient’s Tl-w eighted image. The regions o f increased diffusivity not only coincide with the 

localisation of the gyral abnormalities but are also found in normal appearing white matter in parietal and frontal 

lobes. Note that right on the images is the patient’s right.

Mean diffusivity

Quantitative ROl-analyses of increased diffusivity were made in two patients whose appearances on conventional 

MRI were typical o f gyral abnormality with thickened cortex. In patient 1 the mean diffusivity for an area of 

normal appearing white matter in the left occipital lobe (figure 3.5) was 811 xlO^ mm"/s, compared to a mean of 

712 xlO^ m m '/sfor the eontrol group in the same area (114%). In the normal appearing white matter in the left 

frontal lobe in patient 9 the average diffusivity was 873 xlO^ mm‘/s. This was 119% o f the average diffusivity in 

the corresponding area in the control group, 73 1 xlO‘*mm"/s.



Table 3.2 Clinical characteristics, EEG, MRI and DTI findings in patients with malformations of cortical development

Patient
Age

(yr)
Gender Seizure types FFG features Conventional MRI Findings

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Mean Diffusivity 

(P-value)

11 27 F 2° gen. Bil. abn. max L Bil. frontopar. gyral abn. with 

thick cortex

Bil. frontopar. In MCD + 

front, bil. in NA GM + WM

(p <0.0001)

L front, med. of MGD 

(p =0.003)

Bil. frontopar. in MGD. Bil. 

front. + occ. in NA G + WM 

+ cerebellum (p <0.0001)

12 24 F SPS, GPS, 

tonie

Bil. abn. max L Bil. gen. gyral abn. with thick 

frontopar. cortex

Bil. frontopar. + R front, in 

MCD (p <0.0001)

None Bil. frontopar. in MGD. Bil. 

front., temp-occ. in NA GM, 

WM + cerebellum

(p <0.0001)

13 22 M SPS, GPS Bil. abn. max L Bil. frontopar. gyral abn. with 

thick cortex

Bil. frontopar. in MCD

(p <0.0001)

None None

14 24 M GPS, 2° gen. Bil. abn. max temp. Bil. frontopar. gyral abn. with 

thick cortex

Bil. frontopar. in MGD 

(p =0.03)

None None

15 34 F S+GPS, 2° 

gen.

No definite abn. L frontopar. gyral abn. with 

thick cortex

L frontopar. in MGD

(p <0.0001)

None L NA cerebellum

(p =0.001)

16 39 F SPS, GPS Bitemp, abn L front. + R frontopar. 

schizencephaly

L front. + R frontopar. in 

MGD (p <0.0001)

None None



Patient
Age

(yr)
Gender Seizure types EEG features Conventional MRI Findings

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Mean Diffusivity 

(P-value)

17 20 M T  gen. Bitemp. abn. max L Gen. gyral abn. with thick 

cortex

None None Bil. Widespread occ. to front, 

in MCD and NA WM 

(p =0.03)

18 36 F S+CPS, 2° 

gen., MJ

Bitemp. abn. max L Gen. gyral abn. with thick 

cortex

Bil. in MCD

(p <0.0001)

None R parieto-occ + L occ in 

MCD. Bil. temp, in NA WM

(p =0.001)

19 50 M CPS, 2° gen. R abn. max temp. R front. + bil. par. + occ. 

gyral abn. with thick cortex.

Bil. in MCD. L front, in NA 

W M (p <0.0001)

None R widespread temp, to front, in 

MCD + underlying NA WM. 

L front, to par. WM

(p <0.0001)

20 44 M CPS, 2° gen. L hemisphere abn. L front. + par. gyral abn. 

with thick cortex

L frontopar. in MCD. R front, 

in NA GM {p =0.01)

None L frontopar. in MCD + 

underlying NA WM, bil 

cerebellum (p <0.0001)

21 25 F SPS, MJ R hemispere abn. 

max ant.

R par. and occ. gyral abn. 

with thick cortex.

L pericallosal in NA GM and 

WM ip =0.02)

None R frontopar in MCD + 

underlying WM (p <0.0001)

22 31 F 2° gen. Bil. abn. Agenesis of corpus callosum, 

gen. gyral abn. and SEH

Bil. in MCD and area of 

corpus callosum (p <0.0001)

None None

23 51 M 2°g«h No definite abn. R par. nodular heterotopia R par. in MCD (p <0.0001) None None



Patient
Age

(yr)
Gender Seizure types EEG features Conventional MRI Findings

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Mean Diffusivity 

(P-value)

24 23 M CPS, 2° gen. R several foci, max 

post. temp, and 

parieto-occ.

R frontopar. + R occ. 

nodular heterotopia

R frontopar. in MCD

(p <0.0001)

R occ. in WM adjacent 

to MCD and L temp, 

in GM ip =0.002)

R frontopar. + occ. in MCD + 

adj. WM. NA G + WM L occ- 

temp. (p <0.0001)

25 31 F S-kCPS, 2° 

gen.

Bil. abn. Bil. BHT NA L post, periventricular GM 

and WM (p <0.0001)

None None

26 21 M CPS, 2” gen. Gen. abn. 

ictal bil. central

Bil. BHT None None None

27 50 F CPS, 2° gen. No focal abn. Bil. BHT None None None

28 27 M S+CPS, 2° 

gen.

Bil. abn. max L 

temp.

Bil. BHT None None None

29 26 F SPS, CPS Bil. abn. max L Bil. SEH Bil. in MCD (p <0.0001) None R occ-temp. NA G + 

W M (p <0.0001)

30 36 F SPS, 2° gen. No focal abn. Bil. SEH L in MCD (p =0.02) None None

31 32 F CPS L temp. abn. L post. SEH + L front, gyral 

abn. with thick cortex

L post. + L front, in MCD. 

L occ. in NA G + WM

(p =0.002)

None None

32 32 F CPS, 2° gen. No focal abn. R post. SEH None None None

M=Male; F=Female; S/CPS=simple/complex partial seizure; MJ=myoclonic jerks; 2° gen.=secondariIy generalised tonic-clonic seizure; R=Right; L-Left; gen.=general; bil.=bilateral; 

ant.=anterior; post.=posterior; med.=medial; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; NA=Normal appearing: GM=grey matter; WM=white matter; 

MCD=malformation of cortical development; BHT=band heterotopia; SEH=subependymal heterotopia
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3.1.4.3 MRI-negative patients

3.1.4.4.1 Individual SPM  analyses 

Anisotropy

SPM analyses of the 30 individual patients in the MRI-negative group revealed two patients with statistically 

significant differences in anisotropy compared to the control group (table 3.3). One (patient 45) had an area of 

increased anisotropy in the right temporal lobe that was concordant with both seizure semiology and interictal EEG 

recordings (ictal EEG data not available). The other (patient 37) demonstrated significant decreases in anisotropy 

in both left occipital and right occipitoparietal regions with clinical and ictal EEG recordings suggesting left 

temporal lobe seizure onset.

Mean Diffusivity

Eight patients had regions o f significantly increased diffusivity. Six o f these concurred with the location of 

interictal epileptiform activity, and four o f these also agreed with ictal EEG recordings and clinical seizure 

semiology (table 3.3) (figure 3.6). Two patients therefore had areas of significantly increased difftisivity in regions 

distinct from EEG abnormality and clinical seizure focus. Patient 37 demonstrated increased difftisivity in the right 

frontal and both occipital regions. Patient 60 had areas o f increased diffusivity in the right temporal lobe and bi- 

parietally, but ictal EEG evidence suggested a left temporoparietal seizure focus.

3.1.4.4.2 Region-of-interest analyses 

Anisotropy

Quantitative ROI analyses within the right temporal lobe of patient 45 revealed a mean anisotropy of 0.50, 167% 

of the mean anisotropy within the corresponding regions of the control subjects o f 0.30. In patient 37, the mean 

anisotropy within the left occipital region and right occipitoparietal region were both 0.45, 69% and 68% 

respectively of the mean anisotropy within the identical areas in the control group of 0.65 and 0.66.

Mean Diffusivity

Quantitative ROI analyses within the right frontal lobe of patient 49 (Figure 3.5) revealed an average diffusivity of 

907 xlO'^mm^/s, which was 117% of the average difftisivity within the corresponding regions o f the control 

subjects o f 772 xlO’̂ mm^/s. In patient 53, the average difftisivity within the left frontotemporal region was 846 

xlO'^mmVs (118%), compared to 716 xlO’̂ mmVs for the control group.



Table 3.3 Clinical characteristics, EEG and DTI findings in patients with normal conventional MRI.

Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration

of

epilepsy

(yr)

Seizure types Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Mean Diffusivity 

(P-value)

33 54 M cryptogenic 34 CPS, T  gen. L. temp. L. temp. None None None

34 37 F cryptogenic 21 CPS, 2° gen. L. temp. L. temp. None None None

35 31 F cryptogenic 30 SPS, 2° gen. L. temp. L. front.+ L. temp None None L. frontal (P=0.005)

36 39 M cryptogenic 11 CPS, 2" gen. L. temp. bil.temporal None None None

37 43 M birth injury 43 CPS, T  gen. L. temp. L. > R. temp. L. occ. (P=0.002) + 

R.par.occ (P=0.004)

None bil.occ. (P<0.001) + 

R. frontal (P=0.041)

38 38 M cryptogenic 35 CPS, 2° gen. L. temp. L. »  R. temp. None None None

39 36 F cryptogenic 32 S+CPS, T  gen. N/A L. »  R. temp. None None None

40 38 M cryptogenic 13 CPS, T  gen. L. temp. L. temp. None None None

41 18 M birth injury 15 CPS, 2° gen. N/A L. temp. None None None

42 41 M encephalitis 19 S+CPS, 2° gen. inconclusive R. »  L. temp. None None None



Patient Age Gender Aetiology of Duration 

(yr) epilepsy of

epilepsy

(yr)

Seizure types Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases 

in Anisotropy 

(P-value)

DTI findings 

Sig. increases in 

Mean Diffusivity 

(P-value)

43 54 F cryptogenic 48 CPS, 2° gen. N/A R. »  L. temp. None None None

44 55 M cryptogenic 2 CPS R. temp. L. + R. temp None None L. temp. (P=0.025)

45 33 M cryptogenic 18 SPS, 2° gen. N/A R. temp. None R. temp. 
(P=0.040)

None

46 42 M meningitis 29 CPS, 2° gen. R. temp. bil.temporal. None None None

47 36 F cryptogenic 21 CPS, 2° gen. inconclusive R. »  L. temp. None None None

48 22 F cryptogenic 11 CPS, 2° gen. L. front. L. front. None None None

49 34 F cryptogenic 11 CPS R. front. R. frontotemp. None None R. frontal (P=0.027)

50 36 M cryptogenic 14 CPS, 2° gen. L. front. L.> R. frontotemp. None None None

51 42 F cryptogenic 35 CPS, 2° gen. R. > L. front. R. > L. front. None None None

52 37 F encephalitis 31 CPS, 2° gen. N/A bil. front. None None None

53 18 F cryptogenic 12 S+CPS, 2° gen. L. frontotemp. bil. frontotemp. None None L. frontotemp. 
(P=0.045)

54 39 M cryptogenic 4 CPS, 2° gen. N/A normal None None None



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration

of

epilepsy

(yr)

Seizure types Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DTI findings 

Sig. decreases 

in Anisotropy 

(P-value)

DTI findings 

Sig.increases 

in Anisotropy 

(f-value)

DTI findings 

Sig.increases in 

Mean Diffusivity 

(f-value)

55 30 M cryptogenic 22 CPS, 2° gen. L. temp.occ L. temp. None None L. posterior temp. 

(P-0.011)

56 20 M cryptogenic 15 S+CPS, T  gen. bil frontotemp bil frontotemp None None L. front. (P=0.001) + R 

frontotemp (F^O.008)

57 36 F cryptogenic 21 S+CPS, T  gen. inconclusive R. hemisphere None None None

58 55 M measles

vaccination

26 SPS, T  gen. bil. front. L. temp. None None None

59 25 M cryptogenic 14 CPS, T  gen. bil. front. widespread None None None

60 28 M cryptogenic 24 S+CPS, T  gen. L. temporopar. L. hemisphere None None R. temp. (P<0.001)+ 

bilat. par. (P<0.001)

61 29 F cryptogenic 19 CPS, T  gen. L. hemisphere L. hemisphere None None None

62 52 F cryptogenic 14 CPS, 2° gen. L. hemisphere L. temp. None None None

S/CPS=simple/complex partial seizure; 2° gen =generalised seizure; R.=Right; L.=Left; bil.=bilateral; front.=frontal; par.=parietal; temp .tem poral; occ.=occipital; N/A=not 

available; Sig.=significant; M=male; F^female.
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Figure 3.6: Patient 49, right frontal lobe epilepsy with normal conventional MRI.

Normalised axial diffusivity maps at the same slice position for the averaged 30 control subjects (a) and the patient 

(b) and (c). The region of significantly increased diffusivity is superimposed on map (c). The region of increased 

diffusivity is localised to the normal appearing cerebral tissue of the right frontal lobe, (d): The equivalent slice of 

the patient’s Tl-w eighted image. The region in (c) was used for quantitative region-of-interest analysis of 

diffusivity values. Note that right on the images is patient’s right.

3 .1.4.4.3 Group analyses

Group analyses were performed on patients with EEG evidence of either left or right temporal lobe seizures. The 

left temporal lobe group consisted o f nine patients (patients 33-41) and the right temporal lobe group six (patients 

42-47). Compared to the 30 control subjects the left temporal lobe group had a significant decrease in anisotropy 

and significant increase in diffusivity within the white matter of the left temporal region (figure 3.7). The ROI 

analysis of this area demonstrated a mean anisotropy in the patient group of 0.40 (80%), compared with a mean of 

0.50 in the control subjects. The average diffusivity in this region in the patient group was 830 mm‘/s (106%), 

compared to 780 mm“/s for the control group. A similar, but non-significant trend o f reduced anisotropy was found 

in the right temporal lobe o f the right temporal lobe patients (patient mean, 0.33; control mean, 0.41; p=0.09).
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Figure 3.7: Left temporal lobe epilepsy group with normal conventional MRI.

Normalised axial anisotropy maps at the same slice position for the averaged 30 control subjects (a) and the 9 

patients (b). Normalised axial diffusivity maps at the same slice position for the averaged 30 control subjects (d) 

and the 9 patients (e). The regions o f decreased anisotropy and increased diffusivity are superimposed on 

normalised Tl-w eighted SPM templates at the same slice position ((c) and (f) respectively). These regions are 

localised to the left temporal lobe. The regions in (c) and (f) were used for quantitative region-of-interest analyses 

of anisotropy and diffusivity values. Note that right on the image is patients’ right.

3.1.5 Conclusions

There were several major findings in this study. Diffusion tensor imaging and objective voxel-by-voxel statistical 

comparison identified significant increases in diffusivity and significant reductions o f anisotropy in all patients 

with acquired non progressive cerebral lesions and partial seizures. In all of these patients the areas of increased 

diffusivity and in nine patients the areas o f decreased anisotropy concurred with abnormalities identified on visual 

inspection of conventional MRI. In addition there were ten areas which were normal on conventional imaging 

which exhibited significantly different anisotropy or diffusivity indicating added sensitivity from the new method. 

Fifteen patients with MCD had areas of reduced anisotropy and eight had areas of increased diffusivity within the 

MCD. Reduced anisotropy was also found in tissue beyond the margins o f the evident MCD in six patients, in 

areas that appeared normal on conventional T l-  and T2-weighted images. Nine o f the patients had increased 

diffusivity in grey and/or white matter that appeared normal on MRI. Individual analyses o f 30 patients with partial 

seizures and normal conventional MRI identified a significant increase in diffusivity in eight o f the subjects. In six 

of these, the areas o f increased diffusivity concurred with the localisation of epileptiform EEG abnormality.
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Analysis o f anisotropy in the MRI-negative patients revealed significant differences in two patients, one o f which 

concurred with electroclinical seizure localisation. Group analysis o f nine patients with electroclinical seizure 

onset localising to the left temporal region revealed a significant increase o f diffusivity and a significant reduction 

in anisotropy within the white matter o f the left temporal lobe.

3.1.5.1 Methodological considerations and limitations

Ultra-fast echo planar imaging has enabled us to perform whole brain DTI within a reasonable time frame. The 

rotationally invariant diffusion parameters calculated using this technique are insensitive to variations in 

intersubject positioning within the scanner, allowing meaningful comparison between individuals (Pierpaoli and 

Basser 1996). DTI is an imaging sequence sensitive to the molecular movement o f water; therefore, it is also 

susceptible to patient movement and pulse artefacts. These are minimised by the use o f a fast MRI technique (EPI) 

and a final image created by the averaging of nine acquisitions at every slice position. Additionally, it is known 

from experimental and clinical data that cerebral diffusion changes are observed during epileptic seizures 

(Wieshmarm, Symms, and Shorvon 1997b; Lansberg et al. 1999). Only one patient reported a seizure (simple 

partial) within the 24 hours preceding the DTI, however without simultaneous EEG recording we cannot exclude 

the possibility of ictal discharge occurring during the scan.

The voxel-by-voxel approach used by SPM to compare diffusivity and anisotropy in the whole brain is a 

more objective, statistically rigorous and unbiased method than region-of-interest analyses based on a priori 

knowledge and has previously been applied to PET and structural MRI data (Richardson et al. 1998; Woermaim et 

al. 1999b). In addition, a ROI-based study of DTI in structural cerebral lesions failed to identify abnormalities in 

mean diffusivity in 30% o f patients despite anisotropy abnormalities in all, and did not investigate normal 

appearing cerebral tissue (Wieshmann et al. 1999c).

3.1.5.2 Pathophysiological and clinical implications

Diffusion of water within a tissue is governed by its molecular, microstructural and architectural properties. The 

main determinants o f anisotropy in densely packed unmyelinated fibres are axonal membranes, and in myelinated 

tracts, the multiple myelin laminae (Nomura et al. 1994; Rutherford et al. 1991; Beaulieu and Allen 1994; 

Wimberger et al. k l 995). A dismption to this microstructural environment such as ischaemic injury, gliosis, or 

cerebral dysgenesis will lead to a less ordered arrangement of nerve fibres and subsequent change in anisotropy 

and difftisivity.

Diffusivity is reduced in seizure foci during ictal events (Lansberg et al. 1999; Wieshmann et al. 1997b) 

and induced status epilepticus (Zhong et al. 1993; Ebisu et al. 1996). This is thought to be the result o f cellular 

swelling and reduction o f extracellular space (Lux, Heinemann, and Dietzel 1986). Anisotropy measurements are 

not available from these studies, however it is likely that this would similarly be reduced. There was an acute 

reduction in diffusion during pilocarpine induced status epilepticus, and in rats which subsequently developed 

chronic seizures, a progressive increase in diffusion developed in both seizure foci and mesial temporal lobe
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structures (Lynch et al. 1996). The hypothesis was that chrome seizures lead to cellular loss and structural 

disruption in both these areas. This is a possible explanation for the decreased anisotropy in the mesial temporal 

lobe stmctures of patient 5 in the acquired lesion group and also the group effect of reduced anisotropy and 

increased diffusivity found in the MRI-negative TLE patients.

Significant reductions o f anisotropy were detected in all o f the patients with acquired lesions, and in all but one 

patient (patient 5) these were within areas previously identified as abnormal on conventional MRI. All areas of 

abnormality on conventional MRI were associated with significant increases in diffusivity. These results concur 

with findings from previous diffusion studies on patients with acquired non-progressive cerebral lesions (Werring 

et al. 1998; Wieshmann et al. 1999e; Hajnal et al. 1991), and are consistent with pathological abnormalities, for 

example, structural dismption and neuronal loss, observed in such patients (Adams 1992).

In three patients with head injury (patients 1-3), increases in anisotropy were identified. In patients 1 and 

3 these areas were commonly immediately anterior to the major traumatic lesion, in cerebral tissue that appeared 

normal on conventional MRI. This may represent displacement o f white matter tracts into regions of inherently 

low anisotropy or the compaction o f fibre bundles into denser and more stmctured, hence more anisotropic tracts 

(Beaulieu and Allen 1994). Four patients with head injuries (patients 1, 3, 4 and 5) had reduced anisotropy or 

increased diffusivity in regions appearing normal on conventional MRI suggesting loss o f stmctural organisation 

secondary to occult cerebral damage.

In chronic ischaemic lesions, increased diffusivity and reduced anisotropy have previously been noted, 

concordant with gliosis, expansion o f extracellular space and loss of discreet microstmctural organization (Warach 

et al. 1995). In all three patients with partial seizures secondary to mature infarcts, DTI and SPM demonstrated 

reduced anisotropy and increased diffusivity within each lesion. In one patient (patient 8) an additional area of 

reduced anisotropy was demonstrated within the same vascular territory. This was in normal appearing cerebral 

tissue suggesting the ischaemic injury extended beyond the visible abnormality. Furthermore another patient with a 

mature cerebral infarct (patient 6) had an area of increased diffusivity in the contralateral hemisphere in normal 

appearing tissue, again suggesting the presence o f occult injury. Overall six patients with head injury or ischaemic 

damage (patients 1, 3, 4, 5, 6 and 8) had significantly altered diffusion indices within normal appearing cerebral 

tissue. This finding is o f importance should surgical management of similar patients be considered.

The areas o f reduced anisotropy within MCD localised to regions o f grey matter and/or the grey-white matter 

interface on high resolution MRI. The decreased anisotropy in these areas of heterotopic grey matter is likely to be 

due to a comparison o f anisotropy in the abnormally located grey matter in the patients to anisotropy in the white 

matter in control subjects.

More interestingly, anisotropy and diffusivity changes were found outside the MCD in normal appearing 

tissue. Changes beyond the margins of the visually detected MCD were found in nine o f the ten patients with 

increased diffusivity, and in six of the seventeen patients with decreased anisotropy, concurring with previous 

studies of structural MRI (Sisodiya et al. 1995b; Woermaim et al. 1999a) and PET data (Richardson et al. 1996) in 

patients with epilepsy and MCD. These findings suggest that MCD is often more extensive than the visible lesion, 

with widespread subtle malformation.

Several histopathological epilepsy surgery and necropsy series have found microdysgenesis and an
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increased number of neurons in white matter in patients with epilepsy compared to control subjects (Meencke 

1983; Hardiman et al. 1988; Kasper et al. 1999; Finsterbusch and Frahm 1999; Bahn 1999). These changes may 

involve several lobes (Eriksson et al. 1999). An increased number of neuronal cell bodies in the white matter may 

disrupt the white matter tracts causing a reduction in anisotropy. Other studies have found a relative decrease in 

white matter in patients with MCD, that might be the result o f an increased number o f neurons projecting thinner 

axons (Sisodiya et al. 1995b), which may have altered arborisation (Mitchison 1991). Dysmyelination of white 

matter may also occur with MCD (Marchai et al. 1989), and this may also contribute to reduced anisotropy.

Areas with increased diffusivity were generally more extensive than areas with decreased anisotropy, in both MCD 

and normal appearing grey and white matter. The widespread increase in diffusivity suggests areas o f reduced cell 

density and increased extracellular space due to failure o f neurogenesis or later cell loss. In animal studies of status 

epilepticus, reduced diffusivity has been observed acutely, with spontaneous normalisation after three days 

(Nakasu et al. 1995; Hasegawa et al. 2003). Pyknotic neurons and vacuolated neuropil were seen on 

histopathological examination o f these areas, suggesting neuronal damage had occurred during the prolonged 

seizure (Nakasu et al. 1995). It is likely that this would have caused increased extracellular space and increased 

diffusivity in the chronic phase, in agreement with studies on cerebral ischaemia (Warach et al. 1995). Repetitive 

seizures in humans may also result in neuron loss and gliosis (Vinters et al. 1993) and both reduced anisotropy and 

increased diffusivity may be caused by frequent seizures.

SPM did not detect significant changes in anisotropy or diffusivity in all MCD. Anisotropy is usually 

highest in the major white matter tracts and lower in the tissue close to the cortex where fibres are crossing or 

fanning out (Peled et al. 1998). MCD in areas where anisotropy is naturally low may not result in a significant 

reduction in anisotropy compared to control subjects. Anisotropy was however more sensitive than diffusivity in 

the identification o f MCD. Our findings are concordant with previous ROI based analyses o f a group o f three 

patients with MCD that all had anisotropy changes but only one had altered diffusivity (Wieshmann et al. 1999c). 

Features common to all MCD include loss of tissue organisation and abnormalities o f neuronal structure; which 

may perturb anisotropy. Despite the structural disorganisation, the cellular density is preserved in many o f the 

MCD. The restriction of water diffusion by cell membranes and thus, the degree o f diffusivity might therefore be 

similar to that o f normal tissue. This suggests that anisotropy and diffusivity provide complementary information. 

These findings contrast with the results o f patients with acquired lesions in which diffusivity changes were more 

evident than abnormalities o f anisotropy. This reflects the different underlying pathological changes within each 

group.

Areas of significantly abnormal diffusion were detected in nine MRI-negative patients. In seven patients, these 

regions concurred with localisation of epileptiform EEG abnormality and in four o f these, the regions also 

concurred with ictal EEG recordings and clinical seizure semiology. The areas o f significantly increased diffusivity 

in the MRI-negative patients, the significant reduction o f anisotropy and increase in diffusivity in the TLE group, 

are most likely caused by disruption in the microstmctural environment due to aetiological factors, such as, occult 

dysgenesis or acquired damage, or as a result o f repeated seizures, for example, atrophy, gliosis, and expansion of 

the extracellular space. One patient has undergone surgical treatment with subsequent histopathological 

correlation, (see chapter 3.2)
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Our results suggest that diffusivity is a more sensitive diffusion index than anisotropy in identifying occult 

epileptogenic regions in MRI-negative patients. This implies that although expansion o f extracellular space has 

occurred, the major white matter tracts have mostly retained their structural organisation and parallel fibre bundle 

arrangement.

Despite its sensitivity in patients with epilepsy and acquired lesions, the technique did not identify a 

clinically concordant abnormality in the majority of patients with normal conventional MRI. Histopathological 

studies o f surgically resected epileptogenic areas which appeared normal on MRI have shown features of mild 

subpial or white matter gliosis, focal cortical dysplasia, clusters o f neuronal aggregates in white matter, impaired 

cortical lamination, and subcortical laminar heterotopia (Theodore et al. 1990; Zentner et al. 1995; Palmini et al. 

1991b; Siegel et al. 2001). These occult epileptogenic regions, which are most frequently encountered in the grey 

matter or white-grey junction are likely to be associated with only minor structural disorganisation, perhaps at a 

microscopic level and may not be disruptive enough to cause significant, measurable alterations in diffusion 

parameters. It is likely that our positive findings represent the most structurally abnormal o f all the MRI-negative 

patients and with improvements in diffusion imaging further occult epileptogenic regions may be identified.

One MRI-negative patient (patient 45) had an electroclinically concordant significant increase in 

anisotropy within the right temporal lobe when compared to the control subjects. As in the case of acquired 

lesions, this increased anisotropy may be associated with tract displacement or compression however without 

pathological material, the explanation is not clear.

Two MRI-negative patients had areas of altered diffusion in non-EEG concordant regions. Patient 37 had 

regions o f decreased anisotropy and increased diffusivity in the occipital regions bilaterally, in addition to an area 

of increased diffusivity in the right frontal region. This patient had suffered a perinatal hypoxic event. Patient 10 

(acquired lesion group) sustained a similar injury and SPM analysis revealed comparable diffusion abnormalities, 

however in this patient conventional MRI revealed increased signal on T2-weighted images in occipital regions 

bilaterally. Patient 60 had a region o f increased diffusivity distinct from the seizure focus. This patient had 

experienced a number of unprovoked episodes of status epilepticus. It is most likely that the regions of increased 

diffusivity in these patients were the consequence of the prior insults.
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3.2 LOCALISATION OF SEIZURE FOCUS & HISTOPATHOLOGICAL VALIDATION

3.2.1 Subject

A 36 year-old woman (patient 49, chapter 3.1) developed focal epileptic seizures aged 23 years. There was no 

previous history of cerebral insult or febrile convulsions and no family history o f a seizure disorder. The patient 

experienced only complex partial seizures. These were characterised by sudden loss o f awareness without warning, 

followed by a variety o f possible sequelae, including tmncal rocking movements, inappropriate laughter, repeated 

crossing and uncrossing of her lower limbs, aimless wandering and repeated grabbing movements o f either hand. 

Conventional brain MRI was normal. Routine scalp EEG recorded interictal epileptiform activity arising from the 

right fronto-temporal region.

Over the next 10 years, despite treatment with multiple combinations o f anti-epileptic medications, 

including carbamazepine, sodium valproate, topiramate, phenobarbitone, lamotrigine, phenytoin, gabapentin and 

clobazam, the patient’s seizures continued at a frequency of approximately 10-15 per month. The patient was 

therefore admitted to the Assessment and Treatment Centre of the National Society for Epilepsy and National 

Hospital for Neurology and Neurosurgery for further evaluation.

3.2.2 Methods

Conventional MRI, diffusion tensor imaging, post-acquisition processing and statistical analysis methods are 

described in Chapters 2 and 3.1

3.2.3 Results

3.2.3.1 SPM analysis o f DTI

Compared to the control subjects, the patient had an area of increased diffusivity in the right orbitofrontal cortex 

(figure 3.8). No other abnormality was detected. Quantitative region-of-interest analyses within the abnormality 

revealed an average diffusivity of 907 x 10'® mm^/s, which was 117% of the average diffusivity within the 

corresponding region of the control subjects of 772 x 10'® mm^/s.

3.2.3.2 Electroencephalography

Scalp video EEG telemetry revealed interictal right fronto-temporal slow waves and ictal epileptiform activity 

arising from the right frontal lobe. Depth EEG electrodes were implanted through burr holes into the right 

orbitofrontal and laterofrontal cerebral regions to test the hypothesis that the area o f increased diffusivity on DTI 

was the site o f seizure onset. Surface electrodes were placed over the lateral cortex o f the right frontal lobe 

extending to the pole of the temporal lobe, and over the anterior and posterior lateral left frontal cortex. During 

eight days of continuous videotelemetry on reduced medication, four typical complex partial seizures were 

recorded. On each occasion, the seizures arose from the deepest contacts o f predominantly the right orbitofrontal.
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but also the right laterofrontal electrode. Ten subclinical electrographic seizures were also recorded, each 

commencing with a run o f spike/wave activity at the deepest contact o f the right orbitofrontal electrode. Frequent 

interictal spikes and sharp waves were also recorded from the right frontolateral and orbitofrontal regions. No 

independent epileptiform activity was recorded from the left frontal electrodes. In conclusion, the intracranial EEG 

recording implicated the right inferior orbitofrontal region as the ictal onset zone.

r

Figure 3.8: Axial T l-w eighted (A), coronal T2-weighted (B), coronal fast FLAIR (C),and sagittal Tl-w eighted 

(D) preoperative images, and equivalent postoperative slices of T l - and T2-weighted images (E-G ) showing extent 

of resection; normalized axial diffusivity maps at same slice position for averaged 30 controls (H) and patient (1); 

region o f greatly increased diffusivity superimposed on patient’s normalised axial (J), coronal (K) and sagittal (L) 

diffusivity maps. Region highlighted in (J) was used for quantitative region-of-interest analysis o f diffusivity 

values. Note that right on images is patient’s right. Z-value bar indicating degree o f significance of 

highlighted regions in J-L  is shown.
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3.2.3.3 Surgery

The patient underwent image-guided right inferior frontal lobe resection, without complication. Conventional MRI 

three months postoperatively showed the site o f resection in the right frontal lobe (figure 3.8). The patient had no 

seizures for 6 months postoperatively; in the subsequent 6 months she had occasional complex partial seizures that 

were much shorter and less disabling than preoperatively (Engel class IIA (Engel et al. 1993)). She had no 

psychological or neurological deficits, and 9 months postoperatively she was prescribed levetiracetam (she was 

already taking carbamazepine), which resulted in further improvement in her seizure control.

3.2.3.4 Histopathology

The resected brain tissue specimen measured 6x7x2 cms, was formalin-fixed, routinely processed and examined 

with haematoxylin and eosin, Luxol fast blue/cresyl violet and Bielchowsky silver method. Immunohistochemistry 

for glial fibrillary acidic protein (GFAP) (Dako, UK, dilution 1:1000), neurofilament (ICN pharmaceuticals, 1:10), 

and phosphorylated neurofilament (Dako, UK, 1:100) was performed using a standard avidm-biotin method. 

Histopathological examination showed marked gliosis, confirmed with GFAP immunostaining, predominantly and 

diffusely involving white matter (figure 3.9). There was superficial Chaslin’s and mild intra-cortical gliosis hut no 

evidence o f cortical contusion, neoplasia, inflammatory or neurodegenerative disease process. Occasional neurones 

were noted in the white matter but the cyto-architecture o f the cortex was normal and there was no evidence of 

either microdysgenesis or other malformation o f cortical development.

3.2.4 Conclusions

DTI analysed on a statistical voxel-by-voxel basis identified an occult epileptogenic focus in a patient with 

refractory focal epilepsy and normal conventional MRI. Furthermore, seizure freedom was achieved following 

resection of the area o f diffusion abnormality suggesting that the critical focus was accurately and completely 

characterised. This has important implications therefore for the investigation o f similar “MRI-negative” patients; a 

group generally considered to have a poor postoperative prognosis in terms o f seizure freedom (Cascino et al. 

1992).

The determinants o f diffusion in biological tissue have previously been attributed to stmctures in both infra- and 

extracellular compartments. More recently however, it has been postulated that, with DTI using a magnitude of 

diffusion weighting (b-value) of less than 1000 s/mm^, the extracellular compartment is the predominant 

determinant o f DTI visible water diffusion (Le Bihan et al. 2001). Cell membranes in unmyelinated tissue, and 

multiple myelin laminae in myelinated tissue, are believed to be the principal stmctures restricting or hindering the 

movement of diffusing water molecules in the extracellular space (Beaulieu and Allen 1994).



149

■ ■

- v i j  /

-  ;  ^  i

N'

•J

. h
b'*^

j r

•) *

^ 0  ‘ ^ 0 - -* ':. • .  . - .  .  " /

:A:':->;-‘-̂ V;:.v-?rv;::.
C - J F  ' t  .  '  - ,  '  /  -* -  * .

■'» V .  “ • • .  V ' *  >. ‘ v ’  ̂ F ,11 : <

Figure 3.9: Histopathology of patient’s brain (A) Normal cortical laminar cytoarchitecture, highlighted with 

NeuN, a neuronal marker (dilution 1 in 500, A60 Chemicon, Harrow, UK; bar=550 pm). (B) Striking gliosis with 

astrocytosis in tissue derived from region of increased diffusivity in white matter of right frontal lobe, shown by 

immunohistochemical staining for glial fibrillary acidic protein (GFAP) (dilution 1 in 400, Dako, Cambridge, UK; 

bar=58-5 pm). (C) GFAP staining in normal white matter from patient (bar=58-5 pm).
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In our patient, marked gliosis, structural disorganisation and subsequent expansion o f the extracellular space was 

detected by DTI as an area of increased mean difhisivity when compared to our control subjects. Abnormalities 

seen on diffusion imaging have only very rarely been histopathologically confirmed in humans despite a wealth of 

clinical and experimental animal data suggesting the association. For example, in patients with acute cerebral 

infarction, diffusion of water molecules initially becomes more restricted as cells swell and the extracellular space 

reduces. Several days later, with presumed subsequent necrosis and cell loss, water molecules are able to diffuse 

more freely and diffusion within the infarcted tissue increases above that seen in normal tissue (Warach et al. 

1995; Lutsep et al. 1997). Similar findings have been reported in a patient with Creutzfeldt-Jakob disease. During 

the late stages of the disease when marked neuronal loss and gliosis are known to occur, progressively increasing 

water diffusion was identified by serial diffusion imaging (Matoba et al. 2001). In animal studies, reduced 

diffusivity was seen in cerebral tissue during status epilepticus due to cellular swelling. Subsequently, diffusivity 

increased within this tissue and histopathological examination showed pyknotic neurons and vacuolated neuropil 

suggesting the occurrence of neuronal damage sustained during the prolonged seizure (Nakasu et al. 1995). It is 

likely that diffusivity would have continued to increase in line with tissue necrosis and gliosis, if  histopathological 

examination of the animals had been performed later.

Previous histopathological studies o f surgically resected epileptogenic regions in patients with refractory focal 

epilepsy and normal MRI have shown mild gliosis, subtle MCD, disordered cortical lamination and 

microdysgenesis (Theodore et al. 1990; Zentner et al. 1995; Palmini et al. 1991b). Histopathological examination 

of the resected tissue from our patient found significant gliosis. In particular, there was no evidence of occult 

MCD, which are frequently encountered epileptogenic abnormalities in patients with refractory epilepsy (Raymond 

et al. 1995). Gliosis is a common finding in cerebral tissue from patients with chronic epilepsy and may be a 

consequence of seizure-related damage (Vinters et al. 1993). An area o f gliosis and neuronal loss, however, may 

be epileptogenic with altered synaptic circuitry and neuronal reorganisation resulting in an excess of excitatory 

compared to inhibitory discharges (Marco and DeFelipe 1997), and dendritic deformation inducing denervation 

hypersensitivity (Gupta et al. 1988). Furthermore, impaired buffering o f potassium by astrocytes in sclerotic 

cerebral tissue may lead to enhanced neuronal excitability and possibly epileptogenesis (Nishio et al. 2000; 

Schroder et al. 2000; Heinemann et al. 2000). Alternative hypotheses for the occurrence o f seizures arising from 

apparently unremarkable tissue include the possibility that surgery has interrupted the pathways of seizure spread 

without removing the epileptogenic focus itself, or the presence o f very subtle microscopic or electrochemical 

abnormalities. For example, reduced dendritic spine density and simplification o f dendritic architecture has been 

identified in surgically resected epileptogenic neocortical tissue that appeared normal on conventional radiological 

and histological examinations (Multani et al. 1994). These changes may result in de-afferentation, loss of 

inhibitory input and consequent neuronal hypersensitivity (Wilhnore et al. 1980). Elevated concentrations of 

excitatory neurotransmitters and enzymes involved in their synthesis have been reported in human epileptogenic 

neocortex. Moreover, the concentrations o f inhibitory neurotransmitters remained normal resulting in a relative 

imbalance between excitatory and inhibitory mechanisms (Sherwin et al. 1991).

It is likely that in some patients with refractory seizures, epileptogenic abnormalities exist at the cellular 

and subcellular levels that are beyond the limitations of DTI and conventional light microscopy. In some cases, 

therefore, DTI may detect only the sequelae of chronic seizures, such as neuronal loss and gliosis. Resection of
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cerebral tissue to include the most significantly seizure-damaged area, as identified by DTI, and which could also 

contain the occult epileptogenic focus may still render the patient seizure free.

In conclusion, DTI was able to identify a histopathologically proven structural abnormality in a patient with 

refractory focal epilepsy and normal conventional MRI. This has important implications for the investigation of 

similar patients and, in addition, provides histopathological correlation o f diffusion abnormalities in human brain.

3.3 DIFFUSION TENSOR IMAGING IN HEAD INJURY.

3.3.1 Introduction

Head hijury is an important cause o f physical and psychological disability. Severe blunt head trauma is associated 

with concussive and contusional injuries with histopathological changes o f oedema, petechial and frank 

haemorrhage, diffuse axonal injury and ischaemia. The investigation and management o f patients following head 

injury must include the accurate and complete identification of cerebral damage. This often includes computerised 

tomography acutely and MRI later to more accurately characterise chronic cerebral damage. Diffusion-weighted 

imaging has been shown to more accurately define the extent o f cerebral damage in a closed head injury model 

than conventional MRI (Assaf et al. 1997). Diffusion-tensor imaging, a relatively novel MRI technique, detected 

more extensive abnormalities than conventional MRI in a patient with a severe head injury that corresponded to 

known neurological deficit (Wieshmann et al. 1999e).

Using diffusion-tensor imaging we have shown, for the first time, abnormalities of diffusion in two 

patients with head injury and unremarkable conventional MRI.

3.3.2 Subjects

Patient 1

A 31 year-old man sustained a severe head injury with basal skull fracture, bilateral frontal lobe contusions 

identified on an acute CT scan and a 12 day period of unconsciousness following a three metre fall from a balcony 

18 months previously. Neurological examination revealed mild pyramidal signs and sensory loss affecting the right 

arm and leg. Neuropsychological examination showed mild deficits o f frontal lobe function. Conventional MRI 

performed during the same scanning session as the diffusion tensor imaging showed no abnormality other than a 

few, scattered, non-specific lesions in the region of the white-grey matter interface in both hemispheres.

Patient 2

A 29 year old man sustained severe head and facial injuries and a three day period o f unconsciousness following a 

road traffic accident 11 months previously. His acute CT scan and conventional MRI scan following recovery were 

normal. Neurological examination immediately following the accident revealed moderate bilateral quadraparesis.
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worse on the left. Current neurological examination shows only moderately increased reflexes in the left lower 

limb. Neuropsychological examination revealed severe frontal lobe dysftmction and a significant change in 

personality was also noted. Conventional MRI performed during the same scanning session as the diffusion tensor 

imaging was normal.

3.3.3 Methods

Conventional MRI, diffusion tensor imaging, post-acquisition processing and statistical analysis methods are 

described in Chapters 2 and 3.1

3.3.4 Results

Patient 1

Comparing the patient’s diffusion maps against the similarly normalised maps o f 30 healthy control subjects, a 

significant increase in mean diffusivity was identified in the left hemisphere corona radiata, extending from the 

superior aspect o f the internal capsule to the subcortical white matter in the frontal and parietal lobes (figure 3.10). 

No decreases in mean diffusivity were detected and there were no statistically significant abnormalities of 

anisotropy. The average mean diffusivity within the abnormal region found in the left corona radiata of the patient 

was 836 X 10'^ mm^/s, which was 118% o f the average mean diffusivity within the corresponding regions o f the 

control subjects o f 709 x 10'^ mm^/s (standard deviation: 23.7 x 10'^ mm^/s).

Patient 2

Comparing the patient’s diffusion maps against the control subjects’ maps, a significant increase in mean 

diffusivity was identified in the right frontal lobe (figure 3.11), adjacent to the frontal horn of the lateral ventricle 

and extending into the deep white matter o f the right frontal lobe. No decreases in mean diffusivity were detected. 

The average mean diffusivity within the abnormal region found in the right frontal lobe o f the patient was 862 x 

10 ® mm^/s, which was 115% o f the average mean diffusivity within the corresponding regions o f the control 

subjects of 747 x 10 ® mm^/s (standard deviation: 22.3 x 10 ® mm^/s).

In addition, a significant decrease in anisotropy was detected in the posterior limb of the right internal capsule 

(figure 3.12). The average anisotropy within the abnormal region found in the right internal capsule o f the patient 

was 0.47, which was 63% of the average anisotropy within the corresponding regions o f the control subjects of 

0.75 (standard deviation: 0.04).
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Figure 3.10: Patient I . Normalised axial mean diffusivity maps at the same slice position for the averaged 30 

control subjects (a) and the patient (b) and (e). Normalised coronal mean diffusivity map (f)- Normalised axial 

anisotropy maps at the same slice position for the averaged 30 control subjects (c) and the patient (d). The 

difference in signal to noise between the maps is due to averaging of the 30 controls subjects. The region of 

significantly increased mean diffusivity is superimposed on maps (e) and (f). The equivalent slices o f the patient’s 

T1-weighted axial (g) and coronal (h) and T2-weighted coronal (i) images show no abnormality. The region in (e) 

was used for quantitative region-of-interest analyses of mean diffusivity values. Note that right on the images is 

patient’s right.

Figure 3.11 Patient 2. Normalised axial mean diffusivity maps at the same slice position for the averaged 30 

control subjects (a) and the patient (b) and (c). Normalised coronal mean diffusivity map (d). The difference in 

signal to noise between the maps is due to averaging of the 30 controls subjects. The region o f significantly 

increased mean diffusivity is superimposed on maps (c) and (d). The equivalent slices o f the patient’s T1-weighted 

axial (e) and coronal (0 and T2-weighted coronal (g) images show no abnormality. The region in (c) was used for 

quantitative region-of-interest analyses o f mean diffusivity values. Note that right on the images is patient’s right.
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Figure 3.12 Patient 2. Normalised axial fractional anisotropy maps at the same slice position for the averaged 30 

control subjects (a) and the patient (b) and (c). Normalised coronal anisotropy map (d). The difference in signal to 

noise between the maps is due to averaging of the 30 control subjects. The region o f significantly decreased 

fractional anisotropy is superimposed on maps (c) and (d). The equivalent slices o f the patient’s T1-weighted axial 

(e) and coronal (f) and T2-weighted coronal (g) images show no abnormality. The region in (c) was used for 

quantitative region-of-interest analyses of fractional anisotropy values.

3.3.5 C onclusions

Using diffusion-tensor imaging we have shown, for the first time, abnormalities o f diffusion in patients with severe 

head injury and unremarkable conventional MRI. This and other studies (W ieshmann et al. 1999e) suggest that 

although abnormalities in mean diffusivity are a more sensitive marker of cerebral damage, quantifying tissue 

anisotropy yields additional valuable clinical information. To accurately and fully examine the diffusional 

properties of a tissue, diffusion tensor imaging, with diffusion gradients applied in at least six directions, must be 

performed. Applying diffusion gradients in only three orthogonal directions leads to an underestimation of 

anisotropy (Pierpaoli and Basser 1996), which may result in clinically significant findings being overlooked.

In both patients it is likely that the diffusion abnormalities, which are distant from the site o f impact, are 

caused by diffuse axonal injury. Our findings of increased mean diffusivity suggest that there was an expansion of 

the extracellular space, caused by neuronal or glial cell loss, which was not identified by conventional MRI despite 

the presence of neurological and neuropsychological symptoms and signs. In addition, a clinically concordant 

reduction o f anisotropy in the internal capsule o f patient 2 suggests that there was structural disorganisation and a 

loss of the parallel fibre arrangement o f the major white matter tracts o f the internal capsule as a result o f the head 

injury. Again, this was without an identifiable abnormality on conventional MRI.

Our results suggest that DTI is a useful quantitative imaging method following head injury, and is more 

sensitive than conventional MRI.
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CHAPTER FOUR

Magnetisation Transfer Imaging

4.1 MAGNETISATION TRANSFER IMAGING IN FOCAL EPILEPSY

4.1.1 Summary

Magnetisation transfer imaging (MTI) and Statistical Parametric Mapping (SPM99) was used to objectively 

examine the cerebral structure of 15 patients with malformations of cortical development (MCD), 10 patients with 

partial seizures and acquired lesions and 42 patients with partial seizures and normal MRI. Magnetisation transfer 

imaging maps were calculated and, using SPM, individual patients were compared to a group of 30 control 

subjects. Magnetisation transfer imaging and objective voxel-by-voxel statistical comparison identified significant 

reductions of magnetisation transfer ratio (MTR) in all 10 patients with acquired nonprogressive cerebral lesions 

and partial seizures. In all o f these the areas of decreased MTR concurred with abnormalities identified on visual 

inspection o f conventional MRI. In 13 out of the 15 patients with MCD, SPM detected regions o f significantly 

reduced MTR; all o f which corresponded to abnormalities identified on visual inspection o f conventional MRI. In 

addition, in both groups, there were areas that were normal on conventional imaging, which demonstrated 

abnormal MTR. Voxel-by-voxel statistical analysis identified a significant reduction of M TR in fifteen o f the 42 

patients with cryptogenic focal epilepsy. In all o f these, the areas o f reduced MTR concurred with epileptiform 

EEG abnormality and clinical seizure semiology. Group analysis o f MRI-negative patients with electroclinical 

seizure onset localising to the left temporal, right temporal, or left frontal regions revealed a significant reduction 

of MTR within the white matter o f each respective lobe.

Magnetisation transfer imaging analysed using SPM was sensitive in patients with MCDs and acquired 

cerebral damage. Significant differences in MTR in individual and grouped MRI-negative patients suggest that 

minor structural disorganisation exists in occult epileptogenic cerebral lesions. This technique is a promising, non- 

invasive imaging method for identifying the cause of partial seizures, and can contribute to presurgical evaluation.

4.1.2 Introduction

The principal concept o f MTI involves the exchange o f magnetization between free protons in bulk water and 

tightly bound protons on macromolecules, such as myelin or membrane lipids. The macromolecular protons, 

because of their immobility, have a very short relaxation time rendering them invisible to conventional MRI. MTI, 

however, offers an insight into this macromolecular environment by its observable effect on the MR-visible free 

water protons (W olff and Balaban 1989; W olff and Balaban 1994). The exchange o f magnetisation between bound 

protons and free water is represented by the magnetisation transfer ratio (MTR) which, therefore, provides a 

quantitative measure o f macromolecular structural integrity.
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4.1.3 M ethods

4.1.3.1 Subjects

• 30 healthy control subjects :

14 men, median age 33 years, range 19-56 years

• 67 patients with focal epilepsy 

Acquired

10 patients (eight men, median age 34 years, range 22-51 years, median duration o f epilepsy 12 years, 

range 6-48 years)

3 patients with ischaemic lesions

4 patients with head injuries

3 patients with a history of encephalitis

Malformations o f  cortical development

15 patients (six men, median age 35 years, range 19-55 years, median duration o f epilepsy 23 years, 

range 4-51 years)

6 patients with gyral abnormalities 

9 patients with heterotopia

subependymal (n=4), subcortical nodules (n=3) and band heterotopia (n=2)

MRI-negative

42 patients (23 men, median age 32 years, range 18-54 years, median duration of epilepsy 18 years, 

range 2-40 years)

14 were diagnosed with temporal lobe epilepsy (10 left, 4 right)

7 with frontal lobe epilepsy (3 left, 4 right)

6 with occipital lobe epilepsy

15 had electroclinical evidence of less well defined, more widespread abnormalities

4.1.3.2 Magnetisation transfer imaging

Magnetisation transfer (MT) weighted and non-MT weighted 3D data sets were acquired on a 1.5T Horizon 

Echospeed scanner (G.E, Milwaukee, Wise., USA) using a standard quadrature head coil (TR/TE=22.6/5.4ms). 

Volume matrix was 256x256 (in plane) x l24  over a 240x240x186mm field-of-view, giving a resolution of 

0.93x0.93x1.5mm. MT-weighted images were collected following the application o f a pre-pulse to saturate the 

broad resonance of immobile macromolecular protons. The MT rf  pulse used was a 3-lobe Hamming apodised sine 

pulse with a duration of 6.4ms and a Bj o f 5.1pT, applied 2Khz off-resonance (Boulby, Symms, and Barker 2000). 

The entire sequence was within Specific Absorption Rate limits. Total scanning time for MTI was 13 mins, 56 sec.
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4.1.3.3 Analysis

Following data acquisition, the images were transferred to an off-line workstation (Sun Microsystems, Palo Alto, 

CA) for post-processing. Prior to calculation o f the MTR map, because the two data sets were acquired 

consecutively and not interleaved, coregistration of the MT-weighted and non-MT-weighted images was required. 

To enable accurate co-registration to be performed, extracerebral tissue was initially removed from the images 

using the segmentation function provided by SPM99 (Ashburner and Friston 1997). White and grey matter and 

cerebrospinal fluid compartments were then reunited using the image calculation function o f SPM99, thus 

discarding the majority o f extracerebral tissue.

K

Figure 4.1: Series of normalised axial MTR maps from a single control subject.

The MT-weighted and non-MT-weighted images were co-registered using a modified version (Symms et al. 1996) 

of the Automated Image Registration software (Woods, Cherry, and Mazziotta 1992). Additional removal of 

extracerebral tissue was then performed on the non-MT-weighted image using a modification o f publicly available 

brain extraction software (Exbrain (Lemieux et al. 1999)) and the resultant image was used to mask the MT- 

weighted image for identical removal o f extraneous tissue. A small proportion o f subjects’ images required minor 

manual editing to remove any remaining extracerebral tissue. Using the registered skull-stripped images, MTR was 

calculated pixel-by-pixel according to the equation:

MTR = ( (MT.fr- M T .J  / MT.ff ) x 100

where M T.. and MT.ff represent the signal intensities with and without the saturation pulse respectively.

This template was created by normalising a control subject’s MT image to standard SPM space using 12
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linear degrees of freedom and a 7x8x7 non-linear warp (figure 4.1). Subsequently the MT images o f the patients 

and controls were normalised to this template using linear steps with 12 degrees o f freedom (translation, rotation, 

zoom and shear).

The normalized maps were smoothed with an 8mm isotropic Gaussian kernel. A signal intensity threshold 

was set at 0.5 to reduce the level o f noise from the MT images included within the analysis; that is, only voxels 

with values exceeding 50% of the whole brain mean intensity were analysed. This procedure excluded noise that 

arose principally from outside the brain.

Each patient's and control's non-MT, proton density weighted (PD) image, was similarly normalised and 

smoothed using parameters derived from the normalisation process o f the MTR maps. This resulted in 

“anatomical” images perfectly matched to the MTR maps of each patient and control, on which identical statistical 

comparisons were performed. Any differences in the PD images between patients and controls were due to 

morphological variation, for example, atrophy or incomplete normalisation. Significant differences in the MTR 

maps o f patients and controls that were not associated with a similar area o f abnormality in the PD images were 

therefore due to changes in only the magnetisation transfer properties o f the tissue and not inter-subject anatomical 

variation.

The smoothed, normalized maps were statistically analysed on a voxel-by-voxel basis, and inferences 

made from the resultant maps, as described in chapter 2.3 Common methodology: Post-acquisition processing. 

Region-of-interest analyses were also performed in order to illustrate the magnitude of the differences in MTR 

values in areas highlighted by the SPM comparison as deviating significantly from normal. The mean MTR value 

(in percent units, pu) in the ROI from each patient’s map was compared to the mean value in the equivalent ROI 

from all 30 of the control subjects’ maps and the difference expressed as a percentage of the control mean (Barker, 

Tofts, and Gass 1996).

4.1.4 Results

4.1.4.1 Control group

Comparing each control subject with the remaining 29 control subjects using identical parameters and statistical 

thresholds as the comparison between patients and controls, one subject had a single area o f significantly decreased 

MTR. At a statistical threshold of /?<0.05 and 60 examinations (30 subjects with two contrasts each (an increase 

and a decrease)), up to three abnormal areas may have been anticipated by chance.

4.1.4.2 Acquired Lesions

4.1.4.2.1 Individual SPM  analyses

In all ten patients with acquired lesions, SPM detected areas of significantly reduced MTR (table 4.1). In all 

patients the areas o f reduced MTR corresponded to the abnormalities identified on visual inspection o f the 

conventional M R images (figure 4.2). In three patients (patients 2, 3 and 8) areas o f significantly reduced MTR
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were detected in regions previously reported as normal. These were within the left temporal lobe in patients 2 and 

3, and the right mesial temporal region in patient 8. There were no increases in MTR.

Analyses of the proton density weighted images revealed abnormalities that concurred with the 

conventional MR images in seven patients (patients 2, 3, 4, 5, 7, 9 and 10). The analyses of the PD images did not 

identify any abnormality in three patients (1 ,6  and 8). In all 7 patients with areas of significantly abnormal PD, the 

PD changes were much less extensive than the MTR abnormalities.

4 .1.4.2.2 Region-of-interest analyses

In patient 1 (head injury) the average MTR within the identified left frontal region was 46pu. This was 90% o f the 

mean MTR within the corresponding regions in the control subjects (mean MTR of Slpu). In patient 7 (cerebral 

infarct), the average MTR within the identified right frontal region was 41 pu. This was 80% of the average MTR 

within the corresponding regions in the control subjects (51 pu) (figure 4.2). The mean MTR within the area of 

known abnormality in the right frontal lobe of patient 8 (focal leucoencephalitis) was 38pu, which was 73% o f the 

mean MTR value (52pu) in the same region in the control subjects. Within the normal appearing right temporal 

region o f this patient, which SPM also identified as being statistically abnormal, the mean MTR value was 44pu 

w hich was 85% of the mean o f the control values of 52pu (see Table 4.4).

Figure 4,2: Patient 7, mature cortical infarct in right frontal lobe.

Normalised axial MTR maps at the same slice position for the averaged 30 control subjects (A) and the patient (B) 

and (C). The difference in signal to noise between the maps is due to averaging of the 30 controls subjects. The 

region of significantly decreased MTR is superimposed on map (C). This region coincides with the localisation of 

the abnormality identified on conventional MRI. (D): The equivalent slice of the patient’s T1-weighted image. The 

region in (C) was used for quantitative region-of-interest analyses of MTR. Note that right on the images is 

patient’s right.

4.1.4.3 Malformations of Cortical Development

4 .1.4 .3 .1 Individual SPM analyses

In thirteen of the fifteen patients with MCD, SPM detected regions of reduced MTR (table 4.2). In all thirteen 

patients, the areas of reduced MTR corresponded to all or part o f the MCD identified on visual inspection of the
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conventional MR images. In addition, in eight patients changes were found outside the MCD in tissue that 

appeared normal on conventional MRI.

All 6 patients (patients 11-16) with gyral abnormalities had areas o f significantly reduced MTR which 

corresponded to all or part o f the MCD. In five o f the six, changes were also found in areas beyond the margins of 

the evident MCD, in areas that appeared normal on T l- and T2-weighted images. In three patients (patients 11, 13, 

and 15) these regions were within the corpus callosum. In addition, patient 13 also had an area o f abnormal MTR 

in the right posterior periventricular region. In two patients (12 and 16), reduced MTR was seen in the normal 

appearing left frontal lobes.

Areas of reduced MTR, which corresponded to the MCD identified on the conventional MR images, were 

seen in all o f the patients with subcortical heterotopia (SCH) (patients 17-19), in both patients with band 

heterotopia (BUT) (patients 20 and 21) (figure 4.3), and in two o f  the four patients (patients 23 and 25) with 

subependymal heterotopia (SEH) (patients 22-25). All the patients with SCH (patients 17-19) also had regions of 

reduced MTR detected beyond the evident MCD. Patient 17 had reduced MTR within the malformation in the 

right temporal lobe and also in normal appearing tissue in both frontal lobes and in the right fronto-temporal 

region. Patient 18 had a region of heterotopia in the right occipital lobe extending anteriorly into the temporal lobe. 

A reduction in MTR was identified, not only in the right occipital and temporal lobes but also in the right parietal 

and frontal lobes. An increase in MTR was detected in this patient in the right fronto-parietal region. In addition to 

reduced MTR within the subcortical heterotopic nodule in the right parietal lobe, patient 19 also had an area of 

reduced MTR in normal appearing tissue o f the left frontal lobe.

Analyses of the proton density weighted images revealed abnormalities that concurred with the 

conventional MR images in seven patients (patients 11, 12, 13, 15, 16, 22 and 24). The analyses of the PD images 

did not identify any abnormality in eight patients (14, 17, 18, 19, 20, 21, 23 and 25). In all 7 patients with areas of 

significantly abnormal PD, the PD abnormalities were less extensive than those identified following the analysis of 

the MTR maps.

>K P \

Figure 4.3; Patient 20, bilateral band heterotopia.

Normalised axial MTR maps at the same slice position for the averaged 30 control subjects (A) and the patient (B) 

and (C). The regions of reduced MTR are superimposed on map (C) and are predominantly localised to the 

heterotopic tissue in the right hemisphere. (D): the equivalent slice of the patient’s T l-w eighted image. Reduced 

MTR was also seen in band heterotopia in the left hemisphere, however this failed to reach statistical significance. 

Note right on images is patient’s right.
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4.1.43.2 Region-of-interest analyses

In order to demonstrate the magnitude of the effect, quantitative ROI analyses were made in two patients whose 

appearances on conventional imaging were considered typical for each aetiology. Patient 11 had a gyral 

abnormality with thickened cortex and patient 18 had subcortical heterotopia. In patient 11 the analyses were made 

in the SPM-identified region of reduced MTR within the normal appearing corpus callosum and in the gyral 

abnormality within the right frontoparietal area. The mean MTR value in the corpus callosum was 40pu which was 

78% of the mean of the control values o f 51 pu. The mean MTR in the right frontoparietal region was 45pu. This 

was 86% o f the mean MTR in the corresponding areas in the control subjects o f 52pu. In the right occipito­

temporal heterotopia in patient 18 the mean MTR was 49pu, which was 92% of the mean MTR value (53pu) in the 

same region in the control subjects.

A ROI analysis were also made within the area of significantly increased M TR in patient 18. The MTR 

value was 53pu in the patient which was 109% o f the mean MTR value (48pu) in the control subjects.

4.1.4.4 MRI-negative patients

4.1.4.4.1 Individual SPM  analyses

SPM analyses of the 42 individual patients in the MRI-negative group revealed 15 patients (36%) with statistically 

significant reductions in MTR compared to the control group (table 4.3) (figure 4.4). In 14 o f these, the regions 

concurred with the localisation of epileptiform EEG abnormality, nine of which were ictal recordings. One patient 

(40) had an area of reduced MTR in the left frontal lobe which concurred with seizure semiology; the EEG data 

being inconclusive. Twenty-seven patients had no areas of significantly reduced MTR. There were no increases in 

MTR.

In two patients the MTR abnormalities could at least be partly explained by changes seen on analysis o f the proton 

density weighted images (patients 32 and 48), however, in each case the areas o f abnormal PD were much less 

extensive than the regions of MTR abnormality. No areas of significantly abnormal PD were seen in the remaining 

MRI-negative patients.

4.1.4.4.2 Region-of-interest analyses

To indicate the magnitude o f the effect, quantitative ROI analyses within the right temporal lobe of patient 37 

revealed a mean MTR of 40pu, 80% of the mean MTR within the corresponding regions of the control subjects 

(50pu). In patient 29, the mean MTR within the left frontal lobe was 46pu, 86% o f the mean MTR within the 

identical area in the control group (53pu) (figure 4.4).
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Figure 4.4: Patient 29, Patient with cryptogenic focal epilepsy and left frontal interictal epileptiform activity. 

Normalised axial MTR maps at the same slice position for the averaged 30 control subjects (A) and the patient (B) 

and (C). The region o f significantly decreased MTR is superimposed on map (C). The region o f decreased MTR is 

localised to the normal appearing cerebral tissue o f the left frontal lobe. (D): The equivalent slice o f the patient’s 

TI-w eighted image. The region in (D) was used for quantitative region-of-interest analysis o f MTR values. Note 

that right on the images is patient’s right.

4 .1.4.4.3 Group analyses

Group analyses were performed on MRI-negative patients with EEG evidence of either left or right temporal or 

frontal lobe seizures. The left temporal lobe group consisted of 10 patients (patients 26-35), the right temporal lobe 

group four (patients 36-39), the left frontal lobe group three patients (patients 40-42) and the right frontal lobe 

group four (patients 43-46). Compared to the 30 control subjects the left temporal lobe group had a significant 

decrease in MTR w ithin the white matter o f the left temporal region. The ROI analysis o f this area demonstrated a 

mean MTR in the patient group of 48pu, compared with a mean of 52pu in the control subjects (92%, p<0.05) 

(Figure 4.5). A similar finding of significantly reduced MTR was found in the right temporal lobe of the right 

temporal lobe epilepsy patients (patient mean, 47pu; control mean, 50pu, (94%, j?<0.005)) (Figure 4.5) and in the 

left frontal lobe o f the patients with left frontal lobe epilepsy (patient mean, 42pu; control mean, 50pu, (84%, 

/?<0.05)). An area o f reduced MTR in the right frontal lobe was detected in the right frontal lobe epilepsy patients 

however this failed to reach statistical significance. There were no abnormalities on the corresponding analyses of 

the PD images.



Patient
Age

(yr)
Gender

Aetiology of 

epilepsy

Seizure

Types

Duration of 

epilepsy (yrs)
Interictal EEG features Conventional MRI findings

MTI findings 

Significant decreases in 

MTR (maximum P-value)

7 20 F infarction CPS, 2° gen. 12 R. ffonto temp, i.e.a. R. lat. front, cortical scar R. lat. front. (p<0.00l)

8 23 M encephalitis CPS, T  gen. 7 R. frontotemp. i.e.a
R. front, scarring, CSF-filled 

cortical cavity

R. front. 4- NA R. mesial 

temp. (p<0.001)

9 51 M encephalitis CPS, T  gen. 12 bihemispheric i.e.a
L. temp 4- L. occ. 4- minor R. temp, 

damage

L. temp 4- L. occ. 4- R. temp. 

(p<0.00l)

10 45 M encephalitis CPS, T  gen. 43 L. frontotemp. i.e.a.
bifrontoparietal and L. temp, 

damage

bifrontoparietal and L. temp. 

(p<0.00l)

SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; 

front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; HC=hippocampus; CC=corpus callosum; i.e.a..=interictal epileptiform activity; M=male; F=female.



Table 4.2 Clinical characteristics, EEG, MRI and MTI findings in patients with malformations of cortical development

Age Duration of Interictal EEG MTI Findings
Patient Gender Seizure Types Conventional MRI findings

(yr) epilepsy (yrs) features Significant decreases in MTR (max. P-value)

II  36 M
SPS, CPS + 

tonic
36 normal

bil. frontopar. gyral abn. with bil. frontopar. regions in MCD + in body of NA 

thick cortex corp.callosum (p<0.001)

12 52 M CPS, 2° gen. 39 R. hemisphere i.e.a
R front. + bil. par. occ. gyral 

abn. with thick cortex
bil. in MCD + in NA L. front, lobe (p<0.001)

13 34 F S +CPS, 2° gen. 19 normal
L. perisyivian gyral abn, with L. perisylvian in MCD + in NA ant./tnid. body of

thick cortex corp. callosum + R. post. lat. periventricular region

(p<0.001)

14 36 F CPS, 2° gen. 28
widespread i.e.a., R. temporopar. gyral abn. 

max. R. hemisphere with thick cortex
R. temporopar. in MCD (p=0.001)

15 24 F
SPS, CPS +

tonic
22

widespread i.e.a., bil. frontopar. gyral abn. with bil. frontopar. regions in MCD + in body of NA 

max. L. hemisphere thick cortex corp.callosum (p<0.001)

16 51 F CPS, 2° gen. 35
widespread i.e.a., R. hemispheric gyral abn. 

max. R. temp. with thick cortex

R. hemisphere in MCD + in NA L. front, lobe

(p<0.001)



Patient
Age

(yr)
Gender Seizure Types

Duration of 

epilepsy (yrs)

Interictal EEG 

features
Conventional MRI Endings

MTI findings 

Significant decreases in MTR (max. P-value)

17 20 M SPS, T  gen. 18 bifrontotemp. i.e.a. R. temp, nodular SCH
R. temp, in MCD + in NA R. frontotemp. and bil. 

inferior front, regions (p<0.001)

18 31 M CPS 5 R. temp, i.e.a R. occ. temp, nodular SCH

R. occ. temp, in MCD extending into NA R. par. + 

R. front, lobes (p<0.001)

Also inc. MTR in NA R. frontopar. (p=0.03)

19 53 M 2” gen. 23 normal R. par. nodular SCH R. par. in MCD + in NA L. front, lobe (p<0.001)

20 28 M S + CPS, T  gen. 20
widespread i.e.a., 

max. L. temp.

bil. BHT + bil. frontopar. 

gyral abn. with thick cortex

R. hemisphere in BHT + bil. frontopar. in gyral abn.

(p<0.001)

21 32 F S + CPS, T  gen. 27 widespread i.e.a bil. BHT bil. in MCD (p<0.001)

22 45 F CPS 36
L. hemisphere, max 

L. front, i.e.a
bil. temp. + par. SEH None

23 54 F CPS, T  gen. 51 R. frontotemp. i.e.a bil. SEH bil. in MCD (p<0.001)



Age Duration of Interictal FFG MTI findings
Patient

(yr)
Gender Seizure Types

epilepsy (yrs) features
Conventional MRI findings

Significant decreases in MTR (max. P-value)

24 33 F CPS, 2° gen. 12 interictal -normal R. posterior SFH None

25 35 F CPS 4 L. temp, i.e.a.
L. posterior SFH + L. front, 

gyral abn. with thick cortex
L. hemisphere in SFH and gyral abn. (p<0.001)

R.=Right; L.=Left; bil.=bilateral; ant.=anterior; post.=posterior; mid.=middle; lat.=lateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; NA=normal-appearing; 

corp.=corpus; MCD=malformation of cortical development; BHT=band heterotopia; SEH= subependymal heterotopia; SCH=subcortical heterotopia; i.e.a..=interictal epileptiform activity; 

abn.=abnormality; M=male; F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; inc.=increased.



Table 4.3 Clinical characteristics, EEG and MTI findings in patients with normal conventional MRI.

Patient
Age

(yr)
Gender

Aetiology of 

epilepsy

Duration of 

epilepsy (yrs)
Seizure types

Ictal Epileptiform 

Abnormality

Interictal

Epileptiform

Abnormality

MTI findings 

Significant decreases in MTR (P-value)

26 19 F head injury 13 CPS, T  gen. N/A L temp None

27 29 M cryptogenic 14 S + CPS, T  gen. N/A L temp L. middle temporal gyrus (p<0.001)

28 54 M cryptogenic 34 CPS, T  gen. L. temp. L. temp. bil. paraHC + fusiform gyri (p<0.001)

29 31 F cryptogenic 30 SPS, T  gen. L. temp. L. front. L. lateral sup. frontal gyrus (p<0.001)

30 40 F cryptogenic 29 CPS, T  gen. N/A L temp. None

31 38 M cryptogenic 35 CPS, T  gen. L. temp. bitemporal. bitemporal (p=0.001)

32 32 M cryptogenic 13 S + CPS, T  gen. L. temp. L. temp. L. temporal lobe (p=0.001)

33 31 M cryptogenic 16 SPS, CPS L. temp. L. temp. None

34 28 M encephalitis 18 S + CPS, 2° gen. N/A L. temp. None

35 32 M cryptogenic 14 CPS, T  gen. L. temp. L. temp. None

36 40 F feb. convulsion 36 CPS, T  gen. R. temp. R.> L. temp. None

37 28 F cryptogenic 22 T  gen. N/A R. temp. R. temp lobe + uncus (p=0.03)

38 33 M cryptogenic 18 SPS, T  gen. N/A R. temp. None



Patient
Age

(yr)
Gender

Aetiology of 

epilepsy

Duration of 

epilepsy (yrs)
Seizure types

Ictal Epileptiform 

Abnormality

Interictal

Epileptiform

Abnormality

MTI findings 

Significant decreases in MTR (P-value)

39 42 F cryptogenic 10 S + CPS, T  gen. R. temp. R. temp. R. temporal lobe (p<0.001)

40 32 F head injury 30 CPS, T  gen. normal normal L. ant. cingulate / frontal lobe (p=0.005)

41 27 M cryptogenic 23 CPS N/A L. front. None

42 44 F head injury 38 CPS, 2° gen. L. front. L. front. L frontal lobe (p<0.001)

43 39 M cryptogenic 23 CPS N/A R. front. None

44 26 F cryptogenic 20 CPS N/A R. front. None

45 53 M cryptogenic 40 CPS, T  gen. N/A R. front. None

46 28 M cryptogenic 12 CPS, T  gen. N/A R.front. R. frontal lobe (p<0.001)

47 19 F cryptogenic 18 S + CPS, T  gen. N/A L. occ. None

48 29 M cryptogenic 22 CPS, T  gen. L. occ L. occ. L. occipital lobe (p<0.001)

49 28 M ciyptogenic 4 S + CPS, T  gen. normal normal None

50 35 F cryptogenic 28 CPS, T  gen. bil. occ. bil. occ. None

51 39 M cryptogenic 4 CPS, T  gen. N/A normal None



Patient
Age

(yr)
Gender

Aetiology of 

epilepsy

Duration of 

epilepsy (yrs)
Seizure types

Ictal Epileptiform 

Abnormality

Interictal

Epileptiform

Abnormality

MTI findings 

Significant decreases in MTR (f-value)

52 18 F cryptogenic 6 S + CPS, T  gen. normal normal None

53 36 F cryptogenic 21 S+CPS, T  gen. inconclusive R. hemisphere None

54 43 M cryptogenic 31 CPS, 2° gen. bil. front. bil. front. R. front. (p=0.005)

55 51 F cryptogenic 8 CPS, T  gen. L hemisphere normal None

56 22 F cryptogenic 5 S + CPS, 2° gen. inconclusive inconclusive None

57 41 M cryptogenic 19 2° gen. N/A L. frontotemporal L. front + L. parietal (p<0.001)

58 31 M cryptogenic 18 CPS, T  gen. bil. front bil. front bifrontal poles (p=0.004)

59 39 F cryptogenic 8 SPS, T  gen. L. frontotemp. L. frontotemp. None

60 24 M encephalitis 13 CPS, T  gen. N/A inconclusive None

61 30 M measles vacc. 26 SPS, 2° gen. bil. front. L. temp. bil. inf. frontal gyrus rectus (/?<0.001)

62 27 M neonatal illness 27 CPS, 2° gen. R hemisphere R. hemisphere None

63 38 F cryptogenic 31 CPS N/A L. frontotemporal None



Patient
Age

(yr)
Gender

Aetiology of 

epilepsy

Duration of 

epilepsy (yrs)
Seizure types

Ictal Epileptiform 

Abnormality

Interictal

Epileptiform

Abnormality

MTI findings 

Significant decreases in MTR (P-value)

64 32 M cryptogenic 2 SPS + CPS R. hemisphere R. hemisphere None

65 19 M cryptogenic 15 S + CPS, T  gen. R. frontotemporal R. > L. temp. None

66 18 F cryptogenic 12 S+CPS, T  gen. L. frontotemp. bil. frontotemp. None

67 46 F meningitis 21 CPS, T  gen. N/A R. hemisphere
None

S/CPS=simple/complex partial seizure; 2° gen ^secondary generalised tonic-clonic seizure; R.=Right; L.=Left; bil.=bilateral; front.=frontal; par.^parietal; temp.=temporal; occ.^occipital; 

ant.=anterior; inf.=inferior; sup.=superior; paraHC=parahippocampal; N/A=not available; M=male; F=female; feb.=febrile; vacc.=vaccination.



Table 4.4 MTR values from the regions-of-interest defined by SPM, in patients with acquired lesions, MCD, and normal conventional MRI.

Patient Aetiology of 

epilepsy

EEG features MTR - SPM results

Regions of significantly reduced MTR

Region-of interest derived MTR values (percent units) 

Patient Controls % difference

mean (SD)

Acquired

2 head injury L. temporopar. i.e.a. L. front, par. region + NA L. temp, lobe L. front ; 45.0 51.5 (1.9) 13% decrease

L. temp; 44.0 52.2 (0.7) 16% decrease

3 head injury bil. frontotemp. i.e.a. bifrontal + R. temp. + corpus callosum corp. call.: 44.5 50.0(1.7) 11% decrease

+ NA L. temp. L. temp.; 45.6 52.7(1.1) 13% decrease

7 infarction R. frontotemp. i.e.a. R. lat. frontal lobe R. front.; 41.6 51.6(1.0) 20% decrease

8 encephalitis R. frontotemp. i.e.a R. front. + NA R. mesial temp, lobe R. front ; 38.8 52.0 (0.7) 26% decrease

R. temp.; 44.9 51.9(1.1) 14% decrease

MCD

11 gyral abnormality normal bil. frontopar. regions in MCD + in in MCD; 45.0 52.3 (0.7) 14% decrease

body of NA corp. callosum corp. call ; 39.9 51.4(1.9) 23% decrease



Patient Aetiology of EEG features MTR - SPM results Region-of interest derived MTR values (percent units)

epilepsy Regions of significantly reduced MTR Patient Controls 

mean (SD)

% difference

18 subcortical

heterotopia

R. temp, i.e.a R. occ. temp, in MCD extending into 

NA R. par. + R. front, lobes. 

Also inc. MTR in NA R. frontopar.

in MCD; 49.4 

R. frontopar: 53.1

53.4 (0.6) 

48.6 (0.8)

8% decrease 

9% increase

20 band heterotopia + 

gyral abnormality

widespread i.e.a., 

max. L. temp

R. hemisphere in BHT + bil. frontopar. 

in gyral abn.

R band. : 49.7 53.6 (0.8) 8% decrease

Normal conventional MRI

29 cryptogenic L. front, i.e.a L. lateral sup. frontal gyrus 45.9 53.6 (0.8) 15% decrease

37 cryptogenic R. temp, focus R. temp lobe + uncus R. temp.: 40.2 50.3(1.5) 20% decrease

42 head injury L. front, focus L frontal lobe 46.9 53.0(1.9) 12% decrease

L. TLE gp. N/A L. temp L. temp WM 48.9 52.2(1.2) 7% decrease



Patient Aetiology of 

epilepsy

EEG features MTR - SPM results 

Regions of significantly reduced MTR

Region-of interest derived MTR values (percent units') 

Patient Controls % difference 

mean (SD)

R. TLE gp. N/A R. temp. R. temp. WM 47.7 49.8(1.2) 5% decrease

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=Iateral; front.=ftontal; par.=parietal; temp.=temporal; occ.=occipital; HC=hippocampus; i.e.a..=interictal 

epileptiform activity; M=male; F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; NA=normal appearing; 

SD=standard deviation
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4.1.5 Conclusions

There were several major findings in this study. Magnetisation transfer imaging and voxel-by-voxel statistical 

comparison identified significant reductions of MTR in all patients with acquired nonprogressive cerebral lesions 

and partial seizures. In all o f these patients the areas o f decreased MTR concurred with abnormalities identified on 

visual inspection o f conventional MRI. Thirteen out o f fifteen patients with malformations o f cortical development 

had areas o f reduced MTR. In all of these, the areas were within areas o f abnormality identified on conventional 

MRI. In addition, in the patients with acquired lesions there were three areas, and in the patients with MCD there 

were 13 areas that appeared normal on conventional imaging but which exhibited significantly reduced MTR, 

indicating additional sensitivity from the new method. Individual analyses o f 42 patients with partial seizures and 

normal conventional MRI identified a significant reduction in MTR in fifteen of the subjects. In all of these 

patients, the areas o f reduced MTR concurred with electroclinical information. Group analysis of MRI-negative 

patients with electroclinical seizure onset localising to the left temporal, right temporal or left frontal regions 

revealed a significant reduction o f MTR within each respective lobe.

1

Figure 4.5: Left and right temporal lobe epilepsy (TLE) groups with normal conventional MRI.

Normalised axial MTR maps at the same slice position for the averaged 30 control subjects (A and D) and the 

MRI-negative patients with left TLE (B) and the MRI-negative patients with right TLE (E). The regions of 

decreased MTR are superimposed on normalised Tl-w eighted SPM templates at the same slice position ( (C) and 

(F) respectively). These regions are localised to each respective lobe. The regions in (C) and (F) were used for 

quantitative region-of-interest analyses o f MTR values. Note that right on the image is patients’ right.



175

4.1.5.1 Methodological considerations and limitations

MTR is not an absolute measure, but is bigbly dependant upon the chosen imaging parameters. These include the 

bandwidth, shape, power and frequency offset o f the MT pulse, inter-pulse interval, and the presence o f direct 

saturation effects on the “free” water resonance (Silver, Barker, and Miller 1999). MTI is also affected by patient 

motion which may require additional, corrective pre-processing steps (Hajnal et al. 1997). This is to ensure 

accurate and reliable quantitative MTR results are obtained, particularly where image intensity is varying rapidly 

with position, for example, in small lesions. Assuming that there is no significant movement over the time required 

to collect one complete phase encode step (typically a few seconds) interleaved M R sequences result in exact 

coregistration of images (Barker, Tofts, and Gass 1996). These sequences, particularly MTI, are however, 

inherently time-inefficient as delays occur whilst the MT effect builds and diminishes between each slice. 

Interleaved high resolution MTI with satisfactory slice-coverage in a time suitable for clinical studies is therefore 

not possible. Our alternative approach was to acquire two image data sets consecutively (MT-weighted and non- 

MT-weighted) (Boulby, Symms, and Barker 2000). This was time efficient but sensitive to positional changes 

occurring between the acquisition of the separate images (several minutes). Coregistration of these data sets was 

therefore required, and accurate translation of these images and subsequent correct calculation o f the MTR map 

was facilitated by the 3-dimensional data acquisition method (Hajnal et al. 1997).

Recently, it has been suggested that the cluster extent threshold is statistically invalid with voxel based 

analysis techniques, particularly voxel based morphometry (analysis o f grey matter volume) because o f a high 

false positive rate (Ashbumer and Friston 2000). This is thought to be due to the non-stationary, non-Gaussian 

nature of the grey matter data. MTR data however, closely resembles a Gaussian distribution and furthermore, our 

control subject analyses confirm the validity of using both an individual voxel intensity threshold and a cluster 

extent threshold for a voxel based analysis o f MTR maps as the number o f abnormalities seen fell below that 

expected by chance. We believe therefore that the limitations o f using the cluster extent threshold in voxel based 

morphometry do not compromise the analysis o f MTR data.

4.1.5.2 Pathophysiological and clinical implications

The degree o f magnetisation transfer (MT) within a tissue is governed principally by the local concentration of 

macromolecules. Loss o f macromolecules, such as in demyelination or axonal degeneration results in a reduced 

MT effect, and consequently an area o f decreased MTR. In addition, characteristics such as the biophysical 

dynamics or the surface chemistry of macromolecules are also important. Macromolecules are therefore not 

equally effective in modulating MT (Koenig 1991; Fralix et al. 1991; Koenig et al. 1990; Kucharczyk et al. 1994). 

Mature white matter possesses a greater MTR than grey matter or developing white matter due to relative 

concentrations of sphingomyelin, cholesterol and in particular galactocerebrosides which exhibit a considerable 

MT effect due to the presence of four hydroxyl groups (Kucharczyk et al. 1994; Morell, Quarles, and Norton 

1989). Other possible explanations for a high MTR in white matter include differences in neuronal density, iron 

deposition, and tissue hydration and vascularity (Elster et al. 1994a; Silver et al. 1997a).

Abnormalities of MTR have been correlated with histopathological changes in both experimental and clinical
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settings. Lexa et al demonstrated a relationship between MTR abnormalities and degree o f histological change in a 

study o f Wallerian degeneration in the feline visual pathway. Axonal loss, gliosis and demyelination were 

paralleled by a gradual reduction in MTR (Lexa et al. 1994). In guinea pigs with experimental auto-immune 

encephalomyelitis (EAE) there was oedema and minimal demyelination, and a reduction in M TR o f approximately 

5-8% (Dousset et al. 1992). Intralesional MTR was reduced by approximately 26% in patients with MS, suggesting 

that demyelination affects MTR more profoundly than tissue oedema (Dousset et al. 1992). Reduced MTR also 

correlated with the degree of demyelination and percentage of residual axons, even in white matter that appeared 

normal on conventional MRI (van Waesberghe, Kamphorst, and van Walderveen 1998; van Waesberghe, 

Kamphorst et al. 1999). MTI appears, therefore, to be sensitive to changes in the structural integrity of cerebral 

tissue, particularly demyelination and axonal loss may reduce MTR, although inflammation and oedema can also 

contribute (Brochet and Dousset 1999).

Chronic, non-progressive acquired lesions are an important cause o f refractory focal epilepsy and are 

often associated with MR-visible structural abnormalities. In our study M TR abnormalities were identified within 

regions o f injury in each patient. Moreover, in three patients, (patients 2, 3 and 8) abnormalities were also detected 

in areas o f the brain that were previously reported as normal suggesting loss o f structural integrity secondary to 

occult cerebral damage.

Severe blunt head trauma is associated with oedema, petechial and frank haemorrhage, diffuse axonal 

injury, ischaemia and later, gliosis (Adams 1992). MTI has been shown to be more sensitive than conventional 

imaging in the detection of histologically proven diffuse axonal injury (Kimura et al. 1996; McGowan et al. 1999). 

In a number o f studies o f head injury in humans, MTR abnormalities have been identified in both lesional and 

extra-lesional regions (Bagley et al. 2000; McGowan et al. 2000; S inson et al. 2001). In the 4 patients with head 

injury, reduced MTR was identified in all the patients within regions o f known cerebral damage. Furthermore, 

patients 2 and 3 had areas o f reduced MTR within normal appearing tissue, and had the most significant disability 

as a result o f the initial head injuries. This finding concurs with previous studies where the presence of MTR 

changes in normal appearing tissue have been associated with a worse neurological and neuropsychological 

outcome (Bagley et al. 2000; McGowan et al. 2000).

Reduced MTR has previously been reported in chronic ischaemic lesions (Mehta, Pike, and Enzmann 

1996; Ko vacs et al. 1997) corresponding to gliosis, neuronal loss and expansion o f extracellular space (Castillo et 

al. 1996; Braffman et al. 1988). Furthermore, MTR values fall with increasing age o f the infarct. In the present 

study, in all three patients with partial seizures secondary to mature infarcts (patients 5 - 7), MTR was reduced 

within each lesion.

Three patients with acquired lesions had conventional MR imaging and a clinical history compatible with 

focal encephalitis. In each patient, reductions o f MTR were seen within lesional areas, consistent with known 

histopathological changes o f tissue loss, dystrophic calcification and gliosis (Jay et al. 1998). MTR abnormalities 

have previously been reported in patients with HIV encephalitis and herpes simplex encephalitis, both within the 

lesions and in normal appearing tissue (Dousset et al. 1997; Burke et al. 1996). In our patients with encephalitis, 

patient 8 had reduced M TR in tissue that was previously reported as normal, suggesting the presence o f occult 

injury, and supporting the hypothesis that MTI is more sensitive to pathological change than conventional MRI.

Areas of significantly reduced MTR were detected in 13 out o f 15 patients with MCDs; no abnormalities 

were identified in two patients with subependymal heterotopia (SEH). It is well established that grey matter has a
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lower MTR than white matter (Mehta, Pike, and Enzmann 1995a). Therefore, a comparison o f grey matter MTR 

values in patients, with white matter MTR values in control subjects will be identified by SPM as a significant 

reduction in MTR. This is the likely explanation for the results in patients with, for example, thickened cortices or 

ectopic grey matter.

O f greater interest, however, was the detection of abnormal MTR in areas o f the brain that were normal 

on visual inspection o f conventional MR images. Thirteen areas o f abnormal MTR, in eight patients, were 

identified beyond the margins of the visible MOD.

These were in patients with gyral abnormalities and heterotopia, and were seen both adjacent to and in more distant 

sites. This concurs with previous histopathological, imaging and electroencephalographic studies in suggesting that 

MCD are often more extensive than the visible lesion (Palmini et al. 1995; Sisodiya et al. 1995b; Hammers et al. 

2001; Richardson et al. 1996; Eriksson et al. 2001b).

Gyral abnormalities are characterised on MRI by a thickened cortex with shallow sulci, and frequently, 

underlying white matter signal abnormality which may represent hypomyelination (Barkovich, Chuang, and 

Norman 1988). Correspondingly, reduced MTR was detected within the visible lesions in all patients with gyral 

abnormalities. Interestingly, in 5 out o f 6 patients, abnormal MTR was identified beyond the margins of the visible 

MCD suggesting the presence o f occult dysgenetic tissue, or for MTR abnormalities in the corpus callosum, 

aberrant tract development. Agenesis o f the corpus callosum is a recognized associated feature o f the most severe 

forms o f gyral abnormality (Harding 1992). In less affected cases, a reduction in the number o f normal cortical 

neurones projecting transcallosal fibres may result in less dense myelination and a decreased MTR in this structure 

(Sisodiya and Free 1997). Also, axons projected from abnormal cortical neurons may be dysplastic and 

hypomyelinated (Marchai et al. 1989). The corpus callosum contains topographically organised fibres arising from 

different cortical regions (Pandya and Rosene 1985). Three out o f the 6 patients with gyral abnormalities had 

reduced MTR within the corpus callosum; in each case the MTR abnormality was topographically appropriate for 

the site and extent o f MCD. For example, transcallosal fibres arising from the perisylvian region have been shown 

to cross in the anterior-mid body of the corpus callosum (Pandya and Rosene 1985). Patient 13 had thickened, 

dysplastic gyri in the left perisylvian region on conventional MRI, and MTR abnormalities within the MCD itself 

and in the anterior-mid body of the corpus callosum.

Heterotopic grey matter is indistinguishable from normal grey matter on conventional MRI, the diagnosis 

being made on the basis o f an abnormal location. It is histologically and functionally distinct however, with 

aberrant cytoarchitecture, abnormal neuronal positioning, attenuated and disordered dendrites and axons, and 

altered cytoskeletal elements (Manz et al. 1979; Duong et al. 1994; Barth 1987). The macromolecular environment 

is therefore distinct from normal tissue, and has previously been shown to possess different MTR values than 

normal grey matter (Sisodiya et al. 1996a). In the present study, seven out o f nine patients with heterotopic grey 

matter had reduced MTR within the visible MCD. In addition, three patients had areas of reduced MTR and one 

patient (patient 18) had an area of increased MTR in normal-appearing tissue, again suggesting the presence of 

occult dysgenesis. The region of increased MTR was immediately anterior to an area o f subcortical heterotopia. It 

is possible that normal white matter had been compressed, increasing the density o f myelinated fibres, or displaced 

into an area of inherently low MTR, which on comparison with control subjects was highlighted as an area of 

elevated MTR. Alternatively, an increase in neuronal cell bodies within the white matter (Nordborg et al. 1999; 

Kasper et al. 1999; Hardiman et al. 1988), or an elevated concentration of neurofilament or microtubule associated
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proteins (Duong et al. 1994; Yamanouchi et al. 1996), may increase the availability of magnetisation exchange 

sites and increase MTR values.

Decreased MTR within normal-appearing brain in patients with MCD may result from a loss o f tissue 

density due to either impaired neurogenesis, dysmyelination, or subsequent cell loss. It has been shown that in 

MCDs, there is a relative reduction in white matter, consistent with neurones projecting thinner axons (Sisodiya et 

al. 1995b), altered axonal or dendritic arborisation (M itchisonl991), or impaired myelination (Marchai et al. 

1989). Furthermore, in grey matter, impaired neurogenesis and reduced axonal arborisation, resulting in loss of 

cortical density has been reported in experimental models of cortical dysplasia (Woo and Finlay 1996; Woo et al. 

1996).

In two patients with subependymal heterotopia, no abnormality o f MTR was identified. This may be due 

to limitations of the analysis method, in particular the position of the MCD with respect to the ventricles. Due to 

the variation in ventricular size amongst control subjects, it is possible that in tissue adjacent to the ventricles, due 

to a partial volume effect, there exists a wide range of “normal” MTR values. An area of heterotopia would 

therefore have to possess a particularly low MTR value for it to be identified as significantly different. Also, it is 

clear from recent neurogenetic studies that SEH is a heterogeneic condition, and it is therefore possible that 

different heterotopic nodules may display distinct cytoarchitectural and tissue characteristics resulting in a range of 

MTR values (Fox et al. 1998; Sisodiya et al. 1999).

Areas of significantly reduced MTR were identified in 15 of 42 MRI-negative patients. In 14 of these, the 

regions concurred with the localisation of epileptiform EEC abnormality, nine o f which were ictal recordings. In 

four of the 15 patients, ictal recordings were not available and in one patient (patient 29), the area of reduced MTR 

concurred with the interictal abnormality, but not the scalp EEG ictal changes. In one patient (patient 40, left 

frontal lobe epilepsy), both ictal and interictal EEG data were unhelpful and clinical seizure semiology provided 

localising information that was concordant with MTR data. Overall, therefore, all areas o f reduced MTR in MRI- 

negative patients concurred with EEG epileptiform abnormality or, if  not available, clinical seizure semiology. 

Abnormalities, which similarly concurred with electroclinical localising information, were also seen on analysis of 

the proton density weighted images of two patients. These findings may be explained by the presence of occult 

focal atrophy, possibly as a result o f chronic seizures or defective neurogenesis. M TR abnormalities in each case 

were more extensive than the regions of abnormal PD suggesting that the extent o f microstructural abnormality 

extended beyond subtle volume loss.

The areas o f significantly reduced MTR in the MRI-negative patients, both on an individual basis and 

when grouped, are most likely caused by a disruption in the macromolecular environment due to aetiological 

factors such as, occult dysgenesis or acquired damage, or as a result of repeated seizures, for example, atrophy, 

gliosis, and neuronal loss. These patients are being evaluated for surgical treatment; pathological material is not yet 

available. Previous histopathological studies of surgically resected epileptic foci which appeared normal on MRI 

have shown features o f white matter gliosis, focal cortical dysplasia, microdysgenesis, impaired cortical 

lamination, and subcortical laminar heterotopia (Theodore et al. 1990; Zentner et al. 1995; Palmini et al. 1991b; 

Spreafico et al. 1998; Ying et al. 1998). A number of clinical and experimental studies in other neurological 

conditions have reported MTR abnormalities in macroscopically or radiologically normal cerebral tissue despite 

microscopic pathological features of diffuse axonal injury, gliosis, hypomyelination, astrocytic hyperplasia, or 

perivascular infiltration (van Waesberghe et al. 1999; McGowan et al. 1999; Adams 1977; Allen and McKeown
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1979). This emphasizes the enhanced sensitivity to pathological change that M TI possesses over conventional MRI 

and supports the hypothesis that in patients with focal epilepsy and normal conventional MRI, MTI may identify 

similar occult structural abnormalities.

Although the significant group effects seen in the MRI-negative patients with left and right temporal lobe, 

and left frontal lobe epilepsy are not clinically useful for evaluating individual patients, it suggests that given 

greater sensitivity, an effect in additional individual patients may be demonstrated. Furthermore, it is likely that our 

positive findings in individual patients represent the most structurally abnormal o f all the MRI-negative patients 

and with improvements in magnetisation transfer imaging further occult epileptogenic regions may be identified, 

which may guide invasive diagnostic procedures and possible epilepsy surgery.
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CHAPTER FIVE

T2-Mapping

5.1 T2 MAPPING IN FOCAL EPILEPSY

5.1.1 Summary

Whole brain T2-mapping and Statistical Parametric Mapping (SPM99) was used to objectively examine the 

cerebral stmcture o f 14 patients with partial seizures and acquired lesions, 20 patients with malformations of 

cortical development (MCD), and 45 patients with partial seizures and normal conventional MRI. T2 maps were 

calculated and, using SPM, individual patients were compared to a group of 30 control subjects.

T2-mapping and objective voxel-by-voxel statistical comparison identified regions of significantly 

increased T2 signal in all 14 patients with acquired nonprogressive cerebral lesions and partial seizures. In all o f 

these the areas o f increased T2 signal concurred with abnormalities identified on visual inspection of conventional 

MRI. In 18 out o f the 20 patients with MCD, SPM detected regions o f significantly increased T2 signal; all of 

which corresponded to abnormalities identified on visual inspection of conventional MRI. In addition, in both 

groups, there were areas that were normal on conventional imaging, which demonstrated abnormal T2 signal. 

Voxel-by-voxel statistical analysis identified a significantly increased T2 signal in 23 o f the 45 patients with 

cryptogenic focal epilepsy. In 20 of these, the areas of increased T2 signal concurred with epileptiform EEG 

abnormality and clinical seizure semiology. Group analysis o f MRI-negative patients with electroclinical seizure 

onset localising to the left and right temporal and left and right frontal regions revealed significantly increased T2 

signal within the white matter o f each respective lobe.

T2-mapping analysed using SPM was sensitive in patients with MCDs and acquired cerebral damage. 

Significant increases in T2 signal in individual and grouped MRI-negative patients suggest that minor structural 

abnormalities exist in occult epileptogenic cerebral lesions. T2-mapping is, therefore, a useful quantitative MRI 

technique for characterising potentially epileptic foci and may contribute to presurgical evaluation.

5.1.3 Introduction

Conventional MRI consists o f a combination o f proton density, T1 and T2-weighted sequences. T2-weighted 

imaging is sensitive for the identification o f pathological change (Smith et al. 1985) and T2 relaxation is governed 

by both the total amount of water and the ratio of free to bound water, which is itself dependent on the 

macromolecular enviromnent. A disturbance to this enviromnent, such as neuronal loss or demyelination, results in 

an increase in free water, with a longer T2 relaxation time and greater signal intensity on a T2-weighted image. An 

increase in bound water, or the presence o f a paramagnetic substance, for example, deoxyhaemoglobin, shortens 

the T2 relaxation time and reduces signal intensity on T2-weighted images (Georgiades et al. 2001). Quantitative 

evaluation of T2-weighted images is more sensitive and objective than visual assessment for the identification of 

subtle cerebral pathology (Jackson et al. 1993b; Barbosa et al. 1994). Region-of-interest based analyses in the 

neocortex are susceptible to placement bias and partial volume effects. This latter limitation is, at least partly.
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overcome by using thin slices and sequences which suppress the signal from cerebrospinal fluid, such as fluid 

attenuated inversion recovery (FLAIR) imaging (Jackson et al. 1990). Further, objective voxel-based methods are 

able to evaluate the whole brain without bias (Melki et al. 1991; Mulkem et al. 1990). The aim o f this study was to 

evaluate whether T2-mapping o f the entire neocortex, analysed on a voxel-by-voxel basis, would identify areas of 

abnormal T2 signal in patients with epileptogenic malformations o f cortical development, non-progressive 

acquired lesions, and in patients with partial seizures and normal conventional MRI.

5.1.3 Methods

5.1.3.1 Subjects

30 healthy control subjects :

16 men, median age 33 years, range 20-51 years

79 patients with focal epilepsy 

Acquired

14 patients (11 men median age 40 years, range 21-56 years, median duration of epilepsy 27 years, 

range 3-49 years)

4 patients with ischaemic lesions 

4 patients with head injuries 

3 patients with a history of encephalitis

3 patients with a history of perinatal injury

Malformations o f  cortical development

20 patients (10 men, median age 32 years, range 18-54 years, median duration of epilepsy 22 years, 

range 4-39 years)

4 patients with gyral abnormalities

5 patients with focal cortical dysplasia

11 patients with heterotopia

subependymal (n=3), subcortical nodules (n=3) and band heterotopia (n=5)

1 patient with a dysembryoplastic neuroepithelial tumour

One patient had both band heterotopia and a gyral abnormality (patient 18)

MRI-negative

45 patients (21 men, median age 36 years, range 21-58 years, median duration of epilepsy 18 years, 

range 2-48 years)

23 were diagnosed with temporal lobe epilepsy (12 left, 11 right)

12 with frontal lobe epilepsy (5 left, 7 right)

10 had electroclinical evidence of less well defined, more widespread abnormalities
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5.1.3.2 T2-mapping

Fast fluid attenuated inversion recovery (FLAIR) dual-echo data sets were acquired on a 1.5T Horizon Echospeed 

scanner (G.E, Milwaukee, Wise., USA) using a standard quadrature head coil (TR/TE/TI =5000/15,120/1638ms). 

Twenty-eight contiguous axial slices were obtained with an acquisition matrix o f 256x256 and a 24cm fleld-of- 

view, giving a resolution of 0.94 x 0.94 x 5mm. Total scanning time for T2-mapping was 11 minutes and 40 

seconds.

5.1.3.3 Analysis

Following data acquisition, the images were transferred to an off-line workstation (Sun Microsystems, Palo Alto, 

CA) for post-processing. Using the dual-echo data sets (one set from the early echo (TE,) and one from the late 

echo (TEi)) T2 signal intensity was calculated pixel-by-pixel according to the equation;

T2 signal = (TE^ - TE,) / In (S, / Si)

where S, and Si represent the signal intensities for the early and late echoes respectively.

Figure 5.1 : Series o f normalized axial T2 maps from a single control subject
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To allow objective voxel-by-voxel statistical comparisons to be made, all T2 maps were normalised to a standard 

template using SPM 99 (Wellcome Dept o f Imaging Neuroscience, Institute of Neurology, London, UK) (Okujava 

et al. 2002). This template was created by normalising and then averaging 15 o f the 30 control subjects' T2 maps to 

standard SPM space using 12 linear degrees of freedom and a 7x8x7 non-linear warp. Fifteen control subjects, 

representing the entire age range of both the control subjects and patients, were used to create the template, as the 

application of a template matched to the study population has been shown to improve the normalisation process 

(Good et al. 2001b). Subsequently the T2 maps o f the patients and all 30 controls were normalised to this template 

using linear steps with 12 degrees of freedom (translation, rotation, zoom and shear) and a 7x8x7 non-linear warp 

(figure 5.1). The use o f non-linear normalisation steps allowed global and regional anatomical differences to be 

minimised, thus allowing a meaningful comparison, without adversely affecting differences in signal intensity.

Prior to statistical analysis, the normalised maps were smoothed with a 4mm isotropic Gaussian kernel. In 

addition a signal intensity threshold was set at 0.5 to reduce the number of extraneous pixels in the T2 maps 

included within the analysis; that is, only voxels with values exceeding 50% o f the total image mean intensity were 

analysed. This procedure excluded very low T2 values that arose principally from outside the brain.

The smoothed, normalized maps were statistically analysed on a voxel-by-voxel basis, and inferences 

made from the resultant maps, as described in Chapter 2.3 Common methodology: Post-acquisition processing. 

Region-of-interest analyses were also performed in order to illustrate the magnitude o f the differences in T2 values 

in areas highlighted by the SPM comparison as deviating significantly from normal. This approach also ensured 

that areas of inadequately suppressed CSF in deep sulci were not misclassified as increased cortical T2. 

Furthermore, we were able to exclude regions of apparently decreased cortical T2 that arose as a result o f a partial 

volume effect from fully suppressed CSF.

5.1.4 Results

5.1.4.1 Control group

Comparing each control subject with the remaining 29 control subjects using identical parameters and statistical 

thresholds as the comparison between patients and controls, three subjects had areas o f significantly abnormal T2 

signal. At a statistical threshold ofp<0.05 and 60 examinations (30 subjects with two “contrasts” each (an increase 

and a decrease)), up to three abnormal areas were anticipated by chance alone.

5.1.4.2 Acquired Lesions

In all fourteen patients with acquired lesions, SPM detected areas o f significantly increased T2 signal (table 5.1). 

In all patients the areas o f increased T2 signal corresponded to the abnormalities identified on visual inspection of 

the conventional M R images (figure 5.2). In nine patients (patients 1, 2, 4, 6, 8, 9, 10, 13 and 14) areas of 

significantly increased T2 signal were detected in regions previously reported as normal. Quantification in regions- 

of-interest was performed on patients 4, 8 and 14 (see table 5.4). There were no areas o f shortened T2 times.
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Figure 5.2: Patient 8, mature cortical infarct in right frontal lobe.

(A, E, J and N, R, V) Axial, coronal, and sagittal T1-weighted images. (B, F and O, S) Axial and coronal FLAIR 

images. (K and W) T2-weighted coronal images. (C, G, L and P, T, X) Axial, coronal, and sagittal T2 maps (D, 

H, M and Q, U, Y) Regions o f significantly increased T2 superimposed on axial, coronal, and sagittal early-echo 

(proton-density weighted) images. These regions were used for quantitative region-of-interest analyses on the T2 

maps (Table 5.4). The regions in D, H, M coincide with the localisation of the abnormalities identified on 

conventional MRI. The regions in Q, Ü, V localized to the normal appearing cerebral tissue o f the right lingual 

gyrus. Z-value bar indicating degree o f significance o f highlighted regions is shown. Note that right on the images 

is patient's right.



Table 5.1 Clinical characteristics, EEG, MRI and T2 mapping results in patients with non-progressive acquired lesions

Patient Age

(yr)

Sex Aetiology of 

epilepsy

Seizure Types Duration of 

epilepsy 

(yrs)

EEG features Conventional MRI findings T2 mapping 

Significantly increased T2 times 

(P-value)

1 31 M head injury T  gen. 11
bil. frontotemp. 

i.e.a.

bil. front., R. temp, posterior corpus 

callosal damage

bil. front. WM, R. temp. WM, 

post. CC 4- NA L. temp. WM

(p<0.001)

2 51 M head injury CPS, T  gen. 48
L. temp.par. + R. 

frontocentral i.e.a.

superficial atrophy of L. hemisphere, 

sparing temp.

L. front.temp.par WM 4- in NA R. 

front. WM (p<0.001)

3 40 M head injury CPS, T  gen. 3
widespread 

bilateral i.e.a.
L. parietal lobe damage L. par. subcortical WM (p<0.01)

4 31 F head injury CPS, T  gen. 17
R. front.temp.4- 

minor L. front i.e.a
R. front, temp. par. damage

R. front.temp.par. W4-GM 4- in 

NA L. front.temp. W4-GM

(p<0.001)

5 40 M infarction CPS, atonic. 31 bifrontal ictal foci bil. front, par. occ damage bil. front, par. occ WM (p<0.001)

6 56 F infarction CPS, 2° gen. 48
biparietal (R>L) 

i.e.a.
R. frontoparietal damage

R. front, par. W4-GM 4- in NA L 

par. WM (p<0.001)



Patient Age

(yr)

Sex Aetiology of 

epilepsy

Seizure Types Duration of 

epilepsy 

(yrs)

EEG features Conventional MRI findings T2 mapping 

Significantly increased T2 times 

(f-value)

7 39 M infarction CPS, T  gen. 36
R. front.temp.par. 

i.e.a.
R. temp.par.occ. ischaemic damage

R. temp. par. occ. G+WM

(p<0.001)

8 21 F infarction CPS, 2° gen. 12

R. hemisphere 

i.e.a., esp 

front.temp. region

R. lat. front, cortical scar
R. lat. front. W+GM + in NA R. 

lingual gyrus (p<0.01)

9 42 M perinatal injury CPS, T  gen. 42
L. hemisphere, 

esp. L. temp, i.e.a.

L. frontal lobe + L. hippocampal 

damage

L. frontotemp. W+GM + L. HC + 

NA R. periventricular WM

(p<0.001)

10 24 M perinatal injury S+CPS, T  gen. 23
bil. frontotemp. 

(R>L) i.e.a
L. front.temp.par ischaemic damage

L. front.temp.par W+GM + NA 

R. front. WM (p<0.001)

11 55 M perinatal injury CPS 49 R. temp, i.e.a
diffuse signal change in bil. post. 

WM
bil. post. WM. (p<0.001)

12 52 M encephalitis CPS, 2° gen. 12 bihemispheric i.e.a
L. temp + L. occ. + minor R. temp, 

damage

L. front. + temp. + occ. W+GM + 

R. frontotemp. WM (p<0.001)

13 44 M encephalitis CPS 35
bihemispheric, esp. 

R. temp, i.e.a.
L. parietal + L. HC damage

L. temp.par. WM + L. HC + NA 

R. temp. WM (p<0.001).



Patient Age Sex Aetiology of Seizure Types Duration of EEG features Conventional MRI findings T2 maooine

(yr) epilepsy epilepsy

(yrs)

Significantly increased T2 times 

(P-value)

14 26 M meningitis CPS, 2° gen. 15
L > R frontotemp. 

i.e.a.
L. temporal lobe damage

L. temp W-kGM -t- in NA R. HC + 

R. front. WM (p<0.001)

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; front. =frontal; par.=parietal; temp.=temporal; occ.=occipital; HC=hippocampus; i.e.a..=interictal 

epileptiform activity; M=male; F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondarily generalised tonic-clonic seizure; NA=normal appearing; 

WM=white matter; GM=grey matter



Table 5.2 Clinical characteristics, EEG, MRI and T2 mapping results in patients with malformations of cortical development

Patient Age

(yr)

Gender Seizure Types Duration of 

epilepsy (yrs)

Interictal EEG 

features

Conventional MRI findings T2 mapping 

Significantly increased T2 times (P-value)

15 52 M CPS, 2° gen. 39 R. hemisphere i.e.a
R front. + bil. par. occ. gyral 

abn. with thick cortex

bil. in MCD + in NA L. front, lobe GM + subcort. 

WM (p<0.001)

16 26 F
SPS, CPS + 

tonic
22

widespread i.e.a., 

max. L. hemisphere

bil. frontopar. gyral abn. with 

thick cortex
bil. frontopar. regions in MCD (p<0.001)

17 46 M CPS, 2” gen. 38 L. hemisphere, i.e.a
L. frontopar. gyral abn. with 

thick cortex

L. frontopar. region in MCD (p<0.001) + in NA R. 

frontopar. GM (p<0.05)

18 28 M S + CPS, T  gen. 20
widespread i.e.a., 

max. L. temp.

bil. BHT + bil. temp, gyral 

abn. with thick cortex

bil. hemisphere in BHT + bil. temp, in gyral abn.

(p<0.001)

19 28 F SPS, T  gen. 17 normal interictal bil. band heterotopia None

20 32 F S + CPS, T  gen. 27 widespread i.e.a bil. band heterotopia bil. hemisphere in MCD (p<0.001)

21 37 F S + CPS, T  gen. 25
bil. hemisphere 

i.e.a.
bil. band heterotopia R. front, in MCD (p<0.001)



Patient Age Gender Seizure Types Duration of Interictal EEG Conventional MRI findings 

(yr) epilepsy (yrs) features

T2 mapping 

Significantly increased T2 times (P-value)

22 24 F CPS, T  gen.

23 51 F CPS, 2” gen.

25 19 F

26 47 F

28 28 M

CPS

CPS

27 18 F CPS, 2° gen.

2° gen.

15

24 54 M T  gen. 23

36

bil. hemisphere

I.e.a.

35 normal interictal

normal interictal

bil. band heterotopia

bil. SCH

R. par. SCH

4 bil. frontotemp i.e.a L. frontal + L. insula SCH

L. hemisphere, max. 

L. front, i.e.a

R. frontotemp. i.e.a 

normal

bil. temp. + par. SEH

bil. SEH

bil. SEH

29 30 M SPS, CPS 24 L. frontotemp. i.e.a. L. front, temp. PCD

30 51 M S + CPS, 2° gen. 45
bifrontal + R. temp.

R. temp. PCD

bil. hemisphere in MCD (p<0.01)

bil. hemisphere in MCD (p=0.001)

R. par. in MCD (p=0.001)

L. front. + L. temp, in SCH (p<0.001) + in NA R. 

frontotemp. WM (p<0.001)

None

R. hemisphere in MCD (p<0.001)

L. front, temp. par. in MCD + in NA R. temp. WM

(p<0.001)

L. front, temp, in PCD (p<0.001)

R. temp, in PCD (p<0.001)
i.e.a.



Patient Age

(yr)

Gender Seizure Types Duration of 

epilepsy (yrs)

Interictal EEG 

features

Conventional MRI findings T2 mapping 

Significantly increased T2 times (P-value)

31 33 M CPS, 2° gen. 32
bil. hemisphere 

i.e.a.

R. frontal (superior 

convexity) FCD

R. front, in FCD (p<0.05) + in NA R. mesial temp, 

lobe structures (p<0.01)

32 44 M CPS, 2° gen. 32 R. frontal i.e.a. R. front, pole FCD
R. front, pole in FCD -f- in NA L. par. WM

(p<0.001)

33 22 F CPS, 2° gen. 15 R. temp, i.e.a. R. front, temp, par FCD R. front, temp, par in FCD (p<0.001)

34 39 M SPS, 2° gen. 15 R. hemisphere i.e.a R. front. DNET
R. front, in DNET (p<0.001) -+- in NA R. front WM 

[also decreased T2 within DNET] (p<0.001)

R.=Right; L.=Left; bil.=bilateral; ant.=anterior; post.=posterior; mid.=middle; lat.=lateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; NA=normal-appearing; 

corp.=corpus; MCD=malforaiation of cortical development; BHT=band heterotopia; SEH= subependymal heterotopia; SCH=subcortical heterotopia; i.e.a..=interictal epileptiform 

activity; abn.=abnormality; M=male; F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; inc.=increased; 

WM=white matter; GM=grey matter



Table 5.3 Clinical characteristics, EEG and T2 mapping results in patients with normal conventional MRI.

Patient Age Gender Aetiology of Duration of Seizure types Ictal Epileptiform Interictal T2 mapping

(yr) epilepsy epilepsy (yrs) Abnormality Epileptiform Significantly increased T2 times (P-value)

Abnormality

35 40 F feb. convulsion 36 CPS, 2° gen. R. temp. R.> L. temp. R. temp. (Heschl’s gyrus) (p<0.001)

36 36 M cryptogenic 18 SPS, CPS N/A R. temp. R. mesial temp.structures (p<0.001)

37 25 M cryptogenic CPS R. temp. bil. temp. L>R None

38 21 cryptogenic 20 CPS, 2° gen. N/A R. temp. R. temp. occ. GM + subcort. WM (p<0.05)

39 31 cryptogenic 23 CPS N/A R. temp. bil. frontotemp. (p<0.05)

40 45 M

41 44

42 42

meningitis

cryptogenic

cryptogenic

43 58 M cryptogenic

29 CPS, 2° gen.

32 CPS, 2“ gen.

44 30 cryptogenic 14

CPS

CPS

R. temp.

R. temp.

10 S + CPS, 2° gen. R. temp.

R. temp.

N/A

bil. temp. R>L 

bil. temp. R>L 

R. temp, 

bil. temp.

R. temp.

R. temp. WM (p<0.01)

R. mesial temp.structures (p=0.001)

None

None

R. middle temp, gyrus (p=0.01)



Patient Age Gender Aetiology of Duration of Seizure types Ictal Epileptiform Interictal T2 mapping

(yr) epilepsy epilepsy (yrs) Abnormality Epileptiform

Abnormality

Significantly increased T2 times (P-value)

45 47 F cryptogenic 31 CPS, 2° gen. R. temp. R. temp. None

46 38 F cryptogenic 15 CPS, 2° gen. L. temp. L temp None

47 56 M cryptogenic 36 CPS, 2° gen. L. temp. L. temp. None

48 51 F cryptogenic 9 CPS, 2° gen. L. temp. normal
R. mesial temp.structures + corpus callosum. 

(p<0.05)

49 21 M cryptogenic 15 SPS, T  gen. L. temp bil. temp. L>R L. temp. (Heschl’s) + R. temp WM (p<0.01)

50 38 F cryptogenic 35 CPS, T  gen. L. temp. L. temp None

51 32 M cryptogenic 11 CPS, T  gen. N/A L. temp. None

52 45 F cryptogenic 30 CPS L. temp. L. temp. None

53 31 M cryptogenic 16 SPS, CPS L. temp. L. temp. R. mesial temp. (p=0.001) IL. temp. = ns]

54 29 M encephalitis 18 S + CPS, T  gen. N/A L. temp. bil. frontotemp (p<0.001)

55 54 F cryptogenic 14 CPS, 2° gen. L. hemisphere L. temp. L. periventricular WM (p<0.001)



Patient Age Gender Aetiology of Duration of Seizure types Ictal Epileptiform Interictal T2 mapping

(yr) epilepsy epilepsy (yrs) Abnormality Epileptiform

Abnormality

Significantly increased T2 times (P-value)

56 32 F cryptogenic 18 S + CPS, T  gen. L. temp. L.temp. bil. mesial temp, structures (p<0.01)

57 57 F cryptogenic 48 CPS, T  gen. N/A L. temp. None

58 27 F cryptogenic 13 SPS, T  gen. N/A clinically - R. front. bil. inferior frontal gyri (p=0.01)

59 41 M cryptogenic 23 CPS N/A R. front. None

60 36 F cryptogenic 12 CPS N/A clinically - R. front. R. front, gyrus rectus (p<0.05)

61 28 M cryptogenic 15 CPS, T  gen. bil. front. R>L R. front. None

62 32 M cryptogenic 2 SPS + CPS R. hemisphere R. front. R. front. WM (p<0.001)

63 28 M cryptogenic 12 CPS, T  gen. N/A R.front. None

64 53 M cryptogenic 40 CPS, T  gen. N/A R. front.
bil. par. occ WM (p<0.001) [also dec T2 in L. 

int. capsule (p<0.001)]

65 41 M cryptogenic 19 2° gen. N/A L. front. None



Patient Age Gender Aetiology of Duration of Seizure types Ictal Epileptiform Interictal T2 mapping

(yr) epilepsy epilepsy (yrs) Abnormality Epileptiform

Abnormality

Significantly increased T2 times (P-value)

66 37 M cryptogenic 32 CPS N/A L. front. None

67 45 F cryptogenic 38 CPS, T  gen. L. front. L. front. None

68 27 M cryptogenic 15 CPS L. front. L. front. None (but dec T2 in bil. cor radiata (p<0.01))

69 53 M cryptogenic 10 CPS inconclusive L. front. bil. front. WM (p<0.001)

70 31 M cryptogenic 18 CPS, T  gen. bil. front bil. front bil. front, pole GM (p<0.001)

71 27 F cryptogenic 17 CPS, 2° gen. N/A bil. front. None

72 40 F cryptogenic 35 CPS, T  gen. inconclusive bil. temp. None

73 48 M cryptogenic 34 S + CPS, T  gen. widespread bil. front. None

74 35 F cryptogenic 28 CPS, T  gen. bil. occ. bil. occ. R. occ. WM (p=0.01)

75 22 F cryptogenic 5 S + CPS, 2° gen. inconclusive bil. hemipshere
L. mesial temp, structures. + R. par. WM

(p<0.001)

76 27 M neonatal illness 27 CPS, T  gen. R hemisphere R. hemisphere R. insula cortex. + R. occ. WM (p<0.001)



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration of 

epilepsy (yrs)

Seizure types Ictal Epileptiform 

Abnormality

Interictal

Epileptiform

Abnormality

T2 manning 

Significantly increased T2 times (f-value)

77 26 F feb. convulsion 21 CPS, T  gen. L. hemisphere bil. hemisphere L. sup. temp, gyrus. (p<0.05)

78 40 F cryptogenic 33 CPS N/A L. frontotemporal None

79 30 F cryptogenic 25 CPS, 2° gen. inconclusive bil. frontotemp. None

S/CPS=simple/complex partial seizure; 2° gen ^generalised seizure; R.=Right; L.=Left; bil.=bilateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; ant.=anterior; 

inf.=inferior; sup.=superior; paraHC=parahippocampal; N/A=not available; M=male; F=female; feb.=febrile; vacc.=vaccination; int. capsule=intemal capsule; GM=grey matter; 

WM-white matter; subcort. WM=subcortical white matter; ns===statistically non-significant; dec=decreased



Table 5.4 T2 values from the regions-of-interest defined by SPM, in patients with acquired lesions, MCD, and normal conventional MRI.

Patient Aetiology of EEG features T2 mapping - SPM results Reeion-of interest derived T2 times (msec)

epilepsy Regions of significantly increased T2 Patient Controls 

mean (SD)

% increase

Acquired

4 head injury
R. front.temp.+ R. front, temp. par. + R. front 114 88 (0.97) 29%

minor L. front i.e.a in NA L. front, temp. L. front 100 86 (0.99) 16%

8 infarction
R. hemisphere esp. R. lat. front.H- R. front 120 91 (1.07) 31%

front.temp. i.e.a., in NA R. lingual gyrus R. ling. 103 89 (0.77) 16%

14 meningitis
L > R frontotemp. L. temp + L. temp. 106 91 (1.06) 16%

i.e.a. in NA R. HC + R. front, lobe R.HC 124 107 (0.90) 16%

MCD

18
BHT + gyral widespread i.e.a., bil. hemisphere in BHT + R. band 101 88(1.01) 15%

abnormality max. L. temp. bil. temp, in gyral abn. R. front gyral 104 89 (1.06) 17%

31 FCD
bil. hemisphere R. front, in FCD + FCD 103 92(1.13) 12%

i.e.a. in NA R. mesial temp, lobe structures R.HC 122 107 (0.97) 14%

34 DNET R. hemisphere i.e.a.
R. front, in DNET + DNET 115 89 (1.00) 29%

in NA R. front WM NA R. front 102 88 (1.05) 16%



Patient Aetiology of EEG features T2 mapping - SPM results Region-of interest derived T2 times (msec)

epilepsy Regions of significantly increased T2 Patient Controls 

mean (SD)

% increase

Normal conventional MRI

35
feb.

convulsion

R. temp, focus R. temp. (Heschl’s gyrus) 110 90(1.25) 22%

36 cryptogenic R. temp, i.e.a. R. mesial temp, lobe 114 97 (1.42) 18%

56 cryptogenic L. temp, focus bilateral mesial temp, lobes
left HC 126 

right HC 119

110(1.25)

105(1.19)

15%

14%

60 cryptogenic
normal - clinically 

R. front

R. front, pole 105 84 (1.65) 25%

Group findings

R. TLE gp.
N/A R. temp. R. temp. WM 101 (1.63) 95 (0.96) 7%

(n = ll)

R. FLE gp.
N/A R. front. R. front. WM 91 (1.47) 86 (1.03) 6%

(n=7)



Patient Aetiology of 

epilepsy

EEG features T2 mapping - SPM results Reeion-of interest derived T2 times (msec)

Regions of significantly increased T2 Patient Controls 

mean (SD)

% increase

L. TLE gp. 

(n=12)

N/A L. temp. L. temp. WM 93 (1.52) 88(1.19) 6%

L. FLE gp. 

(n=5)

N/A L. front. L. front. WM 92(1.65) 86 (1.42) 7%

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; HC=hippocampus; i.e.a..=interictal 

epileptiform activity; M=male; F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; NA=normal appearing; 

FCD=focal cortical dysplasia; BHT=band heterotopia; DNET=dysembryoplastic neuroepithelial tumour; WM=white matter.
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5.1.4.3 Malformations o f Cortical Development

In 18 of the 20 patients with MCD, SPM detected regions of increased T2 (table 5.2). In all 18 patients, the areas 

of increased T2 signal corresponded to all or part o f the MCD identified on visual inspection o f the conventional 

MR images. In addition, in seven patients (patients 15, 17, 25, 28, 31, 32, and 34) changes were found outside the 

MCD in tissue that appeared normal on conventional MRI. One patient (patient 34) also had a region o f 

significantly decreased T2 within a DNET.

O f the 20 patients with MCD, all four with gyral abnormalities (patients 15-18) and all five with FCD 

(patients 29-33) had areas of significantly prolonged T2 which corresponded to all or part o f the MCD. In two 

patients with gyral abnormalities and in two with FCD, changes were also found in areas beyond the margins of 

the evident MCD, in areas that appeared normal on visual assessment o f conventional T l-  and T2-weighted 

images.

Areas o f increased T2, which corresponded to the MCD identified on the conventional M R images, were 

seen in four out o f five patients with band heterotopia (BHT) (patients 18-22), in two o f the three patients with 

subependymal heterotopia (SEH) (patients 26-28), and in the three patients with subcortical heterotopia (SCH) 

(patients 23-25) (figure 5.3). One of the patients with SEH (patient 28) and one of the patients with SCH (patients 

25) each had a region of increased T2 detected beyond the evident MCD.

Quantification in regions-of-interest was performed on patients 18, 31, and 34 (see table 5.4).
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Figure 5.3: Patient 31. Right frontal (superior convexity) focal cortical dysplasia. (A, E, J and N) Inferior axial, 

superior axial, coronal, and sagittal T1-weighted images. (B, F, and K) Inferior axial, superior axial and coronal 

FLAIR images. (O) T2-weighted coronal image. (C, G, L and P) Inferior axial, superior axial, coronal, and 

sagittal T2 maps. ( D, H, IVT and Q) Regions o f significantly increased T2 superimposed on inferior axial, superior 

axial, coronal, and sagittal early-echo (proton-density weighted) images. These regions were used for quantitative 

region-of-interest analyses on the T2 maps (Table 5.4). The regions over the right superior frontal convexity 

coincide with the localization o f the abnormalities identified on conventional MRl. The regions in the right mesial 

temporal lobe localized to normal appearing cerebral tissue. Z-value bar indicating degree of significance of 

highlighted regions is shown. Note that right on the images is patient's right.

5.1.4.4 MRl-negative patients

5.1.4.4.1 Individual SPM  & Region-of-interest analyses

SPM analyses of the 45 individual patients in the MRl-negative group revealed 23 patients (51%) with regions o f 

significantly increased T2 compared to the control group (table 5.3) (figure 5.4). In 20 o f these, the regions 

concurred with the localisation of epileptic EEC abnormality, 11 of which were ictal recordings (ictal recordings 

were not available for the other nine patients). Three patients (patients 48, 53, 64) had significantly increased T2 in 

regions distant from EEC abnormality and the presumed clinical seizure focus. Patient 48 (left TEE) demonstrated 

increased T2 values in the right temporal lobe and corpus callosum. Patient 53 had areas o f increased T2 within the 

left and right temporal lobes (not statistically significant on the left), but ictal EEC evidence suggested a left 

temporal seizure focus. Patient 64 had right frontal lobe epilepsy but increased T2 in the parieto-occipital regions
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bilaterally. Two patients (patients 64 and 68) had regions o f decreased T2 signal. Twenty-two patients had no areas 

of significantly increased T2 signal. Quantification in regions-of-interest was performed on patients 35, 36, 56 and 

60 (see table 5.4).

Figure 5.4: Patient 35. Patient with right temporal lobe epilepsy and normal conventional MRl. (A, E, J) Axial, 

coronal, and sagittal T1-weighted images. (B, F) Axial and coronal FLAIR images. (K) T2-weighted coronal 

image. (C, G, L) Axial, coronal, and sagittal T2 maps. (D, H, M) Regions o f significantly increased T2 

superimposed on axial, coronal, and sagittal early-echo (proton-density weighted) images. These regions were 

used for quantitative region-of-interest analyses on the T2 maps (Table 5.4). The region over the right superior 

temporal gyrus (H eschfs gyrus) localised to normal appearing cerebral tissue and concurred with electroclinical 

data regarding site o f seizure onset. Z-value bar indicating degree o f significance o f highlighted regions is shown. 

Note that right on the images is patient's right.

5 .1.4.4.2 Group analyses

Group analyses were performed on MRl-negative patients with EEC evidence o f either left or right temporal or 

frontal lobe seizures. The right temporal lobe group consisted o f 1 1 patients (patients 35-45), the left temporal lobe 

group 12 patients (patients 46-57), the right frontal lobe group seven patients (patients 58-64) and the left frontal 

lobe group five patients (patients 65-69). Compared to the 30 control subjects each group had a region of 

significantly increased T2 signal within the white matter o f the respective cerebral lobe. In addition, there was an 

area of increased T2 in the anterior corpus callosum in the left temporal lobe group. Quantification in regions-of- 

interest was performed for each group (table 5.4).
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Figure 5.5 Right temporal lobe epilepsy (TLE) group with normal conventional MRl.

Normalized axial, coronal and sagittal T2 maps at the same slice position for the averaged 30 control subjects (A, 

D and G) and the MRl-negative patients with right TLE (B, E and H). The regions o f increased T2 are 

superimposed on normalized T1-weighted SPM templates at the same slice position (C, F and J). This region 

localizes to the white matter of the right temporal lobe. The regions were used for quantitative region-of-interest 

analyses on the T2 maps (Table 5.4). Z-value bar indicating degree o f significance of highlighted regions is 

shown. Note that right on the image is patients' right.

5.1.5 Conclusions

T2-mapping, analysed using statistical parametric mapping, identified significantly prolonged T2 in all patients 

with acquired nonprogressive cerebral lesions and partial seizures. In all of these patients the areas o f increased T2 

concurred with abnormalities identified on visual inspection of conventional MRl. Eighteen out of 20 patients with 

malformations of cortical development had areas o f increased T2. In all of these, the regions were within areas of 

abnormality identified on conventional MRl. In addition, in the patients with acquired lesions there were nine 

areas, and in the patients with MCD there were seven areas that appeared normal on conventional imaging but 

which exhibited significantly prolonged T2 times, indicating additional sensitivity from the new method. 

Individual analyses o f 45 patients with partial seizures and normal conventional MRl identified significantly 

increased T2 in 23 of the subjects. In 20 o f these patients, the areas o f increased T2 concurred with electroclinical
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information. Group analyses of MRl-negative patients with electroclinical seizure onset localising to the left or 

right temporal or left or right frontal regions revealed significantly increased T2 within each respective lobe.

5.1.5.1 Methodological considerations and limitations

A minimum of two data points on the transverse magnetisation decay curve are required to define a 

monoexponential fimction and estimate the T2 relaxation time. Tissue within a voxel may possess multi­

exponential decay, and to obtain a more accurate measure o f T2, a greater number o f  echo times must be sampled 

(Whittall, MacKay, and Li 1999). However, such techniques usually allow only a single image slice to be obtained 

within an acceptable scan time and are therefore of limited clinical value in the localisation o f occult structural 

lesions. A compromise is therefore required between accurate T2 measurements and brain coverage. We chose a 

dual-echo sequence with TE values o f 15 and 120ms with the expectation that the measured T2 values lay between 

these time points, weighted towards the late echo image. The inclusion o f a FLAIR pre-pulse minimizes the 

influence o f CSF, the long T2 of which could otherwise make quantification inaccurate in regions susceptible to 

partial volume effects, such as the hippocampi and neocortex. This technique has previously been validated by 

comparison with multi-echo sequences and although estimations of T2 values were found to be lower than the 

quoted values o f test objects, the dual-echo sequence was reproducible (coefficient o f reliability less than 5% in 

repeat scans on healthy volunteers) and reliably identified abnormal tissue (Duncan, Bartlett, and Barker 1996; 

Jackson et al. 1990). Furthermore, the late echo T2 weighted image is o f sufficient quality for routine qualitative 

radiological assessment, so can be incorporated into a standard imaging protocol without extending the total 

scanning time for each patient.

The non-Gaussian nature o f segmented grey matter data in voxel-based morphometry has recently been 

shown to generate a high false positive rate when using the cluster extent statistical threshold in SPM (Ashburaer 

and Friston 2000). The use of the cluster extent threshold to determine statistical significance in voxel-based 

morphometry is therefore unsound. However, on analysis o f our T2 data on control subjects the number of 

abnormalities seen was no greater than what was expected by chance. We believe therefore that the limitations of 

using the cluster extent threshold in voxel-based morphometry do not compromise the analysis o f T2 data.

5.1.5.2 Pathophysiological and clinical implications

The T2 relaxation time of a specific tissue is governed by the total amount o f water, its distribution, and its 

interaction with the microstructural environment. Pathological processes may cause a disturbance to any or all of 

these factors, which will in turn modify the relaxation times and, therefore, the image contrast (Mathur-De Vre 

1984).

Variations in T2 relaxation times exist within normal adult brain at regional, local and microscopic levels 

(Georgiades et al. 2001; Larsson et al. 1986). Structures of the limbic system have the highest, and the primary 

visual and auditory cortices the lowest, T2 relaxation times (Hirai et al. 2000). This has been attributed to 

variations in, for example, water content, cytoarchitecture, and iron concentration (Georgiades et al. 2001; Larsson
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et al. 1986; Whittall et al. 1997). A number o f studies have shown that grey matter possesses a longer T2 

relaxation time than white matter (Larsson et al. 1986) probably reflecting differences in water 

compartmentalization, vascularity and iron concentration (Vymazal et al. 1995). Prolonged T2 relaxation times 

have been observed in a wide variety of pathological conditions including oedema, demyelination, neuronal loss, 

expansion of the extracellular space, infarction, and gliosis (Fazekas, Schmidt, and Scheltens 1998; Leifer, 

Buonanno, and Richardson Jr. 1990; Scarpelli et al. 1994; Autti et al. 1994).

A wealth of information exists regarding T2-weighted imaging in mesial temporal lobe structures, notably 

the hippocampus and amygdala, in patients with temporal lobe epilepsy (TLE). Furthermore, quantitative 

measurement o f T2 relaxation time in these patients has been shown to confer additional sensitivity over 

qualitative assessment (Jackson et al. 1993b; Woermann et al. 1998a; Cutting et al. 2000; Namer et al. 1998; 

Ferrie et al. 1999). However, approximately 50% of patients with refractory focal epilepsy have seizures which 

arise from outside the mesial temporal lobe and in those patients quantitative analysis o f T2-weighted imaging of 

the neocortex may also be profitable.

Lesion conspicuity, particularly in the hippocampus, amygdala, cortex and periventricular regions has 

previously been shown to be enhanced with fluid attenuated inversion recovery (FLAIR) imaging compared to 

conventional T2-weighted imaging (Meiners et al. 1999a; Wieshmann et al. 1998a). Furthermore, in T2-mapping, 

erroneous T2 values may be obtained in tissue adjacent to high signal cerebrospinal fluid due to partial volume 

effects. The use o f FLAIR imaging allows a more accurate evaluation o f T2 values in these regions and is essential 

in any quantitative analysis o f cortical pathology.

Sensitivity o f T2-weighted imaging may be further enhanced by using quantitative analysis methods, such 

as histogram (Barbosa et al. 1994), region-of-interest (Woermann et al. 1998a) or voxel based methods (Auer et al. 

2001). Our method utilised a whole-brain statistical voxel-based technique and FLAIR imaging to improve both 

lesion identification and accuracy of T2 relaxation times.

Chronic, non-progressive acquired lesions are an important cause o f refractory focal epilepsy and are 

frequently associated with MR-visible structural abnormalities. Abnormalities o f T2 were identified within the 

regions of cerebral damage in all 14 patients with acquired lesions. Moreover, in nine patients, abnormalities were 

also detected in areas of the brain that were visually normal suggesting the presence o f occult cerebral damage, due 

either to the original insult or as a result o f recurrent seizure activity. It is o f particular interest that eight o f the nine 

extra-lesional regions concurred with the localisation o f epileptiform EEG activity, suggesting that not only are 

occult structural abnormalities present but are relevant for seizure initiation or propagation. This is o f paramount 

importance should surgical treatment be considered.

T2-weighted imaging is sensitive to pathological change in cerebral tissue (Smith et al. 1985). 

Irrespective o f the original insult, the end result of cerebral injury is likely to be characterised histopathologically 

by extensive gliosis, neuronal loss and expansion of the extracellular space (Adams 1992; Castillo et al. 1996; Jay 

et al. 1998). This results in prolongation of T2 relaxation times due to increased total water content, an increase in 

the ratio of free to bound water, and a change in the dynamic structure o f water near macromolecules (Mathur-De 

Vre 1984). It has previously been demonstrated that quantitative T2 mapping is more sensitive than qualitative 

assessment in the detection of occult pathological change such as gliosis or demyelination (Ferrie et al. 1999; 

Allen, Glover, and Anderson 1981). It is therefore possible that the presence o f extra-lesional abnormalities in our
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patients with acquired cerebral damage is due to occult injury detectable only on quantitative analysis.

Eighteen out o f 20 patients with MCD had regions of significantly prolonged T2 times. In all 18, these were within 

the areas of known abnormality identified on visual inspection o f the conventional images. All o f the patients with 

either gyral abnormalities or FCD and nine of the 11 patients with heterotopia possessed regions o f prolonged T2. 

Two patients (patients 19 and 26) had normal T2 maps despite the presence o f band and subependymal heterotopia 

respectively.

Grey matter possesses longer T2 relaxation times than white matter (Vymazal et al. 1995). A comparison 

o f grey matter in patients with white matter in control subjects will therefore be identified as a region of 

significantly prolonged T2. This is the likely explanation for the results seen in patients with either gyral 

abnormalities and thickened cortices or, patients with grey matter heterotopia.

Furthermore, the cortex in gyral abnormalities, such as macrogyria, or in focal cortical dysplasia, is both 

macroscopically and microstructurally abnormal. The cortex is thickened, with poor demarcation of the grey and 

white matter. Cortical layers are dismpted and hypertrophic neurons are numerous (Manz et a l  1979). The 

underlying white matter is similarly abnormal with clusters o f heterotopic neurons, axonal dysmyelination, gliosis 

and spongiolytic change (Usui et al. 2001; Marchai et al. 1989; Urbach et al. 2002). Heterotopic grey matter is 

histologically and functionally distinct to normal grey matter, with aberrant cytoarchitecture, abnormal neuronal 

positioning, attenuated and disordered dendrites and axons, and altered cytoskeletal elements (Manz et al. 1979; 

Barth 1987; Duong et al. 1994). The microscopic changes seen in both gyral abnormalities and heterotopia are 

invariably associated with altered water content and distribution. T2 values differ accordingly and are readily 

identified with both qualitative and quantitative T2-weighted imaging. Two patients had normal T2 maps despite 

the presence of heterotopic grey matter identified on conventional MRl. This may be due to limitations o f the 

analysis method, for example, the abnormalities are too small or thin to be identified with this degree of 

smoothing. However, there is histopathological and imaging evidence to suggest that myelinated axons traverse 

regions of heterotopia (Harding 1992; Eriksson et al. 2002). The presence of myelin shortens T2 times by 

increasing the ratio o f bound to free water, and T2 times will therefore approach those of white matter. T2 times in 

these regions compared with normal white matter in control subjects may not be sufficiently disparate to be 

identified by SPM.

More significantly, there were seven patients that possessed regions o f significantly prolonged T2 beyond 

the margins of the visible MCD. These were in patients with gyral abnormalities, FCD and heterotopia, and were 

seen both adjacent to known lesions and in more distant sites. This is in agreement with previous histopathological, 

imaging and EEG studies suggesting that MCD are often more extensive than the visible lesion (Palmini et al. 

1995; Sisodiya et al. 1995b; Richardson et al. 1996; Eriksson et al. 2001b). Prolonged T2 within normal-appearing 

brain in patients with MCD may result from either impaired neurogenesis, subsequent cell loss or a relative 

reduction in white matter, consistent with hypomyelination (Barkovich et al. 1988; Marchai et al. 1989), neurones 

projecting thinner axons (Sisodiya et al. 1995b), or altered neuropil arborisation (M itchisonl991).

The occurrence of extra-lesional T2 abnormalities is o f clinical relevance, particularly regarding surgical 

planning and prognosis. It is also important to note that although T2 mapping is sensitive in the identification of 

pathological tissue, specificity is lacking, and it is possible that a proportion o f the extra-lesional abnormalities are 

due to seizure-related damage and do not indicate the occurrence o f occult dysgenesis. Further imaging.
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histopathological and outcome correlative studies are required for definitive validation.

One patient with extratemporal FCD (patient 31) showed a region of prolonged T2 in the mesial temporal 

lobe structures in addition to the lesional T2 abnormality. This was evaluated with conventional T2 relaxometry of 

the hippocampus and significantly prolonged T2 times were detected (Duncan, Bartlett, and Barker 1996). This 

suggests the presence o f occult hippocampal sclerosis and represents dual pathology in this patient. Previous 

studies have shown that failure to identify the occurrence o f dual pathology and therefore perform incomplete 

surgical resection results in a poor post-operative outcome (Cendes et al. 1999).

Twenty-three o f the 45 MRl-negative patients possessed regions o f significantly prolonged T2 times. 

Twenty of those concurred with electroclinical data suggesting that T2-mapping analysed on a voxel-by-voxel 

basis is a useful technique for the detection of occult epileptic structural lesions. Regions of abnormal T2 were 

identified in both white and grey matter, in neocortex and archecortex.

Mesial temporal lobe structures

It is well established that quantitative assessment of hippocampal T2 times is more sensitive than visual evaluation 

for the identification of hippocampal sclerosis. This has previously only been possible with careful placement of 

regions-of-interest. Our whole-brain T2 maps, analysed using SPM, identified abnormalities in the mesial temporal 

lobe structures (MTL) o f six MRl-negative patients (patients 36, 41, 48, 53, 56 and 75). The patients' routine 

images were subsequently evaluated with a standard, clinical, ROI-based T2 relaxometry technique (Duncan, 

Bartlett, and Barker 1996) and four possessed ipsilateral hippocampal relaxation times outside the normal range 

(patients 36, 48, 53 and 56). Briellmann et al recently demonstrated that hippocampal T2 times were directly 

related to the glial cell count in the dentate gyrus (Briellmann et al. 2002b). It is likely, therefore, that the regions 

o f T2 abnormality in our patients represent occult gliosis, either solely as isolated hippocampal sclerosis or in 

association with a lesion outside the MTL as part of "dual pathology". EEG findings concurred with the SPM 

identified abnormalities in 4 o f the 6 patients with abnormalities in MTL structures (patients 36, 41, 56 and 75). 

This suggests that these regions are important in terms of seizure generation and should be considered if  surgical 

treatment is contemplated.

Neocortical abnormalities

Eleven patients had regions of increased T2 in the neocortex; all o f which concurred with electroclinical data. For 

example, two patients with TLE (patients 35 and 49) had auditory auras either in isolation or immediately prior to 

seizure generalisation. In each patient, T2-mapping identified regions of increased T2 within the transverse / 

superior temporal gyri (Heschl’s gyri), which contain the primary auditory area (Brodmann areas 41 and 42).

Previous histopathological studies of surgically resected epileptogenic cortical lesions that were normal 

on conventional M Rl have shown occult focal cortical dysplasia, microgyria, cortical gliosis, and disordered 

lamination (Zentner et al. 1995; Theodore et al. 1990; Siegel et al. 2001). Compared to normal cerebral cortex, 

these lesions possess different microscopic and cytoarchitectural properties. They are, therefore, associated with an 

altered ratio of free to bound water and water compartmentalisation, and thus T2 relaxation time (Mathur-De Vre
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1984). Furthermore quantitative histopathological studies have shown reduced neuropil in the neocortex o f patients 

with TLE. This results in a smaller number of available macromolecules for efficient T2 relaxation, and hence 

prolonged T2 times (Bothwell et al. 2001). Previous studies in MS (Stevenson et al. 2000; Rumbach et al. 1991; 

Allen and McKeown 1979) and temporal lobe epilepsy (Namer et al. 1998) have reported the presence o f altered 

T2 relaxation times in cerebral tissue that appeared normal macroscopically or on visual assessment of 

conventional M R images. It is likely that some occult neocortical epileptic foci also possess altered relaxation 

parameters which may not be of sufficient magnitude to be identified as abnormal on qualitative assessment. Using 

a more sensitive method o f analysing imaging data, such as a voxel-by-voxel technique, a proportion o f these 

subtle structural abnormalities may be discerned. It is feasible however, that some epileptogenic lesions in MRl- 

negative patients are recognised only on histopathological examination and remain beyond even the most sensitive 

o f current imaging methods.

The identification of occult cerebral lesions is an important goal in patients with refi-actory focal epilepsy. The 

outcome following resective surgery in those with an identifiable lesion on pre-operative imaging is generally 

better than when imaging is normal (Cascino et al. 1992). Furthermore, it is likely that MRI-informed placement of 

intracranial EEG electrodes will identify an ictal focus more frequently than relying solely on electroclinical data; 

and possibly avoid the need for repeated studies (Siegel et al. 2001).

White matter abnormalities

Histopathological examination of white matter in patients with focal epilepsy frequently reveals subtle 

abnormalities, for example, gliosis, microdysgenesis, grey matter heterotopia and dysmyelination (Siegel et al. 

2001; Zentner et al. 1995; Theodore et al. 1990; Melki et al. 1991). In a proportion of patients these can be seen on 

conventional MRl, for example, in patients with focal cortical dysplasia or band heterotopia. In a significant 

number, however, these abnormalities may remain occult on visual assessment despite altered relaxation 

parameters. Using quantitative T2-mapping, a greater number of abnormalities may be identified. Eleven MRl- 

negative patients possessed abnormal T2 relaxation times in white matter. In five patients, this was in combination 

with a cortical abnormality. Imaging abnormalities observed exclusively within the white matter compartment may 

occur in patients with, for example, grey matter heterotopia (Barkovich and Kjos 1992a), microdysgenesis 

(Nordborg et al. 1999), gliosis (Melki et al. 1991), and FCD (Pahnini et al. 1991b). A combination of grey and 

white matter structural abnormalities are more commonly seen in patients with focal cortical dysplasia (Urbach et 

al. 2002), grey matter heterotopia, and as a result o f acquired lesions, such as infarction, or head injury (Adams 

1992). Previous studies have reported the presence of ipsilateral temporal lobe white matter signal change in 

approximately 60-70% of patients with HS (Mitchell et al. 1999; Meiners et al. 1999b). Histopathological 

evaluation revealed no increase in glial cells or ectopic neurons, but decreased myelin staining, possibly due to 

retrograde degeneration of axonal collaterals (Meiners et al. 1999b). It is possible that this phenomenon accounted 

for a proportion o f the white matter changes seen in our individual and grouped MRl-negative patients.

Two patients (patients 64 and 68) had regions of decreased T2, both in deep white matter. This could be 

either artefactual, or represent pathological material such as haemosiderin (Mathur-De Vre 1984).
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In summary, the abnormalities identified in MRl-negative patients could relate to either aetiological factors, such 

as occult dysgenesis, or acquired cerebral damage, or be the result o f chronic seizures, for example, gliosis and 

neuronal loss. A number o f these patients are undergoing pre-surgical assessment; pathological material is not yet 

available. Although the significant group effects seen in the MRl-negative patients with left and right temporal 

lobe, and left and right frontal lobe epilepsy are not clinically useful for evaluating individual patients, it suggests 

that given greater sensitivity, an effect in additional individual patients may be demonstrated, which may guide 

invasive diagnostic procedures and possible epilepsy surgery.
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CH A PTER SIX

Double Inversion Recovery

6.1 DOUBLE INVERSION RECOVERY IN FOCAL EPILEPSY

6.1.1 Sum m ary

The neocortices of 10 patients with partial seizures and acquired lesions, 14 patients with malformations of cortical 

development (MCD), and 33 patients with partial seizures and normal conventional M Rl were quantitatively 

evaluated using whole brain double inversion recovery imaging (DIR) and Statistical Parametric Mapping (SPM).

Compared to a group of 30 control subjects, DIR and objective voxel-by-voxel statistical comparison 

identified regions of significantly abnormal DIR signal intensity (DSI) in 9 out o f 10 patients with acquired 

nonprogressive cerebral lesions and partial seizures. In all 9 patients the areas of abnormal DSI concurred with 

abnormalities identified on visual inspection o f conventional MRl. In all 14 patients with MCD, SPM detected 

regions o f significantly abnormal DSI; all o f which corresponded to abnormalities identified on visual inspection 

of conventional MRl. In addition, in both groups, there were areas that were normal on conventional imaging, 

which demonstrated abnormal DSL Voxel-by-voxel statistical analysis identified significantly abnormal DSI in 15 

of the 33 patients with cryptogenic focal epilepsy. In 10 of these, the areas of abnormal DSI concurred with 

epileptic EEG abnormality and clinical seizure semiology. Group analysis o f MRl-negative patients with 

electroclinical seizure onset localising to the left temporal and left and right frontal regions revealed significantly 

abnormal DSI within the white matter o f each respective lobe.

DIR analysed using SPM was sensitive in patients with MCDs and acquired cerebral damage. Significant 

abnormalities in DSI in individual and grouped MRl-negative patients suggest that occult epileptogenic cerebral 

lesions are associated with subtle structural abnormalities. DIR is, therefore, a useful quantitative M Rl technique 

for characterising epileptic foci and may contribute to presurgical evaluation.

6.1.2 In troduction

The majority o f epileptogenic cerebral lesions are located adjacent to cerebrospinal fluid (CSF) in, for example, the 

mesial temporal lobe or neocortex. The highly convoluted structure o f the neocortex means that a proportion of 

image voxels contain a mixture of two, or possibly three, tissue types. This produces a partial volume effect (PVE) 

resulting in inaccuracy o f both qualitative and quantitative assessments. Inversion recovery sequences null the 

signal from a particular tissue type by selecting a specific inversion time. Fluid attenuated inversion recovery 

imaging (FLAIR) which suppresses the MR signal from CSF on heavily T2-weighted images yields greater 

sensitivity and more accurately delineates cerebral lesions than conventional T2-weighted sequences (Hajnal et al. 

1992a; Wieshmann et al. 1996). In addition to PVE from CSF, the identification o f neocortical lesions may also be 

hampered by the signal arising from white matter. It is possible to suppress the signal from hoth CSF and normal 

white matter using Double Inversion Recovery imaging (DIR).
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The aim o f this study was to test the hypothesis that voxel-based statistical analysis o f DIR images would 

identify regions of abnormal signal in patients with acquired lesions, malformations o f cortical development and in 

those with focal epilepsy and normal conventional MRl.

6.1.3 M ethods

6.1.3.1 Subjects

30 healthy control subjects :

12 men, median age 33 years, range 20-52 years

57 patients with focal epilepsy 

Acquired

10 patients (9 men, median age 42 years, range 21-55 years, median duration of epilepsy 29 years, 

range 3-49 years)

2 patients with ischaemic lesions

3 patients with head injuries

2 patients with a history of encephalitis

3 patients with a history of perinatal injury

Malformations o f  cortical development

14 patients (10 men, median age 36 years, range 19-54 years, median duration of epilepsy 24 years, 

range 4-39 years)

3 patients with gyral abnormalities

5 patients with focal cortical dysplasia

6 patients with heterotopia

subependymal (n=l), subcortical nodules (n=2) and band heterotopia (n=3)

1 patient with a dysembryoplastic neuroepithelial tumour

One patient had both band heterotopia and a gyral abnormality (patient 13)

MRl-negative

33 patients (14 men, median age 37 years, range 21-72 years, median duration o f epilepsy 20 years, 

range 2-40 years)

13 were diagnosed with temporal lobe epilepsy (7 left, 6 right)

12 with frontal lobe epilepsy (8 left, 4 right)

8 had electroclinical evidence of less well defined, more widespread abnormalities
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6 .1 .3 .2  Double Inversion R ecovery

DIR imaging utilises two inversion pulses to isolate the grey matter. Following the first inversion pulse, the 

magnetisation o f grey and white matter recovers almost completely, while CSF, with its substantially longer T1 

recovers to only a fraction of equilibrium magnetisation. Following the second inversion pulse, which flips the 

longitudinal magnetisation that had recovered after the first inversion pulse, magnetisation starts to recover again. 

The timing o f the two inversion pulses is carefully arranged so that the magnetisation from CSF and from WM 

pass through the null point simultaneously. Image acquisition then commences with a standard spin echo sequence 

that samples the remaining magnetisation, which is predominantly from GM (Redpath and Smith 1994).

Three-dimensional DIR images were acquired using a hybrid 2D/3D fast spin-echo based sequence on a 

1.5T Horizon Echospeed scanner (G.E, Milwaukee, Wise., USA) using a standard quadrature head coil 

(TR/TE/TI12 =6000/20/2200,360ms). Eighty interleaved axial slices were obtained with an acquisition matrix of 

256x192 and a 24 x 18cm field-of-view, giving a voxel size o f 1 x 1 x 2mm. Hyperbolic secant inversion pulses 

were used to facilitate accurate inversion. Flow compensation and a fat saturation pulse were also applied. Total 

scanning time for DIR was 20 minutes.

41
t

Figure 6.1: Series o f normalised, axial DIR images. Average of 30 control subjects.

6.1.3.3 Analysis

Following data acquisition, the DIR images were transferred to an off-line workstation (Sun Microsystems, Palo 

Alto, CA) for post-processing.

Initially, remaining extracerebral tissue such as scalp and meninges, was removed using in-house 

software, which automatically compared patient's DIR images with a previously manually extracted GM-atlas
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image. All DIR images were then normalised to a standard template which approximates the stereotaxic space 

defined by Talairach and Toumoux (Talairach and Toumouxl988), using SPM 99 (Wellcome Dept o f Imaging 

Neuroscience, Institute o f Neurology, London, UK) (Friston et al. 1995a). This template was created by 

normalising and then averaging 15 o f the 30 control subjects' DIR images to standard SPM space using 12 linear 

degrees o f freedom and a 7x8x7 non-linear warp. The resultant image was then smoothed with an 8mm full-width 

at half-maximum (FWHM) isotropic Gaussian kernel, to create the final DIR template. Subsequently, the DIR 

images o f the patients and all 30 controls were normalised to this template using linear steps with 12 degrees of 

freedom (translation, rotation, zoom and shear) and a 7x8x7 non-linear warp (figure 6.1). The use of non-linear 

normalisation steps allowed global and regional anatomical differences to be minimised, thus allowing a 

meaningful comparison without adversely affecting differences in signal intensity. The non-linear normalisation 

was subject to a "régularisation" scheme which prevented excessive deformation o f morphologically abnormal 

cerebral tissue, in, for example, patients with acquired lesions or major MCD (Gitelman et al. 2001).

Prior to statistical analysis, the normalised images were smoothed with a 14mm isotropic Gaussian kernel.

Using SPM, a standard univariate statistical test was applied to every voxel in the image in order to create 

a map from which statistical inference was made. The analysis included a covariate that treated global differences 

in DSI as a confound. The results therefore pertain to regionally specific differences in DSI rather than global 

measures of atrophy or global changes in signal intensity. A cluster extent threshold was not utilised as this is now 

considered inappropriate in voxel-wise analyses of GM maps due to an unacceptable false positive rate (Ashbumer 

and Friston 2000). Under normal circumstances, a signal intensity threshold is set to prevent all voxels in the 

image, primarily those that arise from outside the brain or as a result o f noise, being included in the analysis. In 

DIR images, due to suppression of the MR signal from other than grey matter, this also prevents the statistical 

evaluation of the white matter compartment which may be abnormal in, for example, band heterotopia. We, 

therefore, set the threshold to zero, that is, no voxels were to be excluded from the analysis. To avoid an 

inappropriately stringent correction for multiple comparisons an explicit mask was used to provide anatomical 

boundaries within which to perform the statistical analysis. This mask excluded voxels which arose from either 

within the ventricles or from outside the brain, but included the WM compartment.

Region-of-interest analyses were also performed in order to illustrate the magnitude o f the differences in 

DSI in areas highlighted by the SPM comparison as deviating significantly from normal.

6.1.4 Results

6.1.4.1 Control group

Comparing each control subject with the remaining 29 control subjects using identical parameters and statistical 

thresholds as the comparison between patients and controls, three subjects had areas o f significantly abnormal DSI. 

At a statistical threshold ofp<0.05 and 60 examinations (30 subjects with two “contrasts” each (an increase and a 

decrease)), up to three abnormal areas were anticipated by chance alone.
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6.1 .4 .2  Acquired Lesions

In nine out of 10 patients with acquired lesions, SPM detected areas o f significantly abnormal DSI (table 6.1). In 

all nine patients, areas of increased  DSI corresponded to abnormalities identified on visual inspection o f the 

conventional MR images (figure 6.2). In six patients there were also regions of significantly decreased DSI, all of 

which corresponded to abnormalities identified on the conventional MR images (five patients) or epileptiform 

activity on inter ictal EEG (one patient). In seven patients (patients 1, 2, 4, 5, 6, 7 and 10) areas o f significantly 

increased DSI were detected in regions previously reported as normal. There was one patient (patient 2) with 

significantly decreased  DSI in cerebral tissue previously reported as normal. In 6 of these 7 patients the areas of 

abnormal DSI concurred with the localisation of epileptiform EEG activity despite normal appearances on 

conventional MRl. In one patient (patient 3), there was no abnormality of DSI detected and conventional MRl 

showed subtle left parietal lobe damage with minimal signal change in the grey and white matter.

3
y■Â

4

Figure 6.2: Patient 5, mature cortical infarct in right frontal lobe.

Axial (A), coronal (D), and sagittal (G) T1-weighted images. Normalised axial (B and C), coronal (E and F), and 

sagittal (H and J) DIR images, with regions of significantly increased DSI superimposed on maps C, F and J. The 

regions in C, F and J coincide with the localization o f the abnormalities identified on conventional MRl and more 

posteriorly, in normal appearing tissue. Z-value bar indicating degree o f significance o f highlighted regions is 

shown. Note that right on the images is patient's right.
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6.1.4.3 Malformations o f Cortical Development

In all 14 patients with MCD, SPM detected regions of abnormal DSI (table 6.2). In all patients, areas o f in creased  

DSI corresponded to all or part o f the MCD identified on visual inspection o f the conventional M R images (figure 

6.3). In addition, 5 patients bad regions of d ecrea sed  DSI, one o f which corresponded to abnormalities seen on the 

conventional MR images. In eight patients {in creased  DSI in patients 11, 12, 14, 17, 19 and 24; d ecrea sed  DSI in 

patients 11, 13, 14, 15 and 17) changes were found outside the overt MCD, in tissue that appeared normal on 

conventional MRl. In 6 of these 8 patients the areas of abnormal DSI concurred with the localisation of 

epileptiform EEG activity despite normal appearances on conventional MRl.

O f the 14 patients with MCD, all 3 with gyral abnormalities (patients 11-13) and all five with FCD 

(patients 19-23) had areas of significantly in creased  DSI which corresponded to all or part o f the MCD. Two out 

o f three patients with gyral abnormalities (patients 11 and 13) had regions o f d ecrea sed  DSI. In all patients with 

gyral abnormalities and in one patient with FCD, changes were apparent beyond the margins of the evident MCD, 

in areas that appeared normal on visual assessment o f conventional T l-  and T2-weighted images.

Areas o f in crea sed  DSI, which corresponded to the MCD identified on the conventional MR images, 

were seen in all patients with band heterotopia (BHT) (patients 13, 14 and 15), in both patients with subcortical 

heterotopia (SCH) (patients 16 and 17), and in the patient with subependymal heterotopia (SEH) (patient 18). In 

addition, one of the three patients with BHT (patient 14) and one o f the two patients with SCH (patient 17) had 

regions of in crea sed  DSI in areas previously reported as normal. All o f the patients with BHT and one of the 

patients with SCH (patient 17) had regions of d ecrea sed  DSI; all o f which were not within the evident MCD.

The single patient with a DNET (patient 24), had regions of in crea sed  DSI, both in concordance with 

conventional imaging abnormalities, and in normal appearing tissue.
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Figure 6.3: Patient 13, band heterotopia and bitemporal gyral abnormality.

Axial (A), coronal (E), and sagittal (J) Tl-w eighted images. Normalised axial (B, C and D), coronal (F, G and H), 

and sagittal (K, L and M) DIR images, with regions o f significantly increased DSI (yellow-orange), and decreased 

DSI (blue) superimposed on maps C, G, L and D, H, M respectively. The regions in C, G and L coincide with the 

localization o f the abnormalities identified on conventional MRl. The regions in D, H and M localise to the normal 

appearing parietal lobes, peripheral to the heterotopia. Z-value bar indicating degree o f significance o f highlighted 

regions o f increased DSI is shown. Note that right on the images is patient's right.
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6.1.4.4 MRl-negative patients

6.1.4.4.1 Individual SPM analyses

SPM analyses of the 33 individual patients in the MRl-negative group revealed 15 patients (45%) with regions of 

significantly abnormal DSI compared to the control group (table 6.3) (figure 6.4, 6.5). In 10 of these, the regions 

concurred with the localisation of epileptiform EEG abnormality (6 were ictal recordings, 3 were interictal 

recordings as ictal recordings were not available (or were inconclusive), and 1 was concordant with interictal but 

not ictal EEG data). Fourteen of the MRl-negative patients had regions of increased DSI, and 3 patients had 

regions of decreased DSI. Two patients therefore had both regions of increased and regions of decreased DSI. 

Four patients had areas of increased DSI, and one patient had an area of decreased DSI, which did not concur 

with electroclinical information regarding sites of seizure onset. Eighteen patients had no areas of significantly 

abnormal DSI.

Figure 6.4: Patient 43, patient with left frontal lobe epilepsy and normal conventional MRl.

Axial (A), coronal (D), and sagittal (G) Tl-weighted images. Normalised axial (B and C), coronal (E and F), and 

sagittal (H and J) DIR images, with regions of significantly increased DSI superimposed on maps C, F and J. The 

regions in C, F and J coincide with the electroclinical localization of seizure onset. Z-value bar indicating degree 

of significance of highlighted regions is shown. Note that right on the images is patient's right.
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Figure 6.5: Patient 44, patient with left frontal lobe epilepsy and normal conventional MRJ

Axial (A), coronal (D), and sagittal (G) T l-weighted images. Normalised axial (B and C), coronal (E and F), and 

sagittal (H and J) DIR images, with regions of significantly increased DSI superimposed on maps C, F and J. The 

regions in C, F and J coincide with the electroclinical localization of seizure onset. Z-value bar indicating degree 

of significance of highlighted regions is shown. Note that right on the images is patient's right.

6.1.4.4.2 Group analyses

Group analyses were performed on MRl-negative patients with EEG evidence of either left or right temporal or 

frontal lobe seizures. The right temporal lobe epilepsy (TLE) group consisted of 6 patients (patients 25-30), the left 

TLE group 7 patients (patients 31-37), the right frontal lobe epilepsy (FEE) group 4 patients (patients 38-41) and 

the left FEE group 8 patients (patients 42-49). Compared to the 30 control subjects the left TLE, the left FEE 

(figure 6.6) and the right FEE groups had regions of significantly increased DSI within the “white matter” 

compartments of each respective cerebral lobe. There were no other statistically significant regions of abnormal 

DSI.
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Figure 6.6: Left frontal lobe epilepsy group with normal conventional MRl.

Normalized axial, coronal and sagittal DIR images at the same slice position for the averaged 30 control subjects 

(A, D and G) and the MRl-negative patients with left FLE (B, E and H). The regions of increased DSI are 

superimposed on normalized TI-weighted SPM templates at the same slice position (C, F and J). This region 

localizes to the white matter of the left frontal lobe. Z-value bar indicating degree of significance of highlighted 

regions is shown. Note that right on the image is patients' right.



Table 6.1 Clinical characteristics, EEG, MRl and DIR imaging results in patients with non-progressive acquired lesions

Patient Age Sex Aetiology of Seizure Types Duration EEG features Conventional MRl DIR imaeine DIR imagine

(yr) epilepsy of epilepsy 

(yrs)

findings
Sig. increased DSI 

{p value)

Sig. decreased DSI 

(p value)

1 31 M head injury 2" gen. 11 bil. frontotemp. i.e.a. bil. front., R. temp, post, 

corpus callosal damage

bil. front. -+ R. temp., bil. 

post, perivent. + NA L. 

temp. (p<0.001)

medial bil. front.

(p<0.001)

2 51 M head injury CPS, T  gen. 48 L. temp.par. 4- R. 

ffontocentral i.e.a.

superficial atrophy of L. 

hemisphere, sparing 

temp.

L. front, par. occ. 4- NA 

R. par. front. (p<0.001)

NA L. temp. (p<0.01)

3 40 M head injury CPS, 2“ gen. 3 widespread bilateral 
i.e.a.

L. par. lobe damage nil nil

4 39 M infarction CPS, 2° gen. 36 R. front.temp.par. 

i.e.a.

R. temp.par.occ. 

ischaemic damage

R. temp. par. occ. 4- NA 

R. front. (p<0.001)

nil

5 21 F infarction CPS, 2" gen. 12 R. hemisphere i.e.a., 

esp front.temp. region

R. lat. front, cortical scar R. lat. front. NA R. front, 

par. (p<0.001) [fig. 6.1]

nil



Patient Age Sex Aetiology of Seizure Types Duration EEG features Conventional MRl DIR imagine DIR imaging

(yr) epilepsy of epilepsy 

(yrs)

findings
Sig. increased DSI 

(p value)

Sig. decreased DSI 

(p value)

6 43 M perinatal

injury

CPS, 2° gen. 42 L. hemisphere, esp. 

L. temp, i.e.a.

L. front, lobe + L. 

hippocampal damage

L. frontotemp. + NA R. 

periventricular.

(p<0.001)

L front. (p<0.001)

7 24 M perinatal

injury

S+CPS, 2° gen. 23 bil. frontotemp. 

(R>L) i.e.a

L. front.temp.par 

ischaemic damage

L. front.temp.par + NA 

R. front, par. (p<0.001)

L front, temp. par.

(p<0.001)

8 55 M perinatal
injury

CPS 49 R. temp, i.e.a diffuse inc. T2 signal 

change in bil. post. WM

bil. occ. (p<0.001) nil

9 52 M encephalitis CPS, 2° gen. 12 bihemispheric i.e.a L. temp + L. occ. + 
minor R. temp, damage

L. front. + temp. + occ. + 

R. frontotemp. (p<0.001)

L. temp. + L insula

(p<0.001)

10 44 M encephalitis CPS 35 bihemispheric, esp. 

R. temp, i.e.a.

L. par. + L. HC damage L. front, par. occ. + L. 

temp. + NA R. insula

(p<0.001).

L. par. (p<0.001)

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; perivent.=periventricular; 

HC=hippocampus; i.e.a..=interictal epileptiform activity; M=male; F=femaie; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic- 

clonic seizure; inc.=increased; NA=normal appearing; DSI=DIR signal intensity; GM=grey matter; WM=white matter



Table 6.2 Clinical characteristics, EEG, M Rl and DIR imaging results in patients with malformations of cortical development

Patient Age Sex Seizure Duration of EEG features Conventional MRl findings DIR imagine DIR imagine

(yr) Types epilepsy

(yrs)

Sig. increased DSI 

0  value)

Sig. decreased DSI 

(p value)

11 52 M CPS, T  gen. 39 R. hemisphere 

i.e.a

R front. + bil. par. occ. gyral 

abn.

bil. in MCD + in NA L. front. + 

temp, lobes (p<0.00l)

R. occ + L. occ. + NA L front. 

(p<0.00l)

12 46 M CPS, T  gen. 38 L. hemisphere, 

i.e.a

L. frontopar. gyral abn. with 

thick cortex

L. frontopar. region in MCD 

(p<0.001) + in NA L. temp.occ.

(p<0.001)

nil

13 28 M S + CPS, 2° 

gen.

20 widespread i.e.a., 

max. L. temp.

bil. BHT + bitemporal gyral 

abn. with thick cortex

bil. hemisphere in BHT + 

bitemp, in gyral abn. (p<0.001)

NA bipar. cortex overlying 

BHT (p<0.001) [fig. 6.2]

14 32 F S + CPS, T  

gen.

27 widespread i.e.a bil. band heterotopia bil. hemisphere in MCD + in 

NA L frontal pole (p<0.001)

NA bil. insula cortex 

overlying BHT (p<0.001)

15 24 M CPS, T  gen. 15 bil. hemisphere 

i.e.a.

bil. band heterotopia bil. hemisphere in MCD

(p<0.01)

NA bitemporopar. cortex 

overlying BHT (p<0.001)



Patient Age Sex Seizure Duration of EEG features Conventional MRl findings DIR imagine DIR imagine

(yr) Types epilepsy

(yrs)

Sig. increased DSI 

(p value)

Sig. decreased DSI 

(p value)

16 54 M 2" gen. 23 normal interictal R. par. SCH R. par. in MCD (p=0.001) nil

17 19 F CPS 4 bil. frontotemp 

i.e.a

L. frontal + L. insula SCH L. front, in SCH (p<0.001) + in 

NA R. insula (p<0.001)

NA L. temp. (p<0.001)

18 47 F CPS 36 L. hemisphere, 

max. L. front, 

i.e.a

bil. temp. + par. SEH bil. temp. + par. in MCD 

(pcO.Ol)

nil

19 30 M SPS, CPS 24 L. frontotemp. 

i.e.a.

L. front, temp. FCD L. front, temp, in FCD + in NA 

R. temp. occ. (p<0.001)

nil

20 33 M CPS, 2° gen. 32 bil. hemisphere 

i.e.a.

R. par. lobule FCD R. par. lobule in FCD (p<0.05) nil

21 44 M CPS, 2° gen. 32 R. frontal i.e.a. R. front, pole FCD R. front, pole in FCD (p<0.001) nil



Patient Age Sex Seizure Duration of EEG features Conventional MRl findings DIR imaeine DIR imaeine

(yr) Types epilepsy

(yrs)

Sig. increased DSI 

ip value)

Sig. decreased DSI 

(p value)

22 22 F CPS, 2° gen. 15 R. temp, i.e.a. R. front, temp, par FCD R. front, temp, par in FCD

(p<0.001)

nil

23 40 M CPS, 2° gen. 20 R. occ i.e.a. R. occ. FCD R. occ. in FCD (p=0.05) nil

24 39 M SPS, 2° gen. 15 R. hemisphere 

i.e.a

R. front. DNET R. front, in DNET (p<0.001) + 

in NA R. front. (p<0.001)

nil

DSI=DIR signal intensity; R.=Right; L.=Left; bil.=bilateral; ant.=anterior; post.=posterior; Iat.=lateral; front.=frontaI; par.=parietal; temp.=temporaI; occ.=occipitaI; 

NA=normal-appearing; corp.=corpus; MCD=malformation of cortical development; BHT=band heterotopia; SEH= subependymal heterotopia; SCH=subcortical heterotopia; 

FCD=focal cortical dysplasia; DNET=dysembryoplastic neuroepithelial tumour; i.e.a..=interictal epileptiform activity; abn.=abnormality; M=male; F=female; SPS=simple 

partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; inc.=increased.



Table 6.3 Clinical characteristics, EEG, M Rl and DIR imaging results in patients with normal conventional MRl

Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

{p value)

DIR imaging

Sig. decreased DSI 

(p value)

25 36 M cryptogenic 18 SPS, CPS N/A R. temp. nil nil

26 21 F cryptogenic 20 CPS, 2° gen. N/A R. temp. nil nil

27 45 M meningitis 29 CPS, T  gen. R. temp. bil. temp. R>L R. temp, lobe (p<0.05) nil

28 44 F cryptogenic 32 CPS, 2° gen. R. temp. bil. temp. R>L bil. frontopar. (p<0.001) nil

29 58 M cryptogenic 2 CPS R. temp. bil. temp. R. occ + L front, lobes (p<0.05) nil

30 30 F cryptogenic 14 CPS N/A R. temp. nil nil



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

(p value)

DIR imaging

Sig. decreased DSI 

(p value)

31 38 F cryptogenic 15 CPS, 2° gen. L. temp. L temp L. frontotemp. + L. inf. temp, gyrus 

(p<0.05)

nil

32 56 M cryptogenic 36 CPS, 2° gen. L. temp. L. temp. nil nil

33 51 F cryptogenic 9 CPS, T  gen. L. temp. normal R. temp, lobe (p<0.05) nil

34 38 F cryptogenic 35 CPS, T  gen. L. temp. L. temp nil nil

35 45 F cryptogenic 30 CPS L. temp. L. temp. nil nil

36 54 F cryptogenic 14 CPS, T  gen. L. hemisphere L. temp. L. periventricular frontotemp.

(p<0.01)

nil



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

{p value)

DIR imagine

Sig. decreased DSI 

ip value)

37 32 F cryptogenic 18 S + CPS, 2° 

gen.

L. temp. L. temp. nil nil

38 27 F cryptogenic 13 SPS, r  gen. N/A R. front. nil nil

39 41 M cryptogenic 23 CPS N/A R. front. nil nil

40 36 F cryptogenic 12 CPS N/A R. front. nil nil

41 53 M cryptogenic 40 CPS, 2° gen. N/A R. front. bil. par. occ subcortical (p<0.001) nil

42 41 M cryptogenic 19 2° gen. N/A L. front. nil nil



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

(p value)

DIR imagine

Sig. decreased DSI 

0  value)

43 37 M cryptogenic 32 CPS N/A L. front. L frontal lobe - superior convexity 

(p<0.001) [fig. 6.3]

nil

44 27 M cryptogenic 15 CPS L. front. L. front. L lat. + post, orbital gyri (p<0.001) 

[fig. 6.4]

nil

45 30 F cryptogenic 15 CPS, T  gen. N/A L front. nil nil

46 25 F cryptogenic 24 CPS, T  gen. L front bifrontal bifront. + L occ. lobes (p<0.01) R. frontopar. (p<0.05)

47 18 M cryptogenic 9 CPS, T  gen. L front. L frontocentral nil nil

48 53 M cryptogenic 10 CPS inconclusive L. front. L. front. + L. paracentral lobule

(p<0.001)

nil



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

o f epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

(p value)

DIR imagine

Sig. decreased DSI 

(p value)

49 30 F head injury 25 CPS, T  gen. normal L front. nil R. post. temp. (p<0.001)

50 40 F cryptogenic 35 CPS, T  gen. inconclusive bil. temp. nil nil

51 22 F cryptogenic 5 S + CPS, 2° 

gen.

inconclusive bil. hemisphere nil nil

52 27 M neonatal illness 27 CPS, T  gen. R hemisphere R. hemisphere nil nil

53 30 F cryptogenic 25 CPS, T  gen. inconclusive bifront. R. frontopar. cortex + bifront.

(p<0.001)

nil

54 34 F cryptogenic 23 SPS + CPS N/A bitemporal nil nil



Patient Age

(yr)

Gender Aetiology of 

epilepsy

Duration 

of epilepsy 

(yrs)

Seizure

types

Ictal

Epileptiform

Abnormality

Interictal

Epileptiform

Abnormality

DIR imagine

Sig. increased DSI 

(p value)

DIR imagine

Sig. decreased DSI 

(p value)

55 35 F encephalitis 34 CPS, T  gen. L hemisphere L hemisphere L front. + temp. -4- occ. (p<0.05) bil. mesial temp, lobe 

structures (p<0.05)

56 49 M cryptogenic 4 CPS, T  gen. inconclusive L >  R 

(fronto)temp

nil nil

57 29 M cryptogenic 25 CPS, T  gen. bil frontal bil. frontotemp. bil. frontal superior convexity + L. 

frontal pole (p<0.001)

nil

R.=Right; L.=Left; bil.=bilateral; post.=posterior; med.=medial; lat.=lateral; front.=frontal; par.=parietal; temp.=temporal; occ.=occipital; perivent.=penventricular; M=male; 

F=female; SPS=simple partial seizure; CPS=complex partial seizure; 2° gen.=secondary generalised tonic-clonic seizure; NA=normal appearing; DSI=DIR signal intensity; 

GM=grey matter; WM=white matter
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6.1.5 Conclusions

DIR, analysed using SPM, identified significantly abnormal DSI in 9 out o f 10 patients with acquired non­

progressive cerebral lesions and partial seizures. In all nine patients the areas o f abnormal DSI concurred with 

abnormalities identified on visual inspection of conventional MRI. All 14 patients with MCD had areas of 

abnormal DSI within areas o f abnormal tissue identified on conventional MRI. In addition, there was abnormal 

DSI in eight areas in 7 o f the 10 patients with acquired lesions, and in 12 areas in 8 of the 14 patients with MCD 

that appeared normal on conventional imaging. Fifteen of 33 patients with partial seizures and normal conventional 

MRI had abnormal DSL In 10 of these, the areas concurred with electroclinical data. Group analyses of MRI- 

negative patients with electroclinical seizure onset localising to the left temporal or left or right frontal lobes 

revealed significantly increased DSI within each respective lobe.

6.1.5.1 Methodological considerations and limitations

A DIR scan takes approximately 20 minutes to acquire which is clinically acceptable. It was necessary, however, 

to repeat the scans of a small number o f patients and controls due to movement artefact. Radiofrequency "slab" 

overlap and inhomogeneity were minimised by optimisation of sequence parameters and the use of hyperbolic 

secant inversion pulses.

Our statistical analysis method is very similar to the established technique o f voxel-based morphometry 

(VBM), which at its simplest represents a voxel-wise comparison of the estimated local concentration of grey 

matter, derived from segmented T1-weighted scans, between two groups of subjects (Ashbumer and Friston 2000). 

Dae to the nonlinear spatial normalisation process, certain brain regions may be expanded or contracted in volume. 

It is not possible therefore to infer changes in grey matter volume. The resultant statistical probability maps 

therefore, describe differences in grey matter concentration only. It is possible that incorporating information 

derived from the deformation fields created during the normalisation process may enhance sensitivity in the 

detection of subtle neocortical abnormalities, however this is not yet firmly established (Good et al. 2001b).

When comparing an individual subject to a group with VBM, a 12mm or greater smoothing kernel is 

recommended to avoid an unacceptable false-positive rate (Salmond et al. 2002). Although DIR image data is 

inherently different to post-acquisition segmented grey matter, a 14mm smoothing kernel was used to ensure 

maximal specificity, possibly at the expense of sensitivity. At this level of smoothing three control subjects with 

areas o f abnormal DSI were identified; which is expected with 30 subjects and p<0.05 being taken as the level o f 

significance.

6.1.5.1 Pathophysiological and clinical implications

A number of brain pathologies including multiple sclerosis, cerebral tumours, ischaemia, and degenerative disease 

have been investigated with qualitative DIR imaging, and described in case reports or small series studies. 

Turetschek et al reported a comparison of DIR and FLAIR imaging in patients with cerebral tumours.
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inflammatory conditions, vascular lesions, lesions of unknown origin and olivopontocerebellar atrophy. Overall, 

lesion conspicuity on DIR and FLAIR images was comparable, although DIR imaging was possibly superior in the 

identification of infratentorial lesions and lesions with poor contrast on T2-weighted imaging. It was concluded 

that any contrast difference between the DIR and FLAIR images was due to T1 effects (Turetschek et al. 1998). 

Bedell et al similarly investigated patients with multiple sclerosis using DIR, FLAIR and conventional fast-spin 

echo T2-weighted imaging. MS lesions were more definitively delineated and possessed greater signal 

heterogeneity on DIR images than on FLAIR and conventional fast-spin echo T2-weighted imaging (Bedell and 

Narayana 1998a).

The principle o f DIR imaging is the generation of a signal from a specific tissue whilst nulling the signal from 

the remaining tissue compartments, due to differences in their T1 values. Additionally, our DIR sequence has an 

echo time (TE) o f 20ms which results in a proton-density weighted image. In addition, therefore, to altered grey 

matter concentration, abnormalities identified by SPM may also be due to either abnormal proton-density or T1 

relaxation times. Consequently, DIR imaging interrogates both white and grey matter compartments. The adequate 

suppression of the M R signal from normal white matter relies on its possession o f a relatively narrow range of T1 

values (Redpath and Smith 1994). Deviation from this will result in insufficient suppression from the carefully 

timed inversion pulses, and the appearance of signal from white matter. Thus, it follows that:

1. increased DSI in white matter may be due to either abnormal white matter (possessing an altered T l-

relaxation time), or ectopic grey matter.

2. decreased DSI in the white matter compartment is not encountered, as the M R signal derived from this 

compartment is completely suppressed in normal subjects and is therefore, by definition, zero.

3. increased DSI in the cortex may be due to either increased concentration o f grey matter, for example 

thickened gyri, or increased cortical proton-density.

4. decreased DSI in the cortex may be due to loss of grey matter tissue, or an altered cortical T1-relaxation

time.

DIR imaging therefore evaluates both white and grey matter compartments and provides information on both the 

quantity and microstructural environment o f cerebral tissue.

Typically, a change in the proton-density in cerebral tissue arises from altered water content. Increased 

proton-density is commonly seen in oedema and gliosis (Bames et al. 1988; Bames et al. 1986b), and has been 

reported in W allerian degeneration (Khurana et al. 1999), subtle demyelination (Oka et al. 2001), and as a transient 

post-ictal phenomenon (Aykut-Bingol et al. 1997).

T1 relaxation reflects the total water content and the dynamic structure of water, including the ratio o f free 

to bound water, the structure and concentration o f local macromolecules, and the degree o f inter-compartmental 

exchange (Mathur-De V rel984). Changes in both total water content and macromolecular structure and 

concentration will therefore influence tissue T1 relaxation, and consequently the degree o f signal suppression 

during DIR imaging. White matter possesses a T1 relaxation time of approximately half that o f grey matter due, 

most likely, to myelin and more specifically, the presence of cholesterol (Koenig et al. 1990). Cerebrospinal fluid 

has very long T1 times as there is a low concentration of macromolecules. Quantitative abnormalities of T l-  

weighted imaging have been reported in cerebral ischaemia (Calamante et al. 1999), tumours (Bastin et al. 2002;
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Hoehn-Berlage and Bockhorst 1994) and multiple sclerosis (Vaithianathar et al. 2002; Baikhof, Karas, and van 

Walderveen 2000), where abnormal T1 times were identified both in lesions and in normal appearing white and 

grey matter (Griffin et al. 2002).

Common pathological characteristics o f acquired lesions include gliosis and expansion o f the extracellular 

space (Adams 1975; Castillo et al. 1996) which will give rise to a prolonged T1 relaxation time and increased 

proton-density. Neuronal loss will result in cortical atrophy and reduced DSI grey matter, and subsequent 

Wallerian degeneration in the underlying white matter will cause an increase in DSI in the white matter 

compartment (Khurana et al. 1999), as seen in the current study. It is likely that these regions are characterised 

microstructurally by increased free water and disruption of the macromolecular environment, producing changes in 

both T1 relaxation and proton-density that results in increased DIR signal. Regions o f decreased DSI were almost 

exclusively within the cortex or sub-cortical region, and are likely to represent loss o f grey matter tissue as a result 

o f the cerebral insult. In 7 patients, abnormalities of DSI were also identified in normal appearing tissue. These 

were typically regions of increased DSI, and in 6 out o f the 7 patients, the regions concurred with the localisation 

of epileptiform EEG abnormality. This suggests that not only are occult structural abnormalities present but also, 

that these may be relevant for seizure initiation or propagation.

Malformations o f cortical development are an important cause of refractory focal epilepsy and surgical 

treatment is often associated with a poor post-operative outcome (Sisodiya 2000). Voxel-based morphometry relies 

almost exclusively on abnormalities of grey matter distribution and not subtle signal change, and has identified 

abnormalities o f segmented grey matter both within overtly abnormal and in normal-appearing tissues (Kassubek 

et al. 2002; Woermann et al. 1999a). In the current study, all patients with MCD had regions o f increased DSI that 

corresponded to all or part of the MCD identified visually on conventional MR images, such as thickened cortices 

in macrogyria; blurring of the grey / white matter interface in focal cortical dysplasia; or ectopic grey matter in 

band, subcortical or subependymal heterotopia. These abnormalities of grey matter are readily apparent on DIR 

images and, as such, are identified as regions of significantly increased DSI on a voxel-based comparison with 

control subjects. The underlying white matter may also be abnormal with clusters o f heterotopic neurons, axonal 

dysmyelination, gliosis and spongiolytic change (Usui et al. 2001; Marchai et al. 1989; Urbach et al. 2002) 

resulting in a prolongation of T l, and consequently an increase in DSI in the white matter compartment (Steen et 

al. 2001).

Five patients also had regions of decreased DSI, predominantly in normal appearing tissue. In each of the 

three patients with band heterotopia, there were regions o f reduced DSI in the cortices overlying the bands of 

heterotopic grey matter. This is consistent with the presence o f thinner cortices, previously noted in band 

heterotopia (Barkovich et al. 1994).

MCDs are associated with abnormal position, quantity or morphology o f grey matter on conventional 

imaging but in some patients the abnormalities may be imperceptible and lesions may be more extensive than the 

visually evident abnormalities on conventional MRI (Sisodiya et al. 1995b; Palmini et al. 1995; Richardson et al. 

1996; Eriksson et al. 2001b; Rugg-Guim et al. 2003). In the current study, abnormalities of DSI were identified 

beyond the visually apparent MCD in 8 patients, implying additional sensitivity from DSI. These were in all sub­

groups o f MCDs, and were seen both locally and in more distant sites. Despite similar appearances to normal grey 

matter on visual assessment of conventional MR imaging, dysgenetic tissue is functionally and microstructurally 

distinct, with aberrant cytoarchitecture, abnormal neuronal positioning and size, disordered cortical lamination.
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attenuated and disordered dendrites and axons, and altered cytoskeletal elements (Duong et al. 1994; Barth 1987). 

There may also be subtle white matter abnormalities in MCD, for example, disorganised neuropil, thinner axons, 

or impaired myelination resulting in a relative reduction in white matter. These grey and white matter 

ahnormalities possess a distinct macromolecular environment, appear abnormal on imaging sequences sensitive to 

changes at this level (Rugg-Guim et al. 2003; Eriksson et al. 2001b), and may cause subtle alterations in relaxation 

parameters, identifiable only with quantitative analyses (Rugg-Gunn et al. 2002a). It is also possible that areas of 

abnormal DSI in lesional or extra-lesional sites may be due to cerebral damage secondary to chronic seizures.

Abnormalities of DSI were identified in 15 out o f 33 MRI-negative patients, 10 o f which concurred with 

the location o f epileptic activity. In 14 patients there were regions o f increased DSI, in both the grey and white 

nutter compartments, and in 3 patients there were regions of decreased DSI in the grey matter compartment. 

Regions of abnormal DSI in MRI-negative patients may be due to aetiological factors, such as occult dysgenesis, 

or prior injury, or as a result o f chronic seizures, such as neuronal loss or gliosis. Pathological material is not yet 

available, from these cases, for correlative studies. DIR signal is determined by a number o f parameters, in 

particular proton density and T l relaxation time. DIR imaging therefore provides sensitivity in the detection of 

structural lesions rather than pathological specificity. In patients with focal epilepsy and normal conventional MRI, 

histopathological features o f surgically resected epileptic foci include cortical dysplasia and dyslamination, and in 

tlu white matter, microdysgenesis, astroglial proliferation, and heterotopia (Siegel et al. 2001; Rugg-Gunn et al. 

20O2b; Theodore et al. 1990; Zentner et al. 1995). Quantitative evaluation o f DSI or T l times has not previously 

been undertaken in epilepsy. VBM has been used to interrogate grey matter concentration (GMC) in patients with 

epilepsy and identified abnormal grey matter distribution both within and distant to MCD, but was unhelpful in 

individual MRI-negative patients (Woermann et al. 1999a). Group analysis o f patients with hippocampal sclerosis 

detected increased neocortical grey matter in the ipsilateral temporal lobe, consistent with a blurring o f the grey / 

wiite matter interface and misclassification of image voxels by the segmentation process (Woermann et al. 1999a; 

Meiners et al. 1999b; Mitchell et al. 1999). More recently, Keller et al reported similar findings of increased GMC 

in the ipsilateral temporal lobe, in addition to reduced GMC in the dorsal prefrontal cortex in patients with 

hbpocampal atrophy. The authors suggested that epileptiform excitotoxic discharges from the pathological 

hippocampus may cause atrophy o f reciprocally connected sites (Keller et al. 2002a; Keller et al. 2002b).

In the group analyses presented in this chapter, only increased DSI was identified within the white matter 

of the respective cerebral lobes. This is consistent with previous imaging and histopathological studies describing 

tin presence o f abnormal local white matter in temporal lobe epilepsy (Meiners et al. 1999b). The underlying 

pathological basis is unclear at present but may represent a disorder o f myelination (Mitchell et al. 1999) or 

imreased neuronal cell bodies in WM (Hammers et al. 2002b). Whilst group analyses are interesting and provide 

acditional evidence for the presence of more widespread morphological abnormalities in focal epilepsy, they are of 

United clinical value in individual patients. It is clear however, that additional abnormalities exist, even beyond the 

inproved sensitivity afforded by current quantitative analyses, and with improvements in both image acquisition 

ard post-acquisition processing techniques, further occult lesions may be identified in individual patients.

In conclusion, DIR imaging analysed on a voxel-by-voxel basis identified abnormal signal in patients 

wth both acquired lesions and MCD. These regions concurred with abnormalities seen on visual assessment of 

ccnventional MR images and abnormalities were also demonstrated in regions previously diagnosed as normal 

siggesting the presence o f occult injury or dysgenesis. DSI abnormalities were seen in 45% o f MRI-negative
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patients. In 66% of these, the regions concurred with electroclinical data, and may represent structural 

abnormalities associated with an occult epileptic focus. On the basis o f these results, DIR imaging, analysed using 

voxel-based methods, may be a useful imaging tool in the pre-surgical evaluation of MRI-negative patients.
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CHAPTER SEVEN

Discussion & Conclusions

7.1 CONCLUSIONS TO EXPERIMENTAL STUDIES

7.1.1 Introduction

With the advent o f MRI it was hoped that in addition to improved lesion sensitivity, it would be possible to 

differentiate specific tissue pathology. Early studies proposed that the evaluation o f a combination of NMR 

parameters, principally, proton density, T l and T2-relaxation times might permit the complete and accurate 

characterisation of pathological tissue in vivo (Damadianl971). However, a significant overlap of relaxation values 

exists between normal and diseased tissue using basic imaging contrasts and these early promising reports were 

challenged and disproved (Parrish et al. 1974; Eggleston et al. 1975).

The aims of this thesis are to evaluate the enhanced sensitivity afforded by novel contrast mechanisms and 

to establish whether these new techniques afford pathological specificity. This chapter summarises the results of 

the four scanning techniques.

7.1.2 Results

7.1.2.1 Individual sequences (table 7.1)

7.1.2.1.1 Diffusion tensor imaging 

Acquired

SPM detected areas of significantly reduced anisotropy and increased diffusivity in all patients with acquired 

lesions. Almost exclusively, these areas corresponded to the abnormalities identified on visual inspection o f the 

conventional MR images. Furthermore, 30% o f patients possessed areas o f significantly abnormal diffusion in 

regions previously reported as normal. These were commonly immediately adjacent to the areas of visualised 

damage on conventional MRI scans.

Malformations o f  cortical development

In 70% of patients with MCD, SPM detected areas of decreased anisotropy. In almost 90% o f these patients the 

changes corresponded to all or part o f the MCD. Furthermore, in 35% of those patients with reduced anisotropy, 

changes were found outside the MCD in tissue that appeared normal on conventional MRI, 40% of which 

concurred with electroclinical localising information regarding site o f seizure onset. Areas of increased anisotropy 

were detected in a small number of patients, commonly adjacent to MCDs.

SPM detected areas of increased diffusivity in 40% of patients with MCD. In addition to increased 

diffusivity corresponding to all or part o f the MCD in the majority o f these patients, changes were found outside 

the MCD in tissue that appeared normal on conventional MRI in 90%. In 75% o f these patients, the extra-lesional 

regions of abnormality were in agreement with localising EEG data. In 70% o f patients with abnormal diffusion.
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the diffusivity changes were more extensive than the abnormalities of anisotropy.

MRI-negative

SPM analyses o f patients with focal epilepsy and normal conventional imaging revealed abnormalities of 

anisotropy that were concordant with both seizure semiology and/or EEG data in only 7%. Eighteen percent of 

MRI-negative patients had regions of significantly increased diffusivity. Seventy-five percent o f these concurred 

with electroclinical information regarding localisation o f seizure onset. A small number of patients possessed 

abnormalities of either anisotropy (3%) or mean diffusivity (5%), which did not agree with localising data.

7.1.2.1.2 Magnetisation transfer imaging 

Acquired

In all patients with acquired lesions, SPM detected areas o f significantly reduced MTR. In all, the areas of reduced 

MTR corresponded to the abnormalities identified on visual inspection o f the conventional M R images. In 35% of 

patients, areas o f significantly reduced MTR were detected in regions previously reported as normal; 66% of which 

concurred with electroclinical localising information regarding site o f seizure onset. There were no increases in 

MTR.

Malformations o f  cortical development

In 88% of patients with MCD, SPM detected regions of reduced MTR. In all o f these, the areas o f reduced MTR 

corresponded to all or part of the MCD identified on visual inspection o f the conventional MR images. In addition, 

in 54% o f patients, changes were found outside the MCD in tissue that appeared normal on conventional MRI, 

50% of which was in agreement with the location of epileptiform EEG activity.

MRI-negative

SPM detected regions o f reduced MTR in 36% o f the MRI-negative patients, 80% o f which concurred with the 

localization of epileptiform EEG abnormality. There were no increases in MTR.

7.1.2.1.3 T2 mapping 

Acquired

In all patients with acquired lesions, SPM detected areas o f significantly increased T2 signal. In all o f these, the 

areas of increased T2 signal corresponded to the abnormalities identified on visual inspection of the conventional 

M R images. In 64% of patients, areas o f significantly increased T2 signal were detected in regions previously 

reported as normal, 88% of which concurred with electroclinical information regarding site o f seizure onset. There 

were no areas of significantly shortened T2 times.

Malformations o f  cortical development

In 90% of patients with MCD, SPM detected regions o f increased T2. In all o f these, the areas of increased T2 

signal corresponded to all or part o f the MCD identified on visual inspection o f the conventional M R images. In
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addition, in 35% of patients, changes were found outside the MCD in tissue that appeared normal on conventional 

MRI, 43% o f which concurred with electroclinical information regarding site o f seizure onset.

MRI-negative

SPM analyses o f MRI-negative patients revealed regions of significantly increased T2 in 55%. In 76% of these, the 

regions concurred with the localisation of epileptiform EEG abnormality, the majority o f which were ictal 

recordings. Four percent o f patients had regions of decreased T2 signal, none of which agreed with electroclinical 

data regarding site o f seizure onset.

7.1.2.1.4 Double inversion recovery 

Acquired

SPM detected areas o f significantly abnormal DIR signal intensity (DSI) in 90% of patients with acquired lesions. 

In all o f these, areas o f increased DSI corresponded to abnormalities identified on visual inspection of the 

conventional M R images. In 66% of those patients with abnormal DSI, there were also regions o f significantly 

decreased DSI, all o f which corresponded to abnormalities identified on the conventional MR images. In 70% of 

patients with acquired lesions, areas of significantly increased DSI, and in 10% of patients, areas o f decreased DSI 

were detected in regions previously reported as normal. In 85% o f these patients, the areas of abnormal DSI within 

normal appearing cerebral tissue concurred with the localisation o f epileptiform EEG activity.

Malformations o f  cortical development

In all patients with MCD, SPM detected regions o f increased DSI which corresponded to all or part of the MCD 

identified on visual inspection of the conventional MR images. In addition, 36% o f patients had regions of 

decreased DSI, 20% of which corresponded to abnormalities seen on the conventional MR images. In 57% of 

patients, abnormalities of DSI were found outside the MCD in tissue that appeared normal on conventional MRI. 

In 75% o f these patients, the areas of abnormal DSI concurred with the localisation of epileptiform EEG activity 

despite normal appearances on conventional MRI.

MRI-negative

SPM analyses revealed regions of significantly abnormal DSI in 45% of MRI-negative patients, o f which 93% 

were regions o f increased DSI, and 20% were regions of decreased DSI. Thirteen percent, therefore, had both 

regions o f increased and regions of decreased DSI. In 66% of patients with abnormal DSI, the regions concurred 

with the localisation o f epileptiform EEG abnormality.



Acquired lesions MCD MRI-negative

sequence no. patients concur with conv.

MRI /  occult lesions

no. patients concur with conv. 

MRI /  occult lesions

no.

patients

no. o f abn. /  

concur with EEG

all abn. 

sens. spec.

EEG  conc. abn. 

sens. spec.

DTI- FA 10 1 0 /5 24 1 5 /6 72 8 / 5 11% 97% 7% 91%

DTI- MD 10 1 0 /3 24 1 0 /9 72 1 6 /1 2 22% 93% 18% 88%

MTI 11 1 1 /4 15 1 3 /8 75 2 5 /2 0 33% 97% 29% 85%

T2M 14 1 4 /9 20 1 8 /7 53 2 9 /2 2 55% 90% 48% 80%

DIR 10 9 / 7 14 1 4 /8 33 1 5 /1 0 45% 90% 36% 84%

Table 7.1 Individual advanced MR sequences in acquired lesions, malformations of cortical development, and in MRI-negative patients. The Table describes the number of 

patients scanned with each sequence, the number of patients with regions that are concordant with conventional MRI and the number of patients with occult regions (acquired 

and MCD groups). In addition, the number of MRI-negative patients scanned, the number of patients with occult regions identified and the number that concur with EEG 

data, with calculated "sensitivity", "specificity". {See Appendix 1 fo r  definitions o f statistical terms).
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7.1.2.2 Combined sequences

The scanning o f patients with individual advanced MR sequences is valuable in establishing the usefulness, albeit 

provisionally, o f a new imaging method. Scanning patients with a variety o f aetiologies further enhances this 

evaluation. The confirmation of an area of occult abnormality with corroboratory evidence, such as 

histopathological data, is clearly important. Where this information is lacking, the co-localisation o f an area of 

abnormality with additional imaging sequences is useful, and imparts greater confidence in the veracity of the 

findings. Table 7.2 summarises the application of the advanced MR sequences for each aetiology.

no. o f  sequences acquired

no. o f  patients 

MCD MRI-negative

1 8 23 31

2 6 8 23

3 3 6 25

4 4 4 21

total 21 41 100

Table 7.2: Number o f patients with focal epilepsy and acquired lesions, MCDs, or normal conventional MRI 

scanned with 1 or any combination of 2, 3, or all 4 of the advanced MR techniques.

7.1.2.2.1 Acquired lesions

Thirteen o f the 21 patients with acquired lesions had more than one imaging sequence. In 20 patients, all o f the 

advanced techniques used in each patient detected regions o f abnormality which concurred with the lesions 

identifiable on visual inspection of the conventional images (figure 7.1). O f greater interest was the identification 

and co-localisation o f occult abnormalities. Fourteen patients possessed regions o f occult abnormality, 5 of which 

were scanned with only 1 sequence. Nine o f the 13 patients who were scanned with more than one sequence 

possessed extra-lesional areas of abnormality. Seven of these 9 had more than one extra-lesional area. The regions 

from 6 o f these 7 patients co-localised, five o f which concurred with epileptiform EEG abnormalities. One patient 

had a region o f abnormality in the right periventricular white matter which was identified with 3 techniques but 

was discordant with interictal EEG data which localised to the left temporal lobe. A further patient had 3 separate 

but related abnormalities on imaging using 3 advanced techniques, all of which were in agreement with EEG data.
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Figure 7.1: Patient with left frontal lobe infarct. (Left to right) Normalised axial fractional anisotropy (FA), mean 

diffusivity (MD), magnetisation transfer ratio (MTR), T2-mapping (T2), and double inversion recovery (DIR) 

images (top row), with superimposed regions o f  significant abnormality identified by SPM (bottom row).

Within the acquired lesion group, 5 of the 6 patients (83%) with cerebral infarction demonstrated occult regions of 

abnormality on any of the four sequences. Five of the 8 patients with head injuries (63%), 3 of the 5 patients (60%) 

with intra-cranial infection, and 1 of the 2 (50%) patients with a history of perinatal injury exhibited extra-lesional 

abnormalities (table 7.3).

7.1.2.2.2 M alform ations o f  cortica l developm ent

Forty-one patients with focal epilepsy and malformations of cortical development were scanned with 73 sequences. 

Eighteen of the 41 patients had more than one imaging sequence. In 39 out of the 41 patients, the advanced 

techniques detected regions of abnormality which concurred with the lesions identifiable on visual inspection of 

the conventional images (figure 7.2). In two patients, one with band heterotopia scanned only with T2 mapping, 

and the other with subependymal heterotopia scanned with DTI and MTI, advanced imaging techniques failed to 

identify any abnormalities.

Twenty-five patients possessed regions of occult abnormality, 11 of which were scanned with only 1 

sequence. Fourteen of the 18 patients who were scanned with two or more sequences possessed extra-lesional areas 

of abnormality. Six o f  these 14 had more than one extra-lesional area. The regions from 4 o f  these 6 patients co­

localised, 2 of which concurred with epileptiform EEG abnormalities (figure 7.3 )

Within the MCD group, 10 of the 14 patients (71%) with gyral abnormalities demonstrated occult regions 

of abnormality on any of the four sequences. Eleven of the 21 patients with heterotopia (52%), 3 of the 7 patients 

(43%) with focal cortical dysplasia, and the I patient with DNET exhibited extra-lesional abnormalities (table 7.4).
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acquired lesion no. o f  

patients

no. with occult 

abnorm alities

patients)

no. 

concurred  

with EEG

no. co-localised  with 

other sequences /  no. o f  

patien ts with > 1 occult 

region

no. 

concurred  

with EEG

infarction 6 5 (83%) 3 2/3 2

head injury 8 5 (63%) 2 2/2 2

infection 5 3 (60%) 2 1/1 1

perinatal injury 2 1 (50%) 1 1/1 1

Table 7.3: The concurrence of extra-lesional (occult) abnormalities with EEG and with other advanced MRI 

sequences in patients with acquired lesions. The table shows the total number of patients with each aetiology, the 

number of patients with occult abnormalities identified on any o f  the advanced sequences and the number of those 

that were in agreement with EEG data. In addition, the number o f  patients with more than one occult region 

identified, whether they co-localised, that is, different sequences identified the same cerebral region, and the 

number that were in agreement with EEG data.

Figure 7.2: Patient with bilateral, posterior band heterotopia. (Top row, left to right): normalised axial 

magnetisation transfer ratio (MTR), T2-mapping (T2), and double inversion recovery (DIR) images. (Bottom row): 

with superimposed regions of significant abnormality identified by SPM. Axial Tl-weighted image is also shown.
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MCD no. o f  

patients

no. with occult 

abnormalities

patients)

no. 

concurred 

with EEG

no. co-localised with 

other sequences /  no o f  

pts with >I occult region

no. 

concurred  

with EEG

gyral 14 10(71%) 6 1/3 0

subepend het. 9 3 (33%) 1 0/0 0

subcortical het. 6 5 (83%) 4 1/1 1

band het. 6 3 (50%) 2 1/1 1

FCD 7 3 (43%) 1 0/0 1

DNET 1 1 (100%) 1 1/1 1

Table 7.4 The concurrence of extra-lesional abnormalities with EEG and with other advanced MRI sequences in 

patients with malformations o f  cortical development, (het. - heterotopia, FCD - focal cortical dysplasia, DNET - 

dysembryoplastic neuroepithelial tumour).

Figure 7.3: Patient with a left perisylvian gyral abnormality. Normalised axial (top) and coronal (bottom) T2- 

mapping (T2), and double inversion recovery (DIR) images; with superimposed regions o f  significant abnormality 

identified by SPM. The right perisylvian region / insula appeared normal on conventional MRI (Tl). Note that 

right on the image is patient’s right.
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It is important to note that within each group, relatively small numbers of patients were scanned with more than 

one acquisition and, moreover, specific combinations o f sequences were infrequent. Undoubtedly, this limits the 

validity o f any conclusions that may be drawn from this data.

7.1.2.2.3 MRI-negative patients

One hundred patients with focal epilepsy and normal conventional MRI were scanned with 235 sequences. Thirty- 

eight patients had normal advanced MRI. O f these, 24 patients were scanned with 1 of the 4 sequences, 6 patients 

had 2 sequences, 5 patients had 3 sequences and 3 patients had all 4 sequences. Sixty-two patients had regions of 

abnormality identified on one or more advanced sequences. O f these, 39 patients demonstrated an abnormality 

with 1 technique, 17 patients demonstrated abnormalities with 2 techniques (figure 7.4 and 7.5), 6 patients 

demonstrated abnormalities with 3 techniques (figure 7.6), and no patients had 4 regions o f abnormality (table 7.5).

MRI-negative no. o f  

patients

no. o f  pts with 

abnormalities

no. 

concurred 

with EEG

no. co-localised with 

other sequences /  no. o f  

patients with >1 

abnormality

no. 

concurred 

with EEG

TEE 44 25 (57%) 20 7/11 5

FEE 31 22 (71%) 17 6/7 5

OEE 7 2 (29%) 2 1/1 1

widespread 18 12 (67%) 10 2/4 2

Tible 7.5 The concurrence of occult abnormalities with EEG and with other advanced MRI sequences in patients 

w th cryptogenic focal epilepsy. Presumed focus defined by ictal and/or interictal EEG; TEE - temporal lobe 

eplepsy, FEE - frontal lobe epilepsy, OEE - occipital lobe epilepsy, widespread - EEG abnormality not localised 

to a single cerebral lobe.
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Figure 7.4: Patient with cryptogenic left temporal lobe epilepsy, associated with auditory simple partial seizures. 

Axial, sagittal, and coronal MTR (columns 1 and 2) and T2 maps (columns 3 and 4) are shown, with superimposed 

regions of abnormality identified by SPM. Note that right on the image is patient’s right.

The identification of occult abnormalities in MRI-negative patients was enhanced by using a greater number of 

sequences. The “pick-up rate”, “detection rate” or "sensitivity" was approximately 23% when only 1 imaging 

sequence was employed. This increased to 86% when all 4 sequences were used. This was, to some degree, 

dependent on which of the 4 techniques were used; Table 7.1 details the “sensitivities” of the individual sequences. 

With an increasing number of sequences used, the number of patients without an electroclinically concordant 

abnormality on advanced imaging decreased and the detection rate increased. However, as a greater number of 

sequences were employed, the number of control subjects with abnormalities and MRI-negative patients with 

discordant abnormalities on advanced imaging increased (table 7.6).
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Figure 7.5: Patient with cryptogenic right temporal lobe epilepsy. Axial, sagittal, and coronal T2 maps and DIR 

images are shown, with superimposed regions of abnormality identified by SPM. Note that right on the image is 

patient’s right.

It is possible that an area of abnormality in either the patient or control group reflected an underlying area of 

structural abnormality which was not epileptic, and as such negatively impacted on the estimated sensitivity and / 

or specificity despite providing accurate information. In addition, interictal epileptiform activity on EEG does not 

always correlate exactly with the site of seizure onset, and therefore the degree of concordance between imaging 

abnormalities and EEG data may be over or underestimated. The statistics should therefore be regarded as an 

approximation, but nevertheless, they provide a useful guide as to the potential "usefulness" of the imaging 

techniques.

7.1.3 Discussion

It was hypothesised that advanced MRI techniques would be capable of identifying regions of occult abnormality 

in patients with focal epilepsy and normal, optimal, conventional MR imaging. The techniques were initially 

evaluated in both normal control subjects and patients with focal epilepsy and known lesions. This allowed both 

the construction of a normative database and a comprehensive understanding o f  the imaging abnormalities, which 

was then applied to the results of the patients with normal conventional MRI. Overall, the advanced sequences
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were sensitive in the detection o f abnormalities in patients with acquired lesions or MCD. In a significant 

proportion of patients, extra-lesional areas were identified, most o f which concurred with EEG data and other 

advanced sequences. A range of sensitivities was observed in the MRI-negative patients. The combination of 

techniques finther enhanced the ability to identify occult structural abnormalities. There remain, however, a 

number o f important questions. Firstly, why are some occult lesions identified with some of the techniques, and 

not with others? Does the combination o f techniques afford pathological specificity, or are the results merely a sum 

of the individual sensitivities? Finally, if these questions remain unanswered, what are the essential steps required 

to resolve them in the future?

no. o f  

sequences

MRI-negative

no. o f  

patients

no. o f  abn. /  

concur with 

EEG

all ahnormalities 

sensitivity specificity

EEG concordant abn. 

sensitivity specificity

1 31 1 0 /7 23% 92% 23% 100%

2 23 2 3 /1 3 74% 92% 68% 93%

3 25 2 0 /1 1 80% 92% 69% 90%

4 21 1 8 /1 3 86% 92% 81% 96%

Table 7.6: The impact, in terms o f "sensitivity" and "specificity", of scanning MRI-negative patients with 1, 2, 3 

or 4 advanced MR sequences. It is important to note that without a definitive "gold standard" investigation, with 

which to compare the results o f the advanced imaging techniques, the statistics should be regarded as useful 

approximations only. (See Appendix 1 fo r  definitions o f  statistical terms).

7.1.3.1 Methodological issues

It is important to note that, for the purposes o f this Thesis, EEG recordings have been used as a pragmatic "gold 

standard" o f seizure localisation. Wherever possible these were ictal intra- or extracranial recordings, however, 

where these data were not available, interictal recordings were used. This is an important methodological limitation 

and permits only an estimate o f the degree of correlation between the localisation of presumed seizure foci and 

advanced imaging abnormalities. Nevertheless, the remit o f advanced imaging techniques is to provide 

contributory localising information to be used in conjunction with EEG, clinical, neuropsychological, and PET 

data, and not as a replacement for adequate EEG studies.

Recent advances in genetics have demonstrated that a proportion of patients with electroclinically “focal” 

epilepsy possess an inherited channelopathy, for example in nocturnal firontal lobe epilepsy (Phillips et al. 2001). It 

is possible that some o f the MRI-negative patients evaluated in this Thesis may have an unrecognised genetic
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abnormality, and as such should be classified as idiopathic, rather than cryptogenic. It is, therefore, now 

recommended that a systematically acquired family history should be obtained from each patient prior to inclusion 

in a study o f MRI-negative patients with focal epilepsy.

Each technique interrogated specific aspects o f the microstructural environment o f a tissue. In addition, 

despite major similarities between the methodological aspects o f each technique, there were a number of important 

differences at the image acquisition, post-processing and statistical analysis and inference stages (table 7.7).

acquisition

voxel size
sequence

(mm)
normalisation

post-processing  

S.I. threshold
smoothing

(mm)

analysis

voxel cluster 

thresh. extent

FA 8
DW- EPI 2.5x2.5x5 linear 0.5 T T

MD 10

M TI 3 D - S E 1x1x1.5 linear 0.5 8 T T

T2M dual-echo 1x1x5 warp 0.5 4 T T

DIR 2-3D FSE 1x1x2 warp explicit mask 14 T g

Table 7.7 Comparison o f acquisition, post-processing and statistical analysis parameters for each advanced MR 

technique. (DW-EPI - diffusion-weighted echo-planar imaging, SE - spin-echo, 2-3D FSE - 2D/3D hybrid fast 

spin-echo sequence, warp - nonlinear normalisation).

Overall, the methodology o f each technique was broadly similar, in particular the use o f SPM to compare 

individual patients with a group o f control subjects. Image acquisition was optimised to offer accurate, 

reproducible and meaningful high-resolution data without compromising patient safety and comfort. Post­

processing and statistical steps were individually tailored for each sequence to maximise the specific advantages of 

each technique. Therefore, important differences between the methods exist and are likely to influence the ability 

to identify subtle structural abnormalities.

The most sensitive o f the 4 techniques in MRI-negative patients was T2 mapping which had an in-plane 

resolution o f 1mm by 1mm, was normalised using non-linear "warping" steps, and was smoothed with a smoothing 

kernel o f only 4mm. Double inversion recovery was of the same in-plane resolution, and was similarly normalised, 

but was smoothed with a 14mm kernel. This was necessary in order to maintain an acceptable false positive rate as 

a cluster extent threshold was not used. The sensitivity of MTI was significantly less than that o f T2 mapping and 

DIR, despite identical in-plane voxel size. MTR maps were normalised using linear steps only and were smoothed 

with an 8mm kernel. This suggests that the use of nonlinear normalisation is important in maximising lesion 

sensitivity. This is almost certainly due to the existence o f a narrow normative range. Intuitively, less smoothed 

images / maps should be more sensitive. Although the DIR images were smoothed with a 14mm kernel, a cluster 

extent threshold was not used, as this has recently been shown to be inappropriate in voxel-based morphometry
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(Ashbumer and Friston 2000). Repeating the analysis o f the control group using a cluster extent threshold, an 

acceptable false positive rate was observed with a smoothing kernel o f 4mm, equivalent to T2 mapping. However, 

as mentioned, other limitations precluded its use. MTR images were smoothed with an 8mm, and mean diffusivity 

maps with a 10mm, kernel. As the degree of smoothing increased, the sensitivity decreased. Fractional anisotropy 

maps were smoothed with an 8mm kernel, yet had the lowest sensitivity, at 7%. This is most likely due to 

alternative methodological limitations, specific to the analysis o f FA maps, although it is possible that FA may 

remain relatively unperturbed by relevant occult lesions. FA maps are generally composed o f two compartments, 

white matter with high anisotropy and grey matter and CSF with low anisotropy. This leads to significant 

variability in FA values in adjacent voxels at, for example, the grey / white matter interface. Inadequate 

normalisation, that is, incomplete matching of identical cerebral structures, in the control group will result in a 

wide normal range which will fail to discriminate abnormalities in the patients. FA maps were only linearly 

normalised. Warping was not performed with SPM96 due to the possibility of unregulated image distortion. With 

the development of SPM99, and significant improvements in the normalisation process, a further cohort o f MRI- 

negative patients was scanned. The maps were normalised using linear and nonlinear steps, and consequently an 

improvement in sensitivity was observed (from 3% to 10%). In view of the recent developments regarding the use 

of cluster extent thresholds in non-stationary data, such as grey matter maps in voxel-based morphometry, it was 

appropriate to analyse DIR images with only a voxel / height threshold. FA maps are also highly variable due to 

the non-parametric distribution of anisotropic voxel values, and therefore statistical inference should not include a 

cluster extent statistic. By doing so, a large number o f false positive abnormalities may be identified, particularly 

in "smooth" cerebral regions. In addition, and as importantly, small occult lesions may be overlooked, if  they exist 

within a highly variable region and are not large enough to exceed the critical statistical threshold (Ashbumer and 

Friston 2000). The inappropriate use o f a cluster extent statistic may, therefore, adversely affect both sensitivity 

and specificity.

In summary, to maximise the potential to identify subtle structural abnormalities, the images / maps should be 

high-resolution, normalised using linear and nonlinear steps and smoothed with the smallest kernel possible. 

Furthermore, if  the dataset is non-stationary in nature, that is, the voxel values are highly variable throughout the 

cerebral structure, a cluster extent statistic should not be used. An important caveat to this concerns the normality 

of data following smoothing. Statistical image analysis in SPM is performed using parametric tests. In order for 

these tests to be valid, the data must be normally distributed. Prior to smoothing, grey matter images derived from 

segmented Tl-weighted datasets or DIR images, or FA maps are highly non-normal, with most voxels possessing a 

value close to the extremes. Smoothing renders the data more normally distributed. Recently, Salmond et al. 

reported that in group versus group VBM, no or only minimal smoothing (4mm kernel) is required to render the 

parametric tests valid as the "spread" of voxel values across each group produces a similar effect. In an individual 

versus group VBM comparison, the inherent normality of data provided by a group is absent, and at least 12mm of 

smoothing is required to validate the parametric tests (Salmond et al. 2002). Whilst this is o f paramount 

importance in VBM, MTR, T2 and mean diffusivity maps are intrinsically more normally distributed than grey 

matter maps. This is because the voxel values in the grey and white matter compartments are less divergent. 

Fractional anisotropy maps and DIR images should be analysed like grey matter density images derived from 

VBM, that is, at least 12mm o f smoothing, and employing the height threshold statistic only.
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An important question is to what extent is it necessary to utilise complex post-processing statistics in the 

identification of advanced imaging abnormalities? In short, is quantitative evaluation absolutely necessary? 

Previous imaging studies have proposed that quantitative assessment confers additional sensitivity over visual 

appraisal and is objective and unbiased to clinical information (Tien et al. 1993; Jackson et al. 1993). Furthermore, 

the ability to accurately and confidently discern normal from abnormal tissue on visual assessment arises from 

extensive experience. The advanced techniques described in this Thesis produce quantitiative maps, such as 

fractional anisotropy or mean diffusivity images, on which it may be difficult to judge normal from abnormal, even 

with prior experience. DIR images or T2 or MTR maps may be more suitable for qualitiative evaluation and as 

such are the subject o f ongoing work.

7.1.3.2 Pathophysiological and clinical implications 

7.1.3.2.1. Individual sequences

Diffusion tensor imaging, magnetisation transfer imaging, T2 mapping and double inversion recovery interrogate 

specific molecular, microstructural and architectural properties of cerebral tissue. An important question is to what 

extent these techniques overlap in terms of the characterisation of pathological tissue. To some extent, this can be 

answered from the results o f the patients with acquired lesions and MCD. In almost all patients with acquired 

lesions, the 4 techniques identified the visually apparent lesions. There was considerable anatomical overlap of the 

SPM identified regions o f abnormality suggesting that either the different techniques detected the same 

pathological process or, less likely, there was a number of specific pathological entities co-existing within each 

lesion, each o f which was defined by a different technique. Acquired lesions, irrespective o f the underlying 

aetiology, have a number o f pathological features in common, including axonal injury and neuronal loss, 

microglial proliferation, expansion o f the extracellular space and demyelination (Castillo et al. 1996; Adams 1992; 

Jay et al. 1998). It is likely that these will be present in variable proportions depending on the nature and severity 

of the injury. No pathological material is available from either the acquired or MCD patient groups in this study, 

however, advanced imaging abnormalities have previously been correlated with histopathological changes in both 

experimental and clinical settings (McGowan et al. 1999; van Waesberghe, Kamphorst, and van Walderveen 1998; 

A ssafe^a/. 1997; Hoehn-Berlage et a/. 1995).

Fractional anisotropy is sensitive to microstructural disorganization, particularly o f axonal white matter tracts, and 

thus may not be sensitive to grey matter lesions or small, isolated lesions of the white matter unless accompanied 

by significant demyelination. Mean diffusivity is a marker of compartmental water content and distribution, and is 

therefore sensitive to alterations in the size of the intra- and extracellular spaces, irrespective o f the actual total 

water content (Rumpel et al. 1997; Verheul et al. 1994). Increased mean diffusivity is commonly seen in acquired 

lesions as a result o f an expansion of the extracellular space due to neuronal and glial cell loss (Nedelcu et al. 

1999; Alsop et al. 1996). MTI evaluates the macromolecular environment. Loss o f macromolecules, which is 

commonly associated with an increase in extracellular space and increased free water, is paralleled by a reduction 

of MTR (Lexa et al. 1993). Oedema and inflammation result in minor reductions o f MTR, whereas the changes in
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M TR observed with demyelination and axonal loss are more profound (Brochet and Dousset 1999; Dousset et al. 

1992; van Waesberghe et al. 1999). T2 values are particularly sensitive to changes in total water content and more 

specifically, increased free water (Leifer, Buonanno, and Richardson Jr. 1990; Scarpelli et al. 1994; Briellmann et 

al. 2002b; Mathur-De Vre 1984). Altered water compartmentalization, as observed in cytotoxic oedema, result in 

minor changes in T2 as the ratio of free to bound water is modified. T2 values elevate markedly however, with 

increased total water content, particularly in the extracellular space, for example, in vasogenic oedema (Yuh et al. 

1991; Hossmann and Schuier 1980; Loubinoux et al. 1997b). A combination of factors govern the appearance of 

DSI images derived from DIR. These include the proton-density, which tends to parallel the total tissue water 

content, and the T1 relaxation time, which is itself determined by the total water content and the dynamic stmcture 

o f water, including the ratio of free to bound water, the stmcture and concentration of local macromolecules, and 

the degree of inter-compartmental exchange (Mathur-De Vre 1984). Changes in both total water content and 

macromolecular stmcture and concentration will therefore influence DSI. In this context, it appears reasonable to 

assume that DIR would be most sensitive as the DSI is influenced by a large number o f factors. However, the 

dynamics are inter-related and may be antagonistic rather than synergistic and, thus, pathological change may be 

overlooked.

In summary therefore (and undoubtedly a gross simplification of a highly complex environment), mean diffiisivity 

and T2 mapping are most sensitive to changes in free water, and MTI and to a lesser extent fractional anisotropy 

are most influenced by alterations of macromolecular concentration. DIR imaging, most likely, occupies an 

intermediate position.

7.1.3.2.2 Combined sequences 

Acquired lesions

Mean diffiisivity was marginally less sensitive than the other sequences in identifying occult lesions in patients 

with acquired lesions. T2 mapping and DIR imaging were the most sensitive throughout almost all o f the acquired 

aetiologies; however, methodological limitations, particularly with respect to DTI, may be relevant. Within 

individual aetiologies in the acquired lesion group, occult lesions were identified most commonly in cerebral 

infarction and head injury. This suggests that these aetiologies are associated with more widespread subtle 

abnormalities. It appears (although it is important to note the small sample size) that the more sequences that are 

employed, the greater the chance o f identifying occult abnormalities, irrespective o f the original insult (table 7.2). 

Fourteen of the 21 patients with acquired lesions possessed regions o f abnormality that extended beyond the 

visually apparent lesion on conventional MRI ("extra-lesional areas"). Eight o f these 14 patients, possessed extra- 

lesional areas that were in agreement with BEG localising data. Seven o f the 14 patients, after being scanned with 

more than one technique, had more than one extra-lesional area identified. In 6 o f these 7 patients the occult 

regions co-localised, that is, more than one advanced imaging sequence detected an abnormality in the same 

anatomical location, thereby providing some corroboratory evidence. There were no combinations o f sequences 

that were seen more frequently than others. All 6 o f these regions that were identified by more than one technique 

were associated with epileptiform EEG abnormality, suggesting that not only were areas o f occult pathology
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present but they may be relevant in seizure initiation or propagation.

Malformations o f  cortical development

MTI and DIR were the most sensitive sequences in identifying both known and occult abnormalities in patients 

with MCD. DTI was the least sensitive. Within individual classes o f MCDs, extra-lesional regions were more 

commonly encountered in patients with gyral abnormalities, or subcortical heterotopia. Occult lesions were seen 

infrequently in patients with subependymal and band heterotopia, and focal cortical dysplasia. O f the individual 

sequences, DIR was the most sensitive in detecting extra-lesional areas in patients with gyral abnormalities, and 

MTI was the most sensitive in SCH. This suggests that imaging sequences which interrogate the macromolecular 

environment, rather than solely water content are the most useful in identifying both known and occult regions of 

dysgenetic tissue. This contrasts with acquired lesions where T2 mapping and DIR are most sensitive, suggesting 

total water content is o f paramount importance. Subtle pathological features o f MCD include dysmyelination, 

cortical dyslamination, microdysgenesis, and altered neuropil arborisation (Marchai et al. 1989; Manz et al. 1979; 

Duong et al. 1994; Barth 1987; Usui et al. 2001). These are more likely to be associated with macromolecular 

irregularities than only altered water content.

Twenty-five o f the 41 patients with MCD possessed extra-lesional abnormalities. Six o f the 25 patients, 

after being scarmed with more than one technique, had more than one extra-lesional abnormalities identified. In 4 

of these 6 patients the occult regions co-localised - that is, more than one advanced imaging sequence detected an 

abnormality in the same anatomical location. There were no combinations of sequences that were seen more 

frequently than others. Two of these 4 regions that were identified by more than one technique were associated 

with epileptiform EEG abnormality. Histopathological, imaging and EEG data have previously documented the 

presence o f widespread dysgenetic tissue in patients with MCD, beyond the margins o f conventional MR 

techniques (Richardson 1996; Palmini et al. 1995; Sisodiya et al. 1995b). Using more sensitive methods, which 

probe the macromolecular environment more assiduously, a proportion of these regions may be identified. Clearly, 

this has implications for surgical treatment of this group, particularly those with gyral malformations or subcortical 

heterotopia. Conversely, patients with, for example, focal cortical dysplasia, which had a relatively low frequency 

of occult regions, may be more aggressively evaluated for surgical treatment (Sisodiya 2000).

MRI-negative

On the basis o f the results o f advanced MR imaging in patients with acquired lesions or MCDs, is it possible to 

predict the aetiological pathology in MRI-negative patients? Any conclusions drawn are rather speculative without 

extensive histopathological confirmation from surgical or post-mortem specimens. To date, only one patient has 

undergone surgical resection based on the results o f intracranial EEG recordings and advanced imaging. 

Significant gliotic change within the white matter of the right frontal lobe was associated with increased mean 

diffiisivity, suggesting greater freedom of movement o f water compared to the highly disciplined environment of 

myelinated axons in normal tissue (Rugg-Gunn et al. 2002b). This concurs with previous studies evaluating 

diffusion parameters in pathological tissue (Nedelcu et al. 1999; Rumpel et al. 1997; A ssaf et al. 1997). This 

patient was scanned and underwent surgical resection before other imaging techniques became available. 

Extensive gliotic change is more commonly encountered in patients with acquired lesions, rather than MCDs, 

although may occur as a seizure-related epi-phenomenon (Vinters et al. 1993). It is likely therefore, that similar
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regions would be more likely to be identified on T2 imaging and possibly DIR, than MTI. Conversely, occult 

dysgenesis may be more readily identified with MTI.

Notwithstanding methodological considerations, T2 mapping and DIR were overall the most sensitive 

techniques in MRI-negative patients. MTI and DTI, particularly fractional anisotropy, were less sensitive. This 

may be due to the frequency o f the possible underlying pathologies. Previous histopathological studies of 

surgically resected epileptic foci which were unremarkable on conventional MRI have frequently reported gliosis 

(Lorenzo et al. 1995; Cascino et al. 1992; Theodore et al. 1990) and microdysgenesis (Siegel et al. 2001). Cortical 

dysplasia (Facia et al. 1996), disordered cortical lamination and subcortical laminar heterotopia have also been 

identified although much less frequently (Palmini et al. 1991b).

The ideal imaging sequence would therefore be sensitive to both altered water content and a disrupted 

macromolecular environment. Potentially, this is offered by either diffusion tensor imaging or DIR, although all 

imaging sequences are influenced to some degree by both pathological states. Improving the sensitivity of both 

these techniques, particularly DTI, is the subject o f future work. It is important to note that even the most sensitive 

o f the techniques did not identify all the abnormalities detected by the other, less sensitive methods. This 

emphasises the possible existence o f a degree o f pathological specificity with each technique, although there is 

undoubtedly significant overlap. It is also possible that a proportion o f the regions identified by the most sensitive 

techniques may be "false positives". Overall sensitivity with one technique was 23%. With 4 techniques this 

increased to 86%. It appears therefore that each technique interrogates specific aspects o f tissue microstructure and 

does not merely detect the most abnormal region, irrespective o f the underlying pathology. Twenty-three MRI- 

negative patients had more than one region identified as abnormal, o f which 16 co-localised, that is, more than one 

sequence identified the same cerebral region. O f these 16, 13 concurred with the location o f epileptiform EEG 

abnormality. In 3 patients therefore, regions distant from the presumed epileptic focus were co-identified by more 

than one sequence. In two patients, these were within the white matter o f the posterior parietal and occipital lobes 

bilaterally. One patient had a clinical history of perinatal injury, which is commonly associated with imaging 

abnormalities in these regions. This emphasizes an important pathophysiological limitation o f these techniques. 

They are not specific for the epileptic focus, which may remain undetected unless accompanied by significant 

structural disruption. One relies on corroboratory evidence firom EEG which was used as a pragmatic "gold 

standard", however, this is not ideal. Furthermore, without histopathological confirmation, even with congruent 

EEG and imaging data, it is not possible to establish whether the abnormalities represent the seizure focus or a 

secondary epi-phenomenon, such as subcortical gliosis. In 11 of the 13 patients, two sequences co-localised. A 

particular combination of techniques was not observed however. In 2 patients, 3 sequences co-localised. In each 

case, these were mean diffiisivity, MTI and T2 mapping (figure 7.6). No patients exhibited co-localisation with all 

4 techniques.

Previous imaging studies in other conditions, notably multiple sclerosis, have reported significant 

correlation between MTR and diffusion parameters, including anisotropy and diffiisivity (Griffin et al. 2001; 

Filippi 2003; Hanyu et al. 1999; Ferini-Strambi et al. 2000). This is not universally accepted however (Guo, 

Jewells, and Provenzale 2001; lannucci et al. 2001; Ikezaki et al. 1997). Experimental studies have reported that 

quantitative T2 values and ADC increase 3-5 times more than MTR in necrotic tissue and, in states o f altered water
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compartmentalisation, MTI derived parameters remained static, whilst both ADC and T2 values changed 

significantly (Haraldseth er a/. 1997; Lemaire e>r a/. 2000).

MTR

Figure 7.6: A patient with cryptogenic right frontal lobe epilepsy. Left to right: mean diffiisivity (MD), 

magnetisation transfer imaging (MTR), and T2 mapping (T2) maps. Areas of significantly abnormality, identified 

by SPM, are superimposed on each image. There is clear anatomical concordance between different techniques, 

which is in agreement with localising EEG data.

In occult epileptic foci, the most abnormal regions, that is those just below the threshold for detection on 

conventional MRI, may be associated with abnormalities of all advanced MR sequences if there are significant 

changes to both water content and the microstructural environment. Less abnormal regions may be associated with 

either predominantly "water" or "macromolecular" pathology and only 2 or 3 out of the 4 sequences may detect 

regions of abnormality. A negative result is also of importance therefore, in elucidating the possible pathological / 

aetiological basis o f  an individual patient's seizure disorder. Nevertheless, confidence in the localisation of an 

abnormality in MRI-negative patients is significantly enhanced by confirmation from another source, whether this 

is a further experimental technique, including advanced MRI techniques, MR spectroscopy or PET, or more 

traditional methods such as intracranial EEG. At present, advanced MRI techniques, such as DTI, MTI, T2 

mapping and DIR, provide a guide for the accurate placement of intracranial EEG electrodes. A more focussed 

approach, such as this, may result in less frequent negative intracranial EEG studies (Siegel et al. 2001), thereby 

reducing morbidity from repeated electrode implantation, and increasing the numbers of patients with refractory
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focal epilepsy and normal conventional imaging who undergo potentially curative epilepsy surgery.

Overall, the advanced techniques were sensitive in the detection of abnormalities in patients with acquired lesions 

or MCD. In a significant proportion o f patients, extra-lesional areas were identified, most o f which concurred with 

EEG data and other advanced sequences. MTI and DIR were the most sensitive in patients with MCDs. T2 

mapping and DIR were the most sensitive in patients with acquired lesions and in patients with normal 

conventional MRI. Methodological limitations, particularly with respect to DTI, may be relevant however. The 

results o f the patients with acquired lesions and MCDs suggest that T2, mean diffiisivity, and DIR are most 

sensitive to pathologies characterised by altered water content, and that MTI, DIR and, possibly, fractional 

anisotropy are more useful in identifying disruption to the macromolecular environment. The combination of 

techniques further enhances the ability to identify occult structural abnormalities.

In conclusion, despite a large number o f MR studies evaluating a heterogeneous collection of disease entities, and 

MRI possessing a high degree of sensitivity in the detection of cerebral lesions, it is clear that the pursuit for 

pathological specificity is, as yet, unfinished. More advanced MRI acquisition and post-processing techniques, 

interrogating additional facets o f the microstructural environment, in conjunction with correlative histopathology, 

may provide a means to achieve this goal.

7.2 FUTURE DIRECIONS

The work described in this thesis has concentrated on the preliminary evaluation o f patients with focal epilepsy 

using advanced MRI techniques. There are, therefore, a number of areas that require further exploration to improve 

lesion sensitivity and pathological specificity, in order to better understand the structural basis o f focal epilepsy.

7.2.1 Im aging

Current sequences may be improved or new sequences developed. It is o f paramount importance that the images 

are o f high resolution, produce reproducible values / maps and are acquired within a clinically acceptable time 

frame. This is facilitated by modem scarmers with higher field strengths and enhanced imaging software and 

processing capability.

7.2.1.1 Current sequences

DTI - reduced voxel size will improve resolution and lesion sensitivity. However, this will negatively impact on 

signal to noise which may be mitigated by image averaging or increasing the field strength. Ideally, voxels should 

be cubic to facilitate the use of current tractography algorithms, which may be used in parallel with conventional
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anisotropy and diffiisivity maps. Recent sequences have utilised multi-directional diffusion gradients to improve 

the accuracy o f anisotropic data, and multiple b-values to fully characterise the diffiisional properties of tissue. 

Diffusion sequences are sensitive to magnetic gradient anomalies which must therefore be regularly monitored. 

This will enable correction factors to be utilised to maintain reproducibility. Post-ictal diffusion imaging is a 

promising new technique that is currently under evaluation.

M T R  - images are currently acquired in a non-interleaved fashion which may permit movement artefact between 

non-MTR and M TR images, and thus produce inaccurate MTR values. To correct for this we co-registered the data 

sets following image acquisition, however, acquiring interleaved data is optimal.

T2 m apping - the current T2 sequence could be improved by developing a 3-dimensional sequence with high- 

resolution isotropic voxels. Furthermore, the use o f a hyperbolic secant pulse during image acquisition to reduce 

the effects o f radiofrequency inhomogeneity may produce a more accurate inversion pulse, with improved CSF 

suppression and accuracy o f T2 values.

D IR - the duration of DIR scanning is currently 20 minutes which is just within a clinically acceptable time frame. 

A number of images were unacceptable however, due to movement artefact, and required repeating. The current 

sequence is time inefficient and may be significantly shortened without adversely affecting image quality.

7.2.1.2 New sequences

This includes perfusion imaging to assess cerebral blood flow both inter- and post-ictally, quantitative 3D T l-  

mapping which evaluates both the total water content and the dynamic structure o f the macromolecular 

environment, and multi-exponential 3D T2-mapping to interrogate the micro structural compartments of cerebral 

tissue.

7.2.2 Post-acquisition processing

SPM uses parametric statistics to analyse image data. This assumes that the voxel values are normally distributed. 

The process of smoothing helps in this regard. The use of nonparametric statistical tests (SnPM) is inherently more 

appropriate but less well developed and understood. It is possible that SnPM will circumvent a number of 

problems caused by the manipulation of data into a "normal distribution", in particular, the loss of sensitivity due 

to smoothing, and concerns regarding the analysis o f an individual subject against a group.

With improvements in normalisation, in particular the use of masking, régularisation parameters and other 

techniques for constraining the boundaries o f nonlinear normalisation, grossly abnormal brains may be normalised 

without excessive, inappropriate distortion. The lack o f an absolute metric for evaluating the goodness of 

normalisation is important to note however.

This work may be considered, to some degree, to be a natural extension of VBM. It is possible however.



256

that quantitative maps of, for example, T2 values or MTR should be treated very differently, in terms of 

normalisation, analysis, statistical thresholds and inference. Furthermore, there remains the ambiguity in the 

interpretation of results in the context o f imprecise normalisation, inherent to standard SPM analyses. The use of 

tensor- or deformation-based morphometry may provide a solution (Gaser et al. 2001; Volz, Gaser, and Sauer 

2000), but at present remains experimental and computationally expensive.

There has been recent interest in the use of anatomical templates to quantify regional volumes, and 

generate probabilistic atlases for more accurate representation of normal cerebral stmcture (Hammers et al. 2002a; 

Hammers et al. 2003). It is possible that these atlases, derived from a normal population and normalised into 

standard space, may be a useful adjunct to whole brain SPM, in particular to address specific hypotheses regarding 

particular cerebral regions. This is potentially more sensitive than standard SPM analyses which use the whole 

brain to correct for multiple comparisons. A smaller region-of-interest would permit less stringent statistical 

corrections to be used.

7.2.3 Pathological

O f principal importance is the histopathological correlation of imaging abnormalities. The detailed evaluation of 

tissue characteristics, such as microglial activation and gliosis, neuronal loss, dysplasia, and microdysgenesis in 

post-mortem or surgical specimens, requires careful correlation with imaging findings. This may result in the 

emergence of pathological specificity, and allow the prediction of histology / pathology from a "MR signature", 

which would have both management and prognostic implications.
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APPENDIX

Definition of statistical term s

"T rue  positives" - the MRI-negative patients with a region of abnormality identified with advanced imaging 

techniques (used to calculate sensitivity for “a// abnormalities ”) and that concur with the best available localising 

information, usually ictal or interictal EEG recordings (used to calculate sensitivity for "'EEG concordant 

abnormalities ”).

"T rue  negatives" - the control subject population without an abnormality on advanced imaging.

"False negatives " - the MRI-negative patients without a region of abnormality identified with advanced imaging 

techniques.

"False positives " - the control subjects with a region of abnormality identified with advanced imaging techniques 

(used to calculate specificity for "all abnormalities'") or MRI-negative patients with a discordant abnormality (used 

to calculate specificity for "EEG concordant abnormalities".

TruePositives
Sensitivity -

TruePositives + FalseNegatives

_ TrueNegatives
Specificity -

FalsePositives + TrueNegatives


