CHAPTER 1

GENERAL INTRODUCTION



1.1 PREAMBLE

Schizophrenia is one of the most devastating desetashave ever affected humanity.
Elucidating the origins and nature of the diseasene of the most important challenges
facing modern medical science, as it underpingtent to which the disease can be
successfully treated. Although schizophrenia hag lzeen recognized as being caused
by a neurological abnormality, the specific struatirain defects underlying the disease
remain unclear. The primary aim of this thesis wagse the neuroimaging technique of
Magnetic Resonance Imaging (MRI) to identify them@anatomical underpinnings of
schizophrenia in patients experiencing their fasgchotic episode, and to elucidate
whether these neuroanatomical abnormalities weate gir progressive over the first 2-3
years of illness. Furthermore, this thesis alscedimt identifying the clinical and
electrophysiological correlates of the neuroanataimabnormalities present in patients
with first-episode schizophrenia, in the hope th& might provide some further insight

into the nature of the functional abnormalitiesreleteristic of the disease.

The aim of this chapter was to describe the clirpeafile of schizophrenia, outline the
pre-eminent psychosocial and neurobiological cotuaisations of schizophrenia that
have been proposed in the literature, describenétbods that have been used to identify
the neuroanatomical underpinnings of the diseaski@provide an overview of the
previous studies that have used MRI to elucidagsgmeuroanatomical underpinnings in

both chronic and first-episode patients with scpizenia. | have begun this chapter by



considering the enormous personal, social and ecmnoosts associated with the disease

of schizophrenia.

1.2 THE COST OF SCHIZOPHRENIA

Schizophrenia is a severe mental illness that &ff@oproximately 1% of the population
worldwide, or approximately 60 million people (Jatsky, 1997). It is a debilitating and
stigmatising illness that generally has a devasjagifect on the lives of its sufferers and
their families. Schizophrenia has a typical agewdet in late adolescence or early
adulthood, and its influence is so destructive thiaas been referred to agduth’s
greatest disablér(Ashe, Berry, & Boulton, 2001). Subsequent to dmset of
schizophrenia, the majority of sufferers remaireetiéd for the rest of their lives. A
substantial proportion of patients (approximatéd9a require lifelong care or
hospitalisation, which places an enormous burdeheaith care systems (Lang, Forbes,
Murray, & Johnstone, 1997). In a study undertakeR(03, it was estimated that the
economic cost of schizophrenia in Australia wasrapimately $600 million per annum
in health care costs alone (Carr, Neil, Halpin,rfed, & Lewin, 2003), or approximately
2% of the total governmental expenditure on heatithcommunity services (Carr,
Lewin, Neil, Halpin, & Holmes, 2004). Suffererssathizophrenia are unlikely to obtain
or maintain steady employment (Sevy & Davidson,5)9Bave poorer physical health
(Osborn, 2001; McCreadie, 2003) and far highersrafesubstance abuse than the general
population (Green, Salomon, Brenner, & Rawlins,20@nd are far more likely to

become homeless or to live in poverty (Herman, &ysandorf, Lavelle, & Bromet,



1998; Craig & Timms, 1995). Furthermore, suffer@rschizophrenia are considerably
less likely than average to get married (Thara &i$asan, 1997) or have children
(Nimgaonkar, 1998), and are much more likely toezdgmce depression, with a rate of
depression estimated at 25% (Siris, 1995). It lees estimated that 10% of people with
schizophrenia end up committing suicide, which fata nine times higher than the
general population (Harris & Barraclough, 1997)thalugh schizophrenia is not a fatal
disease, notwithstanding the exorbitant suicide, the suffering that it produces and its
cost to society is so great that an editorial &jdurnal Nature described schizophrenia
as ‘arguably the worst disease affecting mankind, eM&S not exceptédNature

Editorial, 1988 Vol. 336, p.95).

1.3 THE DIAGNOSTIC ENTITY OF SCHIZOPHRENIA

The term ‘schizophrenia’ was originally coined bg tGerman psychiatrist Eugen
Bleuler (Bleuler, 1911) to describe what he thougas the defining symptom of the
disease: a loosening of the mental associationgeleet cognitions. Schizophrenia is
derived from the Greek worgidirene meaning mind, ansichizq which has been
traditionally translated as ‘split’, but in light Bleuler’s intentions is perhaps better
translated as ‘fragmented’, as suggested by Andred®999). Indeed the extremely
common misinterpretation of schizophrenia as rafgro the very rare condition of
multiple personality disorder is one of the most/psive inaccuracies in the history of

medicine, and has led some commentators to sutiggsschizophrenia’, as a diagnostic



term, is misleading and in need of an overhaul KWueeth, Halpern, Schutt, & Gillespie,

2003).

Schizophrenia has an extremely heterogeneousallipiofile, which is to say that the
clinical symptoms can vary markedly from patienpatient. There is no ‘essential’
symptom that is necessary or sufficient for a petsdbe diagnosed as suffering from
schizophrenia. Indeed, Andreasen et al. (1999) hamenented that two patients can be
diagnosed as both suffering from schizophreniaiteespt having a single symptom in
common. In spite of this, however, there are a remob symptoms that are typically
associated with schizophrenia which, given theosgncrasy, makes schizophrenia one

of the more clinically distinctive mental illnesses

The symptoms of schizophrenia have traditionallgrbdivided into ‘positive symptoms’
and ‘negative symptoms’ (Cutting, 1995). Positiymptoms refer to phenomena that are
experienced by sufferers of schizophrenia thahatexperienced by healthy individuals,
while negative symptoms refer to experiences oabieurs that are typically present in

healthy people, but which are absent in patientls 8ghizophrenia.

1.3.1 The ‘positive’ symptoms of schizophrenia

The common ‘positive’ symptoms of schizophrenialabucinations, delusions and

formal thought disorder.



Hallucinations are false sensory perceptions ti@phatient experiences as being real.
They may occur in any sensory modality (i.e. auglitgisual, olfactory, gustatory or
tactile), however auditory hallucinations are biytfee most common in schizophrenia,
and are usually experienced as ‘hearing voice®seélvoices, which can be either
familiar or unfamiliar to the patient, are percehas being externally generated (i.e.
distinct from their own thoughts), although they d&@e perceived as occurring either
inside or outside their own heads. Voices maintgra running commentary on the
patient’s thoughts or behaviour, such as thoseritbestin the example below, are
considered especially characteristic of schizophréShe is peeling potatoes, got hold
of the peeler, she does not want that potato, sipetting it back, because she thinks it
has a knobble like a penis, she has a dirty mihd,is peeling potatoes, now she is

washing therh(from Mellor, 1970, p.16).

Hearing two or more voices arguing or maintainirgpaversation is another type of
auditory hallucination that is particularly commiorschizophrenia. For exampt&
twenty-four-year-old male patient reported heanrgces coming from the nurse’s
office. One voice, deep in pitch and roughly spokepeatedly said ‘G.T. is a bloody
paradox’, and another higher in pitch said ‘He &t, he should be locked up’. A female
voice occasionally interrupted saying, ‘He is nug,is a lovely man”(from Mellor,

1970, p.16).

The voices are most often disparaging or threateand can sometimes, in the case of

‘command hallucinations’ instruct the sufferer &rfprm a particular action that s/he



finds deeply abhorrent. For exampglKill yourself. Chop up your girlfriend”(from

Close & Garety, 1998, p.179).

Delusions are strongly held, false beliefs thatraaéntained in spite of overwhelming
evidence to the contrary. Persecutory delusiongemgecommon in schizophrenia, in
which the patient believes that s/he is being cimedfagainst, spied on, followed,
mocked or somehow persecuted. For exanipleople at work are victimizing me. A
bloke at work is trying to kill me with some kirfchgpnosis”(from Frith, 1992, p.66).
Delusions of grandeur also occur in schizophreadtapugh they are less common than
persecutory delusions, and refer to the patiemtliebthat they are particularly important
or influential or have magical powers. For examfiie, patient may believe that they are
Jesus Christ. Delusions of reference are also canmand refer to patients’ belief that
passages from books or newspapers, radio commesjtather people’s apparently
innocuous comments, etcetera, have special signdeto them. For examplié:saw
someone scratching his chin which meant that | ededshave’{from Frith, 1992,

p.66).

Other common delusions in schizophrenia included#iasion of thought insertion, in
which the sufferer believes that some of his thdsigine not his own, but have been
inserted by some external agent. For exanifleoughts are put into my mind like ‘Kill
God'. It's just like my mind is working but it isnThey come from this chap Chris.
They're his thoughts(from Frith, 1992, p.66). The converse delusiotholught

withdrawal is also common. For exampleam thinking about my mother, and suddenly



the thoughts are sucked out of my mind by a phoginedl vacuum extractor, and there is
nothing in my mind, it is emptyfrom Mellor, 1970, p.16). Delusions of alien catin
which the patient believes that his actions aresetitgenerated but are being controlled
by some external agent, are also common. For exaffiley inserted a computer into

my brain. It makes me turn to the left or rigl{ffom Mellor, 1970, p.16).

Formal thought disorder (otherwise known as ‘disorged thought’), is characterized by
a loosening of the mental associations betweenittogs, and has been argued by
Bleuler (1911) and others (Andreasen, 1999) tdhbesingle most important symptom in
schizophrenia, and the one which underlies the rihare symptoms of psychosis.
Formal thought disorder is most often inferred tigio the characteristic abnormalities of
spoken language exhibited by patients with schizaph (Cutting, 1995). Thought-
disordered patients tend to jump from one topitheonext in conversation, with the links
between the topics being unclear or illogical -haqppmenon known as ‘derailment’. For
example*What I'm saying is my mother is too ill. No monéyall comes out of her
pocket. My flat’s leaking. It's ruined my mattreks Lambeth council. I'd like to know
what the caption in the motto under their coatmhais. It's in Latin” (from Cutting,
1985). The relevance of thought-disordered pati@mswvers to questioning is often
unclear or completely unrelated — a phenomenon kresvtangentality’. For example:
“Q: What city are you from? A: ‘I was born in lowhaut | know that I'm white instead of
black so apparently | came from the south somewdedd don’t know where, you know,
| really don’t know where my ancestors came frgiindm Andreasen, 1979). The speech

of thought-disordered patients is sometimes sagigsozed as to be incoherent. The



presence of thought disorder is sometimes infemgdrom abnormalities in patients’
spoken language, but from abnormalities in theerblsehaviour. For example, thought
disorder may be diagnosed if the patient is dreasegually (e.g. wearing multiple
overcoats), displays inappropriate sexual behav@.gr. public masturbation), or
unpredictable agitation (e.g. shouting or swear{#gherican Psychiatric Association,

1994).

1.3.2 The ‘negative’ symptoms of schizophrenia

In contrast to the ‘positive’ symptoms, the ‘negatisymptoms of schizophrenia refer to
experiences or behaviours that are typically prieiselnealthy subjects but that are absent
in people with schizophrenia. The three most commegative’ symptoms in
schizophrenia are affective flattening, alogia amdlition. These three symptoms are the
only ‘negative’ symptoms that are included as dasgic criteria for schizophrenia in
DSM-IV (American Psychiatric Association, 1994) fédtive flattening is especially
common in schizophrenia, and is characterized tegaced ability to express emotion.
The faces of patients with affective flatteningesfiappear immobile and unresponsive,
and show a ‘mask-like’ expression. Patients wifedaiive flattening also typically

exhibit reduced levels of eye-contact, body moveraed non-verbal communication
(e.g. hand gestures). Patients with alogia (povarspeech) typically do not initiate
conversation, and reply when questioned with ovierigf, laconic answers often devoid
of content. Avolition (poverty of will) is characieed by an inability to initiate and

persist with goal-directed activities. Patientshaat/olition are easily distracted from the



task at hand, and often show little interest irtipgnating in work or recreational

activities.

The ‘negative’ symptoms of schizophrenia are mduguitous than the ‘positive’
symptoms, with most of them occurring in other naéditsorders, most notably
depression. This may not be coincidental, as itde@® suggested that ‘negative’
symptoms and symptoms of depression share the wadeelying mechanism, involving

a dysfunction in the reward systems of the brash(3dt et al., 2001).

The positive/negative symptom dichotomy has renthpwpular in the literature, and has
formed the theoretical basis for two of the mofluemtial clinical rating scales used in
schizophrenia — the Positive and Negative SyndrSoade (PANSS) (Kay, Opler, &
Lindenmayer, 1989) and the Scale for the Assessofdtbsitive (SAPS) / Negative
(SANS) symptoms (Andreasen, 1984a; Andreasen, )98#kecent years, however,
factor analytic studies have led to the developroéattripartite model of schizophrenic
symptomatology. In the tripartite model, the ‘po&t symptoms are separated into two
separate factors, while the ‘negative’ symptomsstitute the third factor (Liddle,
1987b). The first factor in the tripartite modethe Reality Distortion factor (which has
also been called the Psychosis factor (AndreaserdtAAlliger, Miller, & Flaum, 1995),
and it encompasses the symptoms of hallucinatindslalusions. The second factor is
the Disorganization factor, and it encompassesyhgtoms of disorganized thought,
disorganized behaviour and inappropriate affece third factor, Psychomotor Poverty,

encompasses the remaining ‘negative’ symptoms.
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In spite of the rise of the tripartite model, howeuhe positive/negative symptom
dichotomy remains the most popular framework fassifying the clinical
manifestations of schizophrenia, and remains therttical underpinning for most of the

major theories of schizophrenia.

| will now consider some of the theories, both @asd present, which have speculated as

to the nature of schizophrenia, and the causesiynagit.

1.4 PSYCHOSOCIAL AND ENVIRONMENTAL THEORIES OF

SCHIZOPHRENIA

Most of the early models of schizophrenia emphaisike role of psychological, social

and environmental factors in the development ofdisease.

The first psychoanalytic theory of schizophrenias\wweoposed in the 1920s by Harry
Stack Sullivan and, like all psychoanalytic thesyiemphasised the role of psychological
conflicts between the three strata of consciousfiessd, ego and superego) in the
development of the disease. Sullivan (1924) arghatithe symptoms of schizophrenia
reflected a regression to early childhood formsafhmunication arising from a failure to
cope with the societal pressures due to the paifragile ego. Another psychoanalytic
theory, coined the ‘schizophrenogenic mother hygs&ii, became very popular in the

1950s and 60s and emphasized the role of earlghaiold relationships in the
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development of schizophrenia. The hypothesis wasgostulated by Frieda Fromm-
Reichmann (1948), but was subsequently adoptedesnskd by a number of other
theorists (see Hartwell, 1996 for a review). Thehizophrenogenic mother hypothesis’
argued that schizophrenia was initiated in childhbg a cold, domineering, ambitious
mother who was resentful of her role as a houseavitewho thwarted the child’s
attempts at independence as a means by which sleammguire some consolatory
power. John Rosen summarized the ‘schizophrenogeoilkcer hypothesis’ in the
opening line of a paper entitlé@ihe Perverse Mother”: “a schizophrenic is always®
who is reared by a woman who suffers from a peiwersf the maternal instinct”
(Rosen, 1953, p.97). The ‘schizophrenogenic motmgrothesis persisted until the 1970s
in spite of a growing body of empirical evidenceiethindicated that there were minimal
differences in the parenting styles of the motloérshildren with schizophrenia, and the

mothers of children without schizophrenia (e.g.driette & Kennedy, 1966).

Another theory that emphasized the role of childhenvironment in the development of
schizophrenia was the ‘sociogenic hypothesis’ @armezy & Streitman, 1974). The
sociogenic hypothesis arose in response to evidarggesting that the rate of
schizophrenia was disproportionately high in thedosocio-economic classes (e.g.
Srole, Langner, Michael, Opler, & Rennie, 1962p@ments of the sociogenic
hypothesis argued that this relationship was catlsat is, the stressors associated with
being of low socio-economic class (e.g. low lealgducation, living in a violent
community, lack of opportunity, poor nutrition gtecere the direct cause of

schizophrenia. More recent studies have focuseati@role of the biological stressors
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associated with low socio-economic status rathem the social stressqoer se For
example, Susser et al. (1996) found that the amidf mothers whose nutrition was poor

during pregnancy were at an increased risk of dgwed) schizophrenia.

One final and controversial theory that emphasthedole of society and the
environment in the development of schizophrenia thaslabelling theory’. The

labelling theory, originally proposed by Scheff §89, argued that schizophrenia was not
a disease as such, but rather a learned socittalNacording to this model, healthy
people often performed behaviours that could besdiad as being ‘socially deviant’,
and that these behaviours could lead to them ktagnosed as suffering from a mental
iliness. For example, a person laughing at a fureenald be diagnosed as suffering from
formal thought disorder and thus schizophrenia.ofding to this model, once people
were labelled as being mentally ill they begandbima way consistent with the label.
For example, by being labelled as suffering frofmzaphrenia, a healthy person would
begin to perceive themselves as suffering fromzegtirenia and would thus begin to
perform actions consistent with being a patienhwtthizophrenia. Given more recent
evidence regarding the considerable brain abnotiesmkssociated with schizophrenia
(Section 1.6.6 — 1.6.7), this theory is unlikelyb® correct or at least provide the full
story regarding the onset of schizophrenia. Funtloee, it seems unlikely that patients
with schizophrenia are simply acting out a learradd, given the severity and duration of
their symptoms. As the psychiatrist Paul Meehl ltedaafter a student suggested the
labelling theory to him?l was thinking of a patient | had seen on a wardoakept his

finger up his ass ‘to keep the thoughts from rugraat’ while with the other hand he
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tried to tear out his hair because it really ‘belyged to his father’. And here was this man
telling me that he was doing these things becaos®ene had called him a

schizophrenic. What could | say to him®ited in Davison & Neale, 1998, p.275).

Undoubtedly the most significant development inttieatment of schizophrenia was the
advent of antipsychotic medications in the 195GshAs been so often the case
throughout the history of medicine, the first astiphotic drug, chlorpromazine, was
developed by accident. Chlorpromazine was desiggeatie French chemist Paul
Charpentier for use as a tranquilliser for patiemdergoing surgery, and was
administered to a psychotic patient Bernard P bypBychiatrist Pierre Hamon on
something of a whim. Nevertheless, Bernard P’s tmmdimproved substantially with
the administration of chlorpromazine, and the faistipsychotic was born. Antipsychotic
medication became widely used in Europe and the WShAe mid to late 1950s, but it
wasn’t until the late 1960s that it was proposed its clinical efficacy stemmed from its

action as a dopamine antagonist (Kapur & Mamo, 2003

This transformation in the treatment of schizophlaeasulted in a corresponding change
in the way in which the disease itself was concaligad. Rather than emphasising social,
environmental and psychological factors as theeafischizophrenia, theorists began to
focus more on the biological underpinnings of tieedse. The significance of this
paradigm shift cannot be overstated, as it walisitime that schizophrenia really began
to be considered primarily as a disorder ofliren, as opposed to a disorder of the

psyche. This is not to say that the social, envirental and psychological theories of
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schizophrenia are necessarily outdated or incamistith the ‘biological theories’. In
fact, each of the ‘biological theories’ of schizophia described in the section below
employ a ‘diathesis-stress’ model of the diseasgeheral, the diathesis-stress model
argues that people with a pre-disposition to tiseake (e.g. a genetic abnormality), or a
diathesis will go on to develop the disease only if theg akposed to specific catalytic
environmental stressors (e.g. poor nutrition indtfood). The fact that the onset of
schizophrenia is more often than not associateld avihajor traumatic life event in
adolescence (e.g. the death of a relative, bread-aprelationship, preparation for school
exams etc.) is a testament to the validity of theegal diathesis-stress concept (Lukoff,

Snyder, Ventura, & Nuechterlein, 1984; Birley & Bno, 1970).

1.5 NEUROBIOLOGICAL THEORIES OF SCHIZOPHRENIA

1.5.1 The dopamine hypothesis

Given its enormous influence in the history of gophrenia, it is fitting that the first
biological theory of the disease to be discussehlisssection is the ‘dopamine

hypothesis’.

An elementary form of the dopamine hypothesis was ffroposed by Van Rossum in
1967:“When the hypothesis of dopamine blockage by neptm agents can be further
substantiated, it may have fargoing consequenaesdéopathophysiology of

schizophrenia. Overstimulation of dopamine receptmuld be part of the aetiology...”
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(cited in Van Rossum, 2006). The subsequent disgafehe D2 dopamine receptor
(Seeman, Chau-Wong, Tedesco, & Wong, 1975) ledeadpeated confirmation of it
being the primary site of action for all antipsytthanedications (Seeman, Lee, Chau-
Wong, & Wong, 1976). Furthermore, more recent &sitiave reported increased
synaptic dopamine and increased numbers of postpsigrD2 receptors in patients with
schizophrenian vivo (Abi-Dargham et al., 2000). Finally, the admirasion of

dopamine agonists (e.g. apomorphine) have beenrstmimduce psychotic symptoms in
patients with Parkinson’s disease (Friedman & Fa@@00) and to worsen psychotic

symptoms in patients with schizophrenia (Lieberraetal., 1984).

However, in spite of dopamine’s undoubted rolehim aetiology of schizophrenia, there
are a number of shortcomings with the dopamine thgsis as it was originally
formulated. The first shortcoming is the fact tinile antipsychotic drugs are effective
in relieving the ‘positive symptoms’ of the disedeey. hallucinations, delusions), they
are comparatively ineffective against the ‘negasiymptoms’. This suggests that there
are different neurochemical mechanisms underlyegpositive’ and ‘negative’
symptoms of schizophrenia (Davis, Kahn, Ko, & Da&ad, 1991). In support of this,
while numerous studies have found evidence foeg®ed synaptic dopamine (Seeman &
Kapur, 2000) and increased numbers of dopamingtexse(Seeman, 1992) in the striata
of patients with schizophrenia, other studies hauggested that the prefrontal cortex
(PFC) is hypodopaminergic in patients with schizepia compared to healthy controls.
For example, in a Positron Emission Tomography (PEddy, Okubo et al. (1997)

injected a dopamine-selective radioligand intolihens of 17 drug-naive patients with

16



schizophrenia and observed a reduction in the nuofii®l dopamine receptors in the
PFC relative to 18 matched healthy controls. Addiily, in an immunocytochemical
study, Akil et al. (1999) used antibodies to tag &xons of cells producing tyrosine
hydroxylase (an enzyme involved in dopamine synsheand reported a decrease in the
density of these axons in the PFC of 16 schizopbisrbjects relative to 16 matched

healthy controlspost mortem

A second challenge faced by the original dopamypothesis comes from previous
studies that have reported an association betdeereasedevels of PFC dopamine and
an increase in the severity of ‘negative’ symptamgatients with schizophrenia. For
example, a study investigating the concentrationashovanillic acid (HVA) — which has
been associated with dopamine in the central nerggstem (CNS), as it is increased by
the dopamine antagonist haloperidol, and decreagdéue dopamine agonist
apomorphine (Kendler, Heninger, & Roth, 1981; KendHeninger, & Roth, 1982) —
reported a positive correlation between blood-pkasoncentrations of HVA and the
severity of negative symptoms, as assessed b@lihieal Global Impression rating
scale (Guy, 1976) in 14 male patients with schizepta (Davidson & Davis, 1988).
Furthermore, in a PET study, Dolan et al. (199%5nfibthat the dopamine agonist
apomorphine ameliorated the impaired responseeoétiterior cingulate (a constituent
structure of the PFC) to a cognitive task involvirgbal fluency in patients with
schizophrenia. Finally, the previously cited stixgyOkubo et al. (1997) reported that
reduced numbers of dopamine receptors in the PRCagsociated with an increased

severity of ‘negative’ symptoms (assessed withBhef Psychiatric Rating Scale
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(BPRS); Overall & Gorham, 1962), and an increassgtek of cognitive dysfunction
(assessed with the Wisconsin Card Sorting Task (WQOSrant & Berg, 1948) in 17

patients with schizophrenia.

Thus there is evidence to suggest that while thesphrenia is associated with a
hyperdopaminergic state in the striatum which n@geulie the ‘positive’ symptoms of
the disease, it is conversely associated with athgpaminergic state in the PFC which

may underlie the ‘negative’ symptoms of the disease

1.5.2 Weinberger’'s model of schizophrenia

In 1987, Daniel Weinberger proposed a theory thabanted for the paradoxical
hyperdopaminergic state in the striatum and hypadopergic state in the PFC in
patients with schizophrenia. Weinberger (1987) edginat a discrete region of
neuropathology (in his words, a ‘lesion’) develogedly in life in the PFC of people
who went on to develop the disease. Weinberger/jl&gued that the effects of the
‘lesioned’ PFC remained relatively silent in chitdid, that is, restricted to a number of
mild behavioural abnormalities (such as delaye@sip@and motor development), or soft
neurological signs (such as facial tics), whichéhbeen observed in children who go on
to develop schizophrenia (Jones, Rodgers, Murraylagmot, 1994; Niemi, Suvisaari,
Haukka, & Lonngvist, 2005). Weinberger (1987) adjtieat this silence remained until
the PFC was placed under increased functional demmeadolescence and early

adulthood. Weinberger (1987) argued that this peofoncreased functional demand
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corresponded to a period of structural brain maman the PFC, which interacted with
the ‘lesion’ and caused a major disruption to treertis dopaminergic systems.
Specifically, he argued that the ‘lesion’ disruptkd innervation of the PFC by
dopaminergic neurons in the brain stem (i.e. sultist@igra and ventral tegmental area),
and that the resulting hypodopaminergic state @RRC was responsible for the
‘negative’ symptoms of the disease. Furthermoreinérger (1987) argued that because
of a feedback mechanism between the PFC and thaustrand limbic system, this
reduction in PFC dopamine resulted in an excessiveunt of dopamine being projected
to these subcortical structures, causing hyperdopagia and the ‘positive’ symptoms
of the disease. Weinberger (1987) cited work byoeket al. (1980), who observed that
the selective de-afferentation of the PFC in rassiited in chronically elevated levels of

subcortical dopamine, as support for his theory.

1.5.3 Neurodevelopmental vs neurodegenerative thees of schizophrenia

Weinberger's (1987) theory of the pathogenesisbizephrenia was, and remains,
extremely influential in subsequent research ihtodetiology of schizophrenia. There
are two important points regarding Weinberger's3@2heory that require further
discussion. The first involves the proposal thahdge to the brain early in life (and
possiblyin uterg is a predisposing factor to the much-later dgwalent of schizophrenia
in early adulthood. This proposal is the fundamietetzet of the so-called
‘neurodevelopmentaheories of schizophrenia, of which Weinbergevas one of the

first and certainly one of the most influential llBaving on from the ideas of Weinberger,
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a number of alternative ‘neurodevelopmental’ thephave subsequently been proposed
in the literature. For example, in contrast to Veirger’s (1987) ‘one-hit’ model, which
argued that a single perinatal brain insult waigaht to precipitate the development of
psychosis in early adulthood, a number of subsddtveo+-hit’ models have argued that
exposure to a second risk factor in the ‘dangeipdearound adolescence and early
adulthood is necessary to precipitate the onspswéhosis. Thus these ‘two-hit’ models
subscribe to the general ‘diathesis-stress’ condisptissed in Section 1.4. Some ‘two-
hit’ models have emphasised the role of certaineam®nal drugs (e.g. marijuana,
amphetamines) as being factors potentially prestipij the onset of psychosis
(Hambrecht & Hafner, 1996; Arndt, Tyrrell, Flaum,Adreasen, 1992), while others

have focused on the role of stressful life eve@idlperg, 2003; Day, 1981).

Keshavan (1999) even went so far as to proposdeeethit’ model of the pathogenesis

of schizophrenia. As with the ‘two-hit’ models, Kesvan (1999) argued that the presence
of adverse psychosocial factors in adolescence keergred for patients’ pre-morbid
disposition for psychosis (possibly caused by agagical genetic profile) to become
manifest. However, Keshavan (1999) went furthealguing that the neurotoxic effects
associated with untreated psychosis were necefigatye development of full-blown
schizophrenia, as opposed to a single psychotgodpitriggered by the first two ‘hits’
mentioned above. The obvious implication of Kesim&/§1999) model is that it is

crucial that patients with psychosis receive treathfe.g. neuroleptics) as soon as
possible after their first psychotic episode, as thay stave off the subsequent

development of schizophrenia. Investigations abkecefficacy of such ‘early-
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intervention’ treatment programs have producedvempail results, as some studies have
reported an improved patient prognosis as a re$tiftese programs (Carbone, Harrigan,
McGorry, Curry, & Elkins, 1999) while others hawaléd to do so (Kuipers, Holloway,
Rabe-Hesketh, Tennakoon, & Croydon Outreach andrfgs Support Team (COAST),

2004).

A somewhat different ‘neurodevelopmental’ model wesposed by Murray et al.

(1992). While Murray et al. (1992) accepted thabdame-hit’ tenet of a perinatal brain
‘lesion’ interacting with the adolescent brain nration and triggering the onset of
psychosis, they argued that this model applied tmby subset of patients with
schizophrenia. Murray et al. (1992) made a distmcbetween ‘congenital’ and ‘late-
onset’ schizophrenia, and argued that while ‘contgrschizophrenia was associated

with abnormal neonatal brain development, mild behaal abnormalities and mental
retardation in childhood, ‘late-onset’ schizopheewias not associated with these features

and was instead caused by a neurodegenerativeseipsacess starting in middle age.

The idea that schizophrenia is associated withressgve brain atrophy over the course
of the disease is the fundamental tenet of thealeec'neurodegenerativeheories of
schizophrenia, which have become the major congosetio the ‘neurodevelopmental’
theories (Lieberman, 1999). The ‘neurodegeneratheories developed, at least in part,
as a reaction against the somewhat fatalistic gggsamimplicit in the
‘neurodevelopmental’ theories (at least in theioag'one-hit’ hypothesis) that the

development of schizophrenia was inexorable giherrélevant noxious perinatal
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precursors, that is, that patients wedledmed from the worfibas coined in the phrase

by Murray and Lewis (1987, p.681). It has been adgihat one of the strongest pieces of
evidence in favour of the ‘neurodegenerative’ theoof schizophrenia is the ephemeral
symptom profile associated with the disease.\Wwai known that the symptom profile of
patients with schizophrenia tends to change owecthurse of the disease, with the
general trend being an improvement in the sevefithe ‘positive’ symptoms and a
worsening in the severity of the ‘negative’ sympsofiicGlashan, 1998). lliness
chronicity has also been associated with a deatipatients’ cognitive abilities,

(Linscott, 2005; Cuesta, Peralta, & Zarzuela, 1¥Rler et al., 1992), particularly in
executive functioning (see also Appendix 1). Imtigf the fact that ‘negative’ type
symptoms and deficits in executive functioning hayecally been associated with

frontal lobe damage in the neuropsychologicalditere (Lezak, 1995), it was proposed
(e.g. Ashe et al., 2001) that the diminution of@xeve functioning skills in patients with
schizophrenia and the worsening of the ‘negatiyaigom of the disease, arose from the
progressive atrophy of the PFC. Critics of the viBawever, argued that it was chronic
patients’ long-term exposure to neuroleptic medicathat was responsible for the
severity of their negative symptoms and cognitigelithe rather than neurodegeneration
per se(Hegarty, Baldessarini, Tohen, Waternaux, & Oefd®94). | will return to

discuss the effects of the long-term exposure twaleptic medication in patients with

chronic schizophrenia in Section 1.6.6

Proponents of the ‘neurodevelopmental’ hypothesee largued that the failure to find

evidence of reactive gliosis in the brains of paBewith recent-onset schizophrenia
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supports the idea that any brain damage assoaiatiedchizophrenia must occur well
before to the onset of psychotic symptoms. The tghwosis’ refers to a proliferation of
astrocytes in a damaged region of the central msrggstem (CNS) (Pekny & Nilsson,
2005). Astrocytes are glial cells that are involuethe repair of neural tissue and the
production of protective scar tissue. Gliosis ig pathe body’s natural response to
unplanned neuron death, especially necrosis, whialtype of cell death typically
caused by cell hypoxia, hypothermia, trauma or syp®to toxins, in which cells swell
and burst their membranes (Raff, 1998). Given tiearodegenerative diseases are
typically associated with gliosis (e.g. Alzheimatisease; Liu, Erikson, & Brun, 1996), it
has been suggested that the failure to find evelehgliosis in patients with
schizophrenia indicates that schizophrenia is n@wmodegenerative disease (e.g.

Weinberger, 1987).

In response to this point, it has been arguedttiz@tthe absence of gliosis in patients
with schizophrenia could be consistent with an apiigppneurodegenerative mechanism,
as opposed to a necrotic neurodegenerative mech#eaig. Margolis, Chuang, & Post,
1994). Apoptosis is a form of programmed cell deatiwhich the activation of a specific
sequence of genes inside a cell causes a cascaderd$ that result in the cell
‘committing suicide’. Apoptosis is an essentialttera of prenatal brain development in
all mammals; for example, genetic mutations thitai apoptosis in the developing
brain in mice are lethal (Kuida et al., 1996). Aposs is executed by ‘caspases’ present
inside the cell which, when activated, cleave thelear membrane and the proteins that

make up the cells cytoskeleton and those thattatteecell to its neighbours, and
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activate the release of ‘DNase’ which destroysciélés DNA (Raff, 1998; Henderson,
1996). Furthermore, cells undergoing apoptosisasignphagocytes to come and
consume their contents by flagging the cell membraith a phospholipid molecule.
Unlike necrosis, apoptosis does not result in gliasd hence it has been suggested by a
number of ‘neurodegenerative’ theories as beingrteehanism underlying the proposed
progressive brain atrophy associated with schizaphr Apoptosis and its possible role

in the aetiology of schizophrenia will be discusfather in Chapter 4.

The ‘neurodevelopmental’ and ‘neurodegenerativedthtes of schizophrenia have often
been considered mutually exclusive. However, a rerrnbcontemporary theories have
attempted to combine the characteristic featurébesfe two models. Ashe et al. (2001),
for example, proposed a hybrid theory of schizopiaréhat incorporated elements of
both the ‘neurodevelopmental’ and ‘neurodegenegatihodels. Ashe et al. (2001)
argued that genetic defects and prenatal streseald result in the development of a
disposition to schizophrenia (i.e. a diathesiskdeping with the ‘two-hit models’ of
schizophrenia, Ashe et al. (2001) argued that sghinia became manifest in
adolescence when the disposed individual underthentharacteristic normative period
of structural brain maturation associated with gfesiod, combined with the associated
social and environmental pressures. However, Ashé €001) diverged from the ‘two-
hit’ models by arguing that the neuroanatomicalaabralities associated with the onset
of psychosis were progressive in nature, and coatinndefinitely into adulthood.
Specifically, Ashe et al. (2001) proposed thatrass-triggered reduction in Brain

Derived Neurotrophic Factor (BDNF), a chemical resesy for the growth and
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development of neurons, was responsible for thisateegeneration. | will discuss the
role of trophic factors in the aetiology of schihognia further in Section 1.5.5. Similar
‘hybrid’ models of schizophrenia have been propdseMurray et al. (1992) and

Pantelis et al. (2003).

1.5.4 Structural brain maturation in adolescence

In Section 1.5.3, | commented that there were twpartant points to note about
Weinberger's (1987) influential theory on the aletyy of schizophrenia, with the first
being its ‘neurodevelopmental’ origins. The secpouht relates to Weinberger’'s
emphasis of the role of periadolescent brain méturan the onset of schizophrenia. As
Weinberger (1987) commented, one of the undeni@hieal facts about schizophrenia
is the“very high probability that it will become clinichl apparent in late adolescence or
early adulthood”(p.660), with the vast majority of cases occuriiegween the ages of

15 and 25 years for men and between 15 to 30 yeavsmen (Jablensky, 1997).

Although it was originally thought that the devetognt of the CNS only proceeded for
the first few years after birth, subsequent stubllese suggested that the periadolescent
period is also a time of great structural brainngfea This structural brain change is not
thought to encompass a modification in the numibeearonsper se(as neuron number
is thought to remain relatively stable from eatiyidhood until old age (Williams &
Herrup, 1988)), but rather a dramatic reductiothennumber of synapses. For example,

Bourgeois and Rakic (1993) used an electron miaggyto count the number of
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synapses in the visual cortex of macaque monkeygeka 2.7 and 5 years of age (the
period corresponding to their adolescence) anchastd that they were losing
approximately 5000 synapses per minute in thisoregver this period. Similar results
have been reported in humans. For example, Huttkatcand Dabholkar (1997) used
electron microscopy to quantify the synaptic dgnsitthe middle frontal gyrus and
auditory cortex in normal human braingst mortemand observed an abrupt reduction in
the synaptic density of the middle frontal gyrusadolescence that wadearly distinct
from the much later and smaller magnitude agingngjes” (p.175). Huttenlocher and
Dabholkar (1997) did not find evidence of suchstidct period of synaptic elimination
to occur in the auditory cortex in adolescence cWlis consistent with the findings of the
majority of previous studies that have reportedftbrtal and parietal association
cortices to be most affected by this period of adoént brain change (e.g. Sowell et al.,
1999). This, of course, makes Bourgeois and Raki®93) observations of enormous
synaptic reductions in the primary visual cortexatdolescence even more significant, as
presumably the rate of synaptic elimination woutdelven higher in the association
cortices. The sheer magnitude of this period oinbm@aturation has led a number of
theorists to focus on its role in the onset of pggis and the development of

schizophrenia.

1.5.5. Dysfunctional synaptic ‘pruning’ in schizophenia

In a highly influential paper, Feinberg (1982) segigd that schizophrenia was caused by

an abnormality in the period of periadolescentrbraaturation. Citing an electron
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micrograph study by Huttenlocher (1979), which aaded that there was a substantial
reduction in the synaptic density in the frontdddassociated with healthy adolescence
(which was in itself a fairly radical idea at the¢), Feinberg (1982) argued that this
“synaptic pruné(p.319) arose because of a sudden decrease avéiability of the
chemicals necessary for the survival of neuronstaeid associated synaptic
infrastructure (i.e. dendrites and axon termindlBese ‘chemicals’ have subsequently
become known as ‘trophic factors’ or ‘neurotrophifitom the Greek wordrophé,
meaning nourishment. Brain Derived Neurotrophictéa(BDNF) and Nerve Growth
Factor (NGF) are the two most widely investigateghic factors in the contemporary
neuroscience literature. Feinberg (1982) speculduacthis ‘synaptic prune’ could
possibly be triggered by the hormonal changes ckexiatic of puberty. Furthermore, he
speculated that a synapse’s workload, or how hgdwas used, was linked to its

probability of being eliminated or preserved.

Feinberg’s (1982) proposal is consistent with tlogknof Dale Purves, who has
suggested a possible mechanism for the large-poadgammed elimination of synapses
in the developing perinatal nervous system. Pu{888) has argued that at any given
synapse, stimulation by the pre-synaptic neuroseatrophic factors to be expelled into
the synaptic cleft by the post-synaptic cell. Thesphic factors are then taken-up by
receptors on the pre-synaptic cell’s axon termiaals transported retrogradely (i.e.
along the axon) to the pre-synaptic cell body. Bsrd998) has argued that competition
for trophic factors in the developing nervous syste the mechanism underlying

synaptic elimination. Specifically, Purves (1998slargued that the more active a
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synapse is, the more likely it is to obtain a sudint supply of trophic factor from the
post-synaptic cell to ensure its survival. Purvas &lso suggested that the synchronicity
of a synapse’s activity influences its chancesuo¥isal, with synchronous activity
impeding synaptic pruning and asynchronous actefiigbling or even enhancing

pruning (Purves & Lichtman, 1980).

In relation to the aetiology of schizophrenia, Berg (1982) argued that schizophrenia
was caused by a dysfunction in the normative pasicgynaptic pruning in
periadolescence, such th&bd many, too few or the wrong synapses are elitadia
(p.331). Feinberg (1982) argued that the conseguehsuch a ‘mis-prune’ was a
disintegration of neural activity, with the ubiquits schizophrenic symptom of
disorganized thinking being the most direct clihitanifestation. Following on from this
idea, dysfunctions in neural integration (or ineastivords, abnormal neural connectivity),
have formed the basis of a number of recent theoegarding the aetiology of
schizophrenia. As | will discuss below, these tieohave used the concept of
disintegrated neural activity to explain the whaigriad of symptoms associated with

schizophrenia.

1.5.6 Schizophrenia as a dysfunction in neural comativity

Bartzokis (2002) proposed a model of schizophreutigh emphasised the role of

dysfunctional neural connectivity in the developmainpsychotic symptoms. Bartzokis

(2002) cited research which indicated that the mawf white matter in the frontal and
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temporal lobe increased into the forties in heafibgple (Bartzokis et al., 2001). As |
will discuss further in Section 1.6.1, white maiteconstituted primarily of myelin
sheaths, which modulate the transmission velodigction potentials along axons
(Aboitiz, Scheibel, Fisher, & Zaidel, 1992). Intigof this, Bartzokis (2002) argued that
an abnormality in the processes of myelination gon®ein this extensive period of brain
maturation could result in a dysfunction in themal timing of neural activity, and a
disintegration in thefébrmation of associations between disparate evespsirated in
time’ (p.674) in patients with schizophrenia. Such afdgiction in neural timing could,

he argued, underlie the psychotic features of sgiieenia.

While Bartzokis (2002) refrained from speculatitgpat the specific mechanisms by
which dysfunctions in neural connectivity could girrse to symptoms of psychosis,
Chris Frith has given this issue extensive consiitan. Frith (1992) argued that a
number of the ‘positive’ symptoms of schizophreaniase from a deficit in ‘self-
monitoring’, or an inability to recognize one’sfsgénerated thoughts and actions as
being self-generated. For example, Frith (1992kmered the very common
schizophrenic delusion of ‘alien control’, in whiplatients believe that they are not in
control of their body, but that some external fasceompelling them to move — like a
puppet being manipulated by a puppeteer. For exarfigie force moved my lips. |
began to speak. The words were made for (Reth, 1992, p.66). Frith (1992) argued
that delusions of ‘alien control’, arose when patiseexperienced their body moving
before they became aware of their intention to mbuerith (1992) speculated that a

dysfunction in the neural connectivity betweenftloatal and parietal lobes was the
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physiological underpinning of delusions of ‘alieontrol’. Frith, Blakemore and Wolpert
(2000) cited evidence suggesting that while extgrigenerated actions (e.g. someone
else picking up your hand and moving it) were aisged with high activity in the
somatosensory and neighbouring superior parietéxanternally generated actions
were associated with low activity in these regi(gence et al., 1997). Frith, Blakemore
and Wolpert (2000) argued that this was becau$eeerkrated actions initiated in the
supplementary motor area (SMA) (Passingham, 19833ex the inhibition of activity in
parietal cortex by means of so-called ‘corollargatiarges’ from the SMA neurons. They
cited a supporting study that showed that whentlwyealbjects tickled themselves it
resulted in minimal activation of the aforementidmparietal areas compared to when
these subjects were tickled by someone else (BlakeVolpert, & Frith, 1998). Frith,
Blakemore and Wolpert (2000) argued that abnormaalit these ‘corollary discharges’
were responsible for delusions of ‘alien contrab,the failure to inhibit parietal activity
led to self-generated movements being perceivéxting externally generated. An
alternative explanation of this phenomenon is thate is an abnormality in thigning of
the corollary discharges, such that the parietdbgactivity is inhibited by the SMA
neurons after the bodily movement has actually wedu This could be imagined as your
hand moving before you become aware of your inbarttb move it. Such an abnormality
in neural timing could result from a dysfunctiontine processes of the myelination of

these frontal-parietal projections, in line witle ttheory proposed by Bartzokis (2002).

It may initially seem as though the explanatory powf a theory focusing on self-

monitoring deficits in patients with schizophrersdimited to explaining delusions of
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‘alien control’. Frith (1992), however, has argubdt a similar mechanism underlies a
number of the other ‘positive’ symptoms of schizagha. For example, he proposed that
a failure to recognize the self-generated natur@nefs own thoughts could lead to
symptoms of thought insertion, in which patientpenence thoughts coming into their
mind from an outside source, or in auditory halations, in which self-generated sub-

vocalisations are perceived as being externalleggad voices.

Nancy Andreasen also proposed a model of schizohtieat emphasized the role of
abnormal neural connectivity. Consistent with tthesis of Bleuler (1911), Andreasen
(1999) argued that the fundamental abnormalitxcmzophrenia was a loosening of
associations between cognitions or, as she paiteggnitive dysmetria’ which was the
“disruption of the fluid, coordinated sequenceshotight and action that are the
hallmark of normal cognitioh(p.784). Specifically, Andreasen (1999) argueat tihis
‘cognitive dysmetria’ arose because of a breakdmwreural connectivity between the
cerebral cortex (and particularly the PFC) andatrebellum, a loop that was mediated
by the thalamus. In saying this, Andreasen (1998 ane of the first theorists to argue
that the cerebellum did more than coordinate mattivity, as had long been thought to
be its sole responsibility. Andreasen (1999) argheatithis ‘cognitive dysmetria’
underlay all of the symptoms of schizophrenia. &fgeied that the breakdown in

connectivity between the cortex and the cerebeltusthizophrenia led to patients:
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1) making inappropriate associations between menpaésentations — which
resulted in disorganized thought and behaviouisgmrtory delusions and
inappropriate affect,

2) losing the ability to distinguish between theirfseid the external world — which
resulted in auditory hallucination and certain dedas as per Frith (1992), and,

3) losing the ability to distinguish between importand trivial stimuli — which

resulted in delusions of reference, poor commuitnakills etcetera.

Furthermore, Andreasen (1999) argued that diffiesilin inhibiting the relevant from the
irrelevant could also result in some of the ‘negasymptoms’ of schizophrenia, such as
avolition and alogia, as it could cause patientfré®ze up’, ‘much as a computer locks
up when it cannot match signals sent at an incdmrate or to an incorrect place

(p.785).

One final, and controversial, theory of schizophxgroposed by Tim Crow emphasized
the role of aberrant functional and structural iofaterality in the aetiology of the
disease, specifically in those brain regions spiieei@d for language. Crow (1997)
considered the fact that while schizophrenia untelp has a strong genetic component
(with previous studies indicating that the monozygtwins of schizophrenic patients
have a greater than 40% chance of developing Sease themselves — a rate 40 times
higher than the general population (Gottesman, MG W& Farmer, 1987)), it is also
clear that patients with schizophrenia have fareieghildren on average than do the rest

of the population (McGrath et al., 1999). Crow (IPBegan his theory by asking why it
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was that the genes responsible for schizophremianbtibeen ‘bred out’ over time, and
why the rates of schizophrenia were generally reploais being consistent and stable
over time and across cultures (Jablensky, 199Dw{1997) concluded that the genetic
variation that gave rise to schizophrenia mustdreordantly associated with a
behavioural feature characteristic of the humarmisgeand he proposed that this feature
was the ability to use language. As Berlim et2003) commentedpsychosis and

language are both linked to the genetic change dhiginated the speciég¢p.9).

Crow (1997) argued that the development of langueageenabled by the development
of structural asymmetries in the hemispheres ohtlraan brain. Crow (1997) cited the
fact that the vast majority of the general popolaijand an even greater proportion of
right handed people) exhibited a left-greater-thight pattern when it came to the
volume of the posterior temporal lobe and antgrantetal lobe structures, (e.g. the
superior temporal gyrus, planum temporale, Wersilkega), which have long been
known to be involved in the processing and comprsioa of language (Harasty,
Double, Halliday, Kril, & McRitchie, 1997; Naeséielm-Estabrooks, Haas, Auerbach,
& Srinivasan, 1987). Crow (1997) argued that thisctural asymmetry was indicative of
an adaptivéunctionalasymmetry, by which time-critical aspects of |laage were
processed in the same hemisphere in order to mseiprocessing speed (Ringo, Doty,
Demeter, & Simard, 1994). Citing a number of stadiet indicated that patients with
schizophrenia exhibited less structural brain asgtmyrin the language centres than did
healthy people, Crow (1997) argued that patients sghizophrenia exhibited a failure

of hemispheric dominance for language. Put simpipw (1997) argued that in patients
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with schizophrenia, the time delay inherent in hgwio use both hemispheres to process
language led to abnormalities in neural timing, andsequently the symptoms of
schizophrenia. In this sense, the concept of dygsimmal neural connectivity also lay at
the heart of Crow’s (1997) model, although the na@itm he proposed for this
dysfunctional connectivity was very different frahose outlined in connectivity models

proposed by Bartzokis (2002), Frith (1992) and Asaden (1999).

1.6 THE NEUROANATOMICAL UNDERPINNINGS OF

SCHIZOPHRENIA

From the above discussion it may appear as thdwgmajor contemporary biological
theories of schizophrenia have very little in conmmath each other. For example, while
Weinberger (1982) emphasized the significancepdranatal ‘lesion’ in the PFC in the
development of schizophrenia, Feinberg (1982) esipkd the role of dysfunctional
synaptic ‘pruning’ in adolescence. Bartzokis (20@2) the other hand, focused on
abnormalities in axonal myelination in patientshwsthizophrenia, while Crow (1997)
emphasized the significance of abnormalities inldkeralisation of the brain’s language
centres, and so on. In spite of the significarfedénces between them, however, all of
these theories have one feature in commtirey all explicitly propose the existence of
specific neuroanatomical abnormalities in patientsvith schizophrenia The primary
aim of this thesis was to identify the specifiaustural brain abnormalities exhibited by

patients with schizophrenia. The following secteoms to describe the methods that have
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been used in the literature to look for evidencstnfctural brain abnormalities in

patients with schizophrenia.

1.6.1 ldentifying and quantifying neuroanatomical dnormalities in patients

with schizophrenia

Given the long history of theorizing as to the orggof schizophrenia, it is perhaps not
surprising that there has been a correspondingly hastory of research examining the
structural brain abnormalities associated withdisease. The first investigations of the
neuropathology of schizophrenia wem@st mortenstudies that took place in the laté"19
and early 28 centuries (Shenton, Dickey, Frumin, & McCarleyD2)) The methodology
employed by most of these early studies involvedogng the deceased patient’s brain,
dissecting it and comparing it qualitatively to thrains of deceased ‘normal’ individuals.
Despite their crude methodologies, even these strtlies were able to distinguish
between three primary types of brain tissue. Tist, fivhich was dubbegrey matter
because of its greyish-brown appearance, was ctatethin the middle of the brain and
also constituted its outermost layer (which washduabthe ‘cortex’ from the Latin word
for ‘bark’). Subsequent research identified theygratter as being constituted mostly of
neuron bodies and their associated dendrites amdl taxminals (Carlson, 2002). The
second tissue type, dubbetiite mattebecause of its whitish appearance was observed
to lie primarily between the cortical and subcatigrey matter. The fact that white
matter was observed to be continuous with the spord, which was known to relay

sensory information from the body to the brain, iethese early researchers making the
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correct assumption that the white matter relay&atmation to and from the cell bodies

in the grey matter (Bear, Connors, & Paradiso, 1996bsequent research identified that
white matter as being constituted primarily of thgelinated sheaths of the axons
corresponding to the neuron bodies in the greyenarhe third ‘tissue’ type, dubbed
cerebrospinal fluid (CSFK)was observed to be a clear fluid that surrouridedrain and
filled its inner cavities or ‘ventricles’. Subseaueesearch identified the primary
functions of the CSF as being a ‘shock-absorbertie brain and also enabling the
transport of nutrients to the brain and the trarnspiometabolites away from it (Kandel,
Schwartz, & Jessell, 2000). gost mortenslice of the human brain in which the grey
matter, white matter and ventricles (which aredllith CSF in the living brain) are

clearly distinguishable is illustrated in Figurel.1-
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Figure 1-1 A post mortenslice of the human brain with the grey matter,tesimatter and
ventricles (which are filled with cerebrospinalifiun the living brain) clearly delineated. Image
from Carlson et al. (2002)

The majority of these earlyost mortenstudies reported little evidence of
neuroanatomical abnormalities in patients with agphrenia, at least in comparison to
the substantial pathologies that were observeatiemts suffering from some of the
other neurological disorders being studied atitihhe tsuch as Alzheimer’s disease
(Dunlap, 1924). And while some studies reportelightsatrophy of the cerebral cortex,
particularly in the frontal lobe (e.g. Southard14 and an enlargement of the lateral

ventricles (Jacobi and Winkler 1928, as cited ier@on et al., 2001) in patients with
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schizophrenia, the majority did not and the deaftbupporting studies led to the widely
held belief that There is no neuropathology of schizophréiftdle of the first
International Congress of Neuropathology, Rome2185 cited in Bogerts, 1999), and

that “schizophrenia is the graveyard of neuropathologigilum, 1972).

This perception changed, however, with the adve@amputer Assisted Tomography
(CT) in 1973 (Hounsfield, 1973). Computer Assiste@inography was the first of the so-
called ‘neuroimaging’ techniques, which enabledwisealization of brain structure in a
living person. The CT scanner worked by passingaarbof X-ray radiation through the
patient’s brain and measuring with a detector thergy of the X-rays that emerged out
the other side. Dense tissues such as bone tenddddrb more of the X-rays’ energy
(and hence allowed less energy through to the tgjeban less dense tissues such as
CSF. The X-ray generator (and the correspondingotiat) moved 360° around the
patient’s head and thus enabled the constructien2sflimensional cross-section of the
brain. By acquiring a number of cross-sectionalgesathrough the patient’s brain, a 3-
dimensional CT image could be generated in whifflerdinces in image intensity
enabled the differentiation of the brain’s congitutissue types. A CT image of a living

human brain is provided in Figure 1-2.

38



Figure 1-2 A CT scan of the living human brain. Whilst thes$ and ventricles can be clearly
distinguished from the underlying brain tissués itnore difficult to distinguish between the grey
and white matter of the brain. Image from Sharnd@hitnis (2000)

The first CT investigation of structural brain abmality in patients with schizophrenia
was performed by Johnstone et al. (1976), who teganlarged lateral ventricles in the
patient group compared to matched controls. Thidysinitiated a flurry of CT research,
with enlarged ventricles, enlarged frontal lobecswdnd temporal lobe atrophy being
commonly reported (see reviews by Raz, 1993; Sh&lt¥einberger, 1986). Whilst
studies employing CT had a major advantage pust mortenstudies in that they
avoided the confounds associated with investigaidgad brain (such as the shrinkage
and swelling of brain tissue, and brain changesrs#ary to neurological or vascular
diseases (Falkai & Bogerts, 1995)), their majoittion lay in the fact that while CT
provided a good contrast between skull, brain @ssud CSF, it did not provide a good
contrast between grey and white matter. This mae@listinction between the
subcortical grey matter structures and the neighbguvhite matter especially difficult

(Sharma & Chitnis, 2000).
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This limitation was overcome in the mid-1980s vilie development of a new
neuroimaging technique known as Magnetic Resonbmnaging (MRI). Magnetic
Resonance images provided a much clearer delimela¢iveen the grey and white
matter of the brain than did CT images. In receatry, MRI has become the most widely
used neuroimaging technique for structural braseaech, although CT is still widely
used clinically thanks largely to its being consadgy less expensive than MRI. In this
thesis | used the neuroimaging technique of MRélémtify and quantify the structural
brain abnormalities present in patients with sghiwenia. In the following section | will
briefly review the principles of MRI, and descrite ways it can be used to identify and

guantify structural brain abnormalities.

1.6.2 Principles of Magnetic Resonance Imaging (MRI

The MRI scanner is built around a powerful magnth) a typical magnetic field
strength of one to three Tesla. Magnetic ResonBnaging works, in essence, because
of the fact that the three constituent tissuefefirain (i.e. grey matter, white matter and

CSF) have different magnetic properties.

Protons have an inherent property called ‘spin’icliis often described as being
analogous to the spinning of a child’s top (Friedmalones, Chavez-Munoz, Salmon, &
Merritt, 1989). As protons are charged particlbsjrtspin generates a tiny magnetic
field, which leads to protons being dipolar, trgtthey have a north and a south pole.

The magnetic orientations of protons in the braenreormally randomly distributed,
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however in the presence of an external magnetit fseich as that produced by an MRI
machine) the protons will align themselves eitramaflel or anti-parallel with the
direction of the magnetic field. Due to its beintpaver energy state, a slightly higher
proportion of protons align themselves parallegh® magnetic field, and thus there is a
resultant slight net magnetization parallel todlkes of the magnet. Specifically, it has
been estimated that for every 10 000 000 protagaed anti-parallel to the magnetic
field, 10 000 007 are aligned parallel (Schild, @9 he resultant net magnetization

parallel to the magnetic field is referred to aslmgitudinalmagnetization

The external magnetic field generated by the saamlse causes the protons to ‘spin’
differently than they would normally; rather thagnrsing stably on their axis, the
external magnetic field causes the protons to ‘ebhbke a child’s top that has been
bumped (Schild, 1990). This characteristic ‘wobflimovement of protons is referred to
as ‘precession’. The speed at which protons pregcesshe precession frequency) is
related to the strength of the external magnetid fiwith higher magnetic field strengths
causing higher precession frequencies. While aligors will precess at the same
frequency given a constant magnetic field strentpiy will not all be the same points in

their orbit round their axis, that is, they willtradl be precessing in phase.

The administration of a pulse of electromagnetttaton in the radio frequency (RF)
band at the exact precession frequency of the psatauses two things to occur. Firstly,
it causes some of the protons aligned paralléiéanagnetic field to absorb energy and

flip to being anti-parallel. This reduces the sif¢he longitudinal magnetization.

41



Secondly, it causes the protons to begin to praogsisase. This produces a so-called
transverse magnetizatidhat spirals with the precession of the protoneeWthe RF
pulse is turned off, and the behaviour of the pietis once again determined by the
external magnetic field, two processes simultangaaccur. Firstly, protons that were
flipped to being anti-parallel to the external memmfield return to being parallel, and
thus the longitudinal magnetization increasess@atiue prior to the RF pulse. This
process is known akl-relaxation Secondly, the protons stop precessing in phage an
start to de-phasé&his results in a loss in transverse magnetizdtats value prior to the
RF pulse (i.e. to zero), and this process is knag/f2-relaxation It should be
emphasized that these two processes occur simaitalyeand independently after the
RF pulse is turned off. The changing magnetizaéissociated with the T1 and T2-
relaxation induces an electrical current that tecked by an antenna (known as the
receiver coi) that is placed around the patient’s head. Thastgtal current (or MR
signal) is the signal used in MRI. By manipulatthg parameters of the scanning
sequence such as repetition time (TR — the timed®t sequential RF pulses) and the
echo time (TE — the time between the first (ofaisk two) RF pulses and the sampling of
the MR signal), it is possible to bias the scanaxs emphasizing differences in
longitudinal or transverse relaxation. Thus a Tiglveed scan emphasizes differences in

T1-relaxation while a T2-weighted scan emphasiz#srdnces in T2-relaxation.

The scanning sequence that | have used in alleostiidies in this thesis is a typical T1-
weighted scan that has been dubbed the ‘MPRAGH @oa a general overview of the

MPRAGE sequence see http://www.mri.jhmi.edu/~cramfpcols/mprage.html It is
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possible to employ a T1-weighted scan when imatiiedorain because of the fact that
the three constituent tissue types (i.e. grey maitieite matter and CSF) each show
differences in T1-relaxation. Of the three tissymes, white matter has the fastest T1-
relaxation time (i.e. the shortest time for thegibndinal magnetization to return to its
pre-RF levels) due to its high concentration oftpng in the fatty myelin sheath
surrounding the axons. Cerebrospinal fluid, onatiner hand, has the slowest T1-
relaxation time of the three tissue types, duééoldw proton density inherent in its high
water content. Grey matter has a T1-relaxation beteveen that of white matter and
CSF. Thus when sampling the MR signal at a givee tafter the RF pulse, WM will
have a higher longitudinal magnetization than greyter that will have a higher
longitudinal magnetization than CSF. In light oé tlact that a high longitudinal
magnetization is associated with an intense MRasjgrhite matter appears bright or
white on an MR image, while CSF appears dark arkbl&rey matter appears as an
intermediate intensity between white and black,grey. A typical MPRAGE scan of the
human brain is presented in Figure 1-3. As careka,she MR image is of a far superior
resolution to the CT image shown in Figure 1-2, simolws a clear demarcation between

the white matter, grey matter and CSF.
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Figure 1-3 A T1-weighted MR image of the living human bréihe brain of the author, in

fact!). MRI allows for a clear delineation betwet®e three fundamental tissue types of the brain:
the grey matter (e.g. in the parietal cortex), ehatter (e.g. in the corpus callosum), and
cerebrospinal fluid (e.g. in the lateral ventrigles

Since the development of MRI in the mid-1980s & bacome the most popular
technique for assessing and most importamuigntifyingevidence of structural brain
abnormalities in all manner of psychological andméogical conditions including
Alzheimer’s disease (Lee, Mintun, Buckner, & Moy2003), Huntington’s disease
(Kassubek et al., 2004), Parkinson’s disease (Br02800), depression (Kanner, 2004),

obsessive-compulsive disorder (Valente, Jr. eR8D5), bipolar disorder (Monkul,
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Malhi, & Soares, 2005) and, of course, schizoplaéKasai et al., 2002; McCarley et al.,
1999; Pearlson & Marsh, 1999). There are two gémechniques that have been widely
used to assess and quantify evidence of strudttaal abnormalities in patients with

schizophrenia on the basis of MR images. Thesanigaobs have been referred to as the

‘Region-of-Interest’ (ROI) approach and the ‘stiti@l imaging’ (S1) approach.

1.6.3 Assessing neuroanatomical abnormalities ondfbasis of MR images:

the Region-of-Interest (ROI) approach

Assessing the existence and extent of neuroanaababoormalities in patients with
schizophrenia using the Region-of-Interest (ROpPrapch is conceptually very simple.
The technique involves taking a 3-dimensional Médrsand manually tracing the
structure or region of interest on each individslade. For example, the region being

traced in Figure 1-4 (from a study by Lee et @002 is the fusiform gyrus.
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Figure 1-4 Using the Region-of-Interest (ROI) approach teestigate the neuroanatomical
underpinnings of schizophrenia. In this example,ftisiform gyrus is being defined as the ROI.
Image from Lee et al. (2002)

By calculating the area of the traced ROI in edide gwhich is normally done by
counting the number of constituent pixels, with tied¢p of a MRI analysis software
package such as MRICRO (Chris Rorden,

http://www.psychology.nottingham.ac.uk/staff/crliono.html), and multiplying this by

the slice thickness (which is a parameter of thd Bdgjuisition), it is possible to
calculate the volume of a given structure/regiangiach participant, and thus compare

the volume of this structure/region between a pa@ad control group.

The major advantages of using an ROI approachatsttis a simple technique to

implement, and does not require the warping of Esaguch as is required by the
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‘statistical imaging’ techniques described belowefle are, however, a number of
disadvantages of the ROI approach. The first digathge is that it is a very time-
intensive process. Given a slice thickness of 1 (aneasonably standard resolution for
T1-weighted MRI scans), a subject’s brain can beeced with between approximately
180 to 250 slices, depending on the plane thagltbes are acquired in. As the ROI
approach requires that a structure be traced aty @wdividual brain slice that it can be
observed on (or every third or fourth slice if #taucture is very similar from slice-to-
slice), then it is clear that if the structure exte over a large proportion of the total
number of slices (e.g. the fusiform gyrus), themdmount of time required to trace this
structure for even a single subject (let alonetier30 or more subjects required per
group in order to ensure a reasonable samplewmgy be considerable. A second
disadvantage of the ROI approach is that an RQ@lystinecessarily limited to the
regions defined by prior hypotheses. This can Oisadvantage if the regions affected by
a particular disease are widespread or unknowin, @sien schizophrenia. As it is quite
feasible (indeed highly likely, as will be discudse Sections 1.7.1 and 1.7.2), that rather
than being associated with structural brain abnbtieslimited to a few discrete ROIs,
schizophrenia is instead associated with widespsadtural abnormalities, then the
ROI approach is limited in its capacity to descrilbe whole story’ regarding the
structural brain pathologies associated with tisease. Furthermore, it is also feasible
that the structural abnormalities present in pési@nth schizophrenia may not be
restricted to, or conform to, the contrast-deliedatoundaries that are typically used to

differentiate between ROIs.
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1.6.4 Assessing neuroanatomical abnormalities ondfbasis of MR images:

the ‘Statistical Imaging’ (SI) approach

For identifying and quantifying structural brainnaiomalities on the basis of MR images,
the most widely used alternative to the ROI appnaac¢he ‘statistical imaging’ (SI)
approach. The defining feature of the Sl technigsidiseir division of the MR image into
hundreds of thousands wbxels(literally a ‘volume pixel’, or a 3-dimensionalxal),
followed by the performance of a statistical analgs each voxein the image. Thus the
Sl techniques (given appropriate statistical caroedor multiple comparisons) are able
to investigate for evidence of structural brain@pmalities at every voxel in an MR
image, and thus overcome the second limitatiom®ROI techniques described above.
Other advantages of the Sl techniques are th&ey)are fast to implement which allows
for larger sample sizes, and 2) they are autonibticaplemented and do not require the
manual tracing of ROIs by a researcher, which mézatsthey are, in this sense,
unbiased. Proponents of the Sl techniques genexallye that they provide a higher
degree of consistency between subjects and betstaedies than the ROI techniques,
however this point is debatable and has been dedtéy a number of researchers in the

literature (Giuliani, Calhoun, Pearlson, FrancisBchanan, 2005).

The major disadvantage of the Sl techniques isttteat require all the brain images in a
study to have the same global shape. That is,rdupyire all images to correspond to a
uniform coordinate system. For example, the Sinegres require that the voxel at a

coordinate [x,y,z], located in the amygdala (foamyple) in subject 1 to also be located at
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[X,y,z] and to also lie in the amygdala in subjgcand in subject 3 and subject 4 and so
on. As there is a considerable amount of varidtiah naturally exists between individual
brains, the fulfilment of this requirement requitke individual images to be warped to
the same global shape, which is usually defineddmge template image. In order for the
Sl techniques to produce accurate results, thipimguprocedure (which has been
referred to in the literature apatial normalizationmust eliminate differences in global
brain shape while preserving local differencessaue constituency. A number of spatial
normalization algorithms have been designed timttaiachieve this goal, and the
guestion of which algorithm is the best (or indedeether the spatial normalization
procedure results in valid data at all) remainsadéten of hot debate in the neuroimaging
community (see, for example, the debate betweehudsier and Friston (2001) and
Bookstein (2001)). In spite of the ongoing debhteyever, the S| techniques have
become very widely used in the neuroimaging comiguer the past decade. The Si
technique that is most commonly used worldwiderésearch into the neuroanatomical
underpinnings of schizophrenia is known as ‘voxatdd morphometry’ (VBM), and the
Statistical Parametric Mapping (SPM) software pgek@Vellcome Department of

Cognitive Neurology, London, UK; http://www.fil.ioancl.ac.uk/spmis by far the most

popular software package for implementing this témghe. In this thesis | used the SPM
software package to implement the technique of ViBMall my experimental studies.
The following section will provide a brief overvies¥ the procedures involved in

performing VBM with SPM.
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1.6.5 Voxel-based morphometry with SPM

The Statistical Parametric Mapping (SPM) softwaaekage was originally developed by
Karl Friston and colleagues in 1991 (see FristoithA.iddle, & Frackowiak, 1991).
Subsequent to the release of the original verssétMclassic), a number of updated
versions have been released to the public (SPMPKISS, SPM96, SPM99, SPM2 and,
recently, SPM5). Although it was initially develap#or the analysis of functional
imaging data (i.e. PET scans), the SPM softwar&gmge also enables the automatic
implementation of voxel-based morphometry (VBM)efdare a number of procedures
involved in the implementation of voxel-based manpietry using SPM, namely spatial
normalization, segmentation, cleaning, Jacobianutadidn, smoothing and statistical
analysis. Each of these procedures is briefly desdrin the following section. Figure 1-

5 provides a diagrammatic summary of the proceduaresved in VBM using SPM.
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Figure 1-5: A diagrammatical summary of the analytic technigtigoxel-based morphometry
(VBM), which was implemented with the Statisticar®metric Mapping (SPM) software
package in this thesis. The arrows track the ndmaiidn of the raw images to a template image,
the segmentation of the normalized images andubsesjuent Jacobian modulation, smoothing
and voxel-wise analysis of the grey matter segment
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1.6.5.1 Spatial NormalizatiorThe procedure of spatial normalization involves the

warping of the MR images of all subjects in a gigtmdy into the same global space.
This is achieved by warping the images of all sctisj¢o that of an ‘average brain’ or

template image.

Talairach and Tournoux (Talairach & Tournoux, 198&ye among the first to provide a
standardized coordinate system for the brain, wthely published in the form of a brain-
atlas. Subsequently, a number of Sl studies has@ the “Talairach brain” as their
normalization template (e.g. see Chau & McInto$l93). The main advantage of
performing MRI analysis in a standard stereotasgpi@ce is that it allows a direct
comparison of experimental results from differextidratories in the same coordinate
system. However, there are limitations to usingTtakirach brain as a normalization
template. The main criticism of the Talairach attathat it was created based on the
post-mortem brain of a single, 60 year old Frenoman, and thus does not provide a
good representation of the neuroanatomy of thergépepulation. As a result of this,
many research groups have chosen to normaliseNtitimages to a more
representative template image. One of the morelppemplates (and the template used
in SPM) is known as known as the Montreal Neuralaginstitute T1-weighted template
(or just the MNI template; McGill University, QuehhegCanada,

http://www.mni.mcqill.ca). The MNI template was averaged from the T1-wedht

images of 152 healthy subjects, of which 57% weate®0% were right handed and
with a mean age of 25 years. In spite of this,Tthkirach coordinate system has

remained the standard reference for reporting bomiations in the neuroimaging
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literature (Chau et al., 2005), notwithstandingféme that a number of atlases are now
available which outline the coordinate system efMiNI brain (Hammers et al., 2003).
Thus, in order to enable consistency between studibas become increasingly popular
for researchers to normalize their brain to anayed template brain (e.g. the MNI brain)
but then transform and report their findings in Tradairach coordinate system. An
algorithm written by Matthew Brett and colleagues Iheen designed specifically to

transform coordinates from MNI to Talairach spaa#p(//www.mrc-

cbu.cam.ac.uk/Imaging/Commpm@and has been employed extensively throughosit thi

thesis.

As the MNI template is averaged from the images@fmal’ brains, it should be noted
that it is not always preferable to normalize tis template directly, particularly when
investigating the differences between ‘normal’.(centrol) and ‘abnormal’ (i.e. patient)
brains, because of the inherent systematic biastfie patient images will tend to
undergo more warping than the control images)hi¢ase, it is preferable to generate a
study-specific template averaged from the patiedt@ntrol images used in the
particular study, which have each previously beamped to the MNI template. Warping
to images that have already been warped to the tetNplate is useful, as while there are
a number of atlases available that outline thedioate system of the MNI brain (e.g. see
Hammers et al., 2003), there is obviously no alaslable that describes the coordinate

system of a study-specific template.
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The procedure of spatial normalization involvesimiring the residual sum of squared
differences between the template image and eagacishMR image (Ashburner &
Friston, 2000). There are two steps involved irtiagpaormalization. The first step
involves a linear registration, which aims to aaador linear shape differences between
the subjects’ image and the template image. Tleatinegistration involves estimating
the optimum 12 parameter linear (affine) transfdramarequired to match each subjects’
image to the template. The 12 parameters conssstigid-body transformation (i.e. 3
translations (movement of voxels in the x, y amdanes) and 3 rotations (rotating voxels
in the three planes)), as well as 3 zooms (enlgfgimtracting voxels in the three planes)
and 3 shears (when the opposing faces of the vaxelsioved in opposing directions in

the three planes).

The second step involved in spatial normalisatsoa non-linear registration, which aims
to account for non-linear, global shape differertmesveen the subjects’ image and the
template image. Non-linear registration is impletedrvia the use of a number of low-
frequency (i.e. global) deformations, via a lineambination of smooth spatial basis
functions (Ashburner & Friston, 1999). Local di#eces in brain morphology are not
accounted for by this non-linear registration. Timgerfect registration of subject images
to the template is a necessary condition for th@ementation of VBM, as a perfect
registration would eliminate all differences betwéke subjects and the template image,
down to as fine a scale as voxel-level intensilyes. Given that the statistical analysis

in SPM is based on differences in voxel intensalues, this is obviously undesirable, as

54



it would mean that all subjects’ images would appaentical and any between-group

differences would be artificially eliminated.

Following spatial normalization, all subjects’ inesgmust be re-sliced into isotropic
voxels, as any voxels warped during the registngbimcedures may not have remained
cubic. The important point to realise is that sgjosst to normalization and reslicing, all
subjects’ images have the same global shape amdthaxsame number of voxels, and
that the only differences that are preserved beatwlee images are local differences in

voxel intensity.

1.6.5.2 Segmentatio®egmentation in SPM involves the partitioning sfpatially

normalized MR image into its three constituentuesslasses: grey matter, white matter
and cerebrospinal fluid (CSF). The three constittisaue types of the brain can be
distinguished on a T1-weighted MR image by thainal intensities: CSF has a low
intensity value and appears black on a T1-weighted)e, white matter has a high
intensity value and appears white on a T1-weightee, while grey matter has an
intensity value between that of white matter andrG#$id thus appears grey. SPM
employs a ‘mixture-model’ cluster analysis tech®idor its segmentation procedure,
which means that in addition to segmenting the khage on the basis of differences in
signal intensity, SPM also segments on the basiafpriori expectation of what tissue
type it expects to find at each voxel in the brdinis approximate knowledge of the
spatial distributions of the three tissue typethabrain comes from probability images

generated by the Montreal Neurological Institut@t thave been derived from the
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averaged MR images of over 300 ‘normal’ brains (isy&ambler, Collins, &
Macdonald, 1994). The end products of this segnient@rocedure are three

‘probability maps’ — one for grey matter, one fanite matter and one for CSF. In the
grey matter probability map, for example, the vadtia given voxel represents the
probability of that voxel being grey matter. Thatafter segmentation, each voxel has
‘probability’ value between 0 and 1 where a valfi® would indicate that the voxel was
definitely not grey matter while a value of 1 wouhdlicate that the voxel definitely was
grey matter. Voxel values are typically observeteceither close to O (i.e. very unlikely
to be grey matter) or very close to 1 (i.e. vekgly to be grey matter). The same applies

for the white matter and CSF probability maps.

1.6.5.3 Cleaning (removal of extra-cerebral tissud)e segmentation procedure can
sometimes incorrectly classify some voxels of exteebral tissue (e.g. skull, scalp,
meninges, venous sinuses) as being voxels of gatemwhite matter or CSF. The
‘cleaning’ procedure in SPM aims at manually remgvihese extra-cerebral voxels from
the segmented probability images discussed abdweeXtra-cerebral voxels are
removed from the segmented images with the he$plmhary image of the cerebrum, in
which all cerebral voxels are designated a valuk arfd all extra-cerebral voxels are
designated a value of 0. The binary image of tlelrem (which is individually created
for each subject) is generated by initially erodihg white matter image in order to
remove any non-contiguous voxels. This cleanedenhitter image is then dilated until
it reaches the cortical CSF that marks the outetrexdent of the cortical grey matter,

creating a binary image of the cerebrum. Extralm@lesoxels are removed for each
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subject by convolving their grey and white matteages with their binary image of the
cerebrum. Following the removal of the extra-ceaébssue, the probability of any given
voxel being grey matter plus the probability db@ng white matter plus probability of it

being CSF is exactly equal to 1.

1.6.5.4 Correction for volume changes (Jacobian uattbn): As a result of spatial

normalization, the volumes of certain cerebral@agi(and their constituent voxels) will
grow while others will shrink. For example, if aogect’'s amygdala was half the volume
than the amygdala of the template image, then ¢dheme of the subject’'s amygdala
would be doubled during spatial normalization. &gjent to image reslicing, this would
result in the doubling of the number of voxelshe amygdala labelled as being grey
matter. The challenge is how to preserve the volohggey matter in the original image
from the distortions arising from the spatial nolimetion procedure. The way in which
SPM addresses this challenge is by multiplyingathginal segmented images with the
Jacobian determinants of the spatial normalizgiien of each subject’s original whole-

brain image to the template).

The procedure of warping one image to another éesgibject’s image to a template), can
be described by a ‘deformation field’ (Ashburneakt 2000) that describes the
transformations required for each voxel in the sabjmage in order to transform it to the
corresponding voxel in the template image (Figuf).1t is possible to describe the
amount of expansion or contraction required to vaagiven voxel on the original image

to the corresponding voxel on the template imagedigulating the Jacobian determinant
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of the specific voxel in the deformation field. Tha&cobian determinant at a given voxel
describes the determinant of the gradient of tHerdetion at this voxel (Freeborough &
Fox, 1998). A Jacobian determinant of 2, for examplould correspond to the gradient
of the deformation field describing a warp in whtble volumer of given voxek in the
original image halved in volume t@2 (Kipps et al., 2005). By multiplying the voluré

k subsequent to warping (i¥2) by the Jacobian determinant (i.e. 2) it is gaedo
calculate the volume d&f in the original image (i.az). This procedure, known as

‘Jacobian modulation’ is the one employed in SPM.
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Figure 1-6: A pictorial representation of a deformation fielscribing the transformations
necessary to warp the voxels (represented by tbies) of an example subject’s image into the
space defined by a template image. Image from Astdowand Friston (2004)
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Thus, in summary, if spatial normalization requisesubject’s amygdala to double in size
in order to match to the template, then the prooéssodulation involves halving the
values of the constituent amygdala voxels for tinppses of calculating the volume of

the amygdala in the original image.

It should be noted, though, that the physiologuzdidity of equating the probability of a
given voxel being grey matter with the volume aéymatter in that voxel has been
guestioned in the literature. A common criticisweled at the Sl techniques is that the
measures derived from them are an abstractioneahthging procedures employed
rather than a true physical measure (such asitm@§ilfor grey matter volume, or
millimetres for cortical thickness), and as suah difficult to interpret with respect to the

neuropathological literature.

1.6.5.5. Smoothingrhe process of smoothing involves convolving eawkeVin the

normalized, segmented, cleaned and modulated invéitfea kernel defined by a 3-
dimensional Gaussian curve. The size of the Gaugésianel employed when smoothing
is typically much larger than the voxel size of thage. For example, while a typical
voxel size might be 1minthe full-width at half-maximum (FWHM) of a typita
Gaussian used in VBM is 8 or 12mm, depending omipated size of the between-
group differences being observed (Ashburner e2@D0). Because of this, convolving a
voxelk with a Gaussian has the effect of modifying thiel@afk based on the values of
its surrounding voxels, with voxels more immeditat& given a heavier weighting. As

Good et al. (2001) comments with regards to theadhmog of a pre-processed grey
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matter image:the intensity of each voxel in the smoothed datalasally weighted
average of grey matter density from a region of@umding voxels, the size of the region
being defined by the size of the smoothing k&fpe23). Figure 1-7 illustrates the effect
of smoothing a series of black pixels with a Gaas&iernel. Note how convolution with
the Gaussian ‘softens’ the sharp jumps in interdditye original image, and transforms

it from a series of discrete black points to a mmetinuous ‘grey-scale’ image.

Smoothing the pre-processed images with a Gauksrarel renders the values of the
voxels constituting the images more normally disttéd, that is, it ‘irons-out’ sharp
jumps in intensities between neighbouring voxelisTs very important, as a normal
distribution of the data is a prerequisite for pla@ametric statistical analyses used in
SPM, as described below. A second benefit of smiogtis that ‘blurring’ the images
helps to compensate for the inexact nature ofplaéa normalization (Ashburner et al.,

2000).

Before smoothing  After smoothing Gaussian kernel

Figure 1-7: Smoothing an image with a Gaussian kernel — notethe image composed of
discrete black pixels on the left is transformetd i@ continuous ‘grey-scale’ image on the right
after convolution with a Gaussian kernel (from @agnition and Brain Sciences Unit,
Cambridge, UK; www.mrc-cbu.cam.ac.uk/Imaging/Comm&8PM-preproc.ppt)
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1.6.5.6 Statistical Analysig:he end products of the pre-processing stagethise

normalized, cleaned, modulated, smoothed probgimtiages (i.e. grey matter, white
matter and CSF). As a result of the Jacobian madulatep, however, the value of voxel
k can be interpreted as tlielumeof grey matter in voxe. It is thus possible to imagine
calculating the grey matter volume of voxefor all control subjects and comparing
these volumes to the volumes acquired for véxal the patients’ images, or in other
words, performing &test with diagnosis (patient or control) as theejpendent variable
and grey matter volume féras the dependent variable. This is essentially vghat
involved when examining the structural brain diéfieces between patients with
schizophrenia and matched healthy controls in S&Xdept that a linear regression
analysis is used rather that-t@st, with diagnosis being entered in as a dumragiptor
variable (Figure 1-5). The advantage of using edirregression analysis in this instance
is that it is possible to statistically control thie effect of extraneous variables that may
affect grey matter volume in and of themselves. @gg, gender), by including them as
covariates of no-interest (nuisance covariatef)ermodel. Rather than limiting the
statistical analysis to the between-group compariga single voxel (which would be
akin to the tiniest possible ROl analysis!), SPNfq@ens a statistical analysis at each and

every voxel in the pre-processed MR images.

If a typical voxel size is 1mPnthen there are 1000 voxels per cubic centimétbeain
tissue. And given that the volume of the averagadrubrain is approximately 1500
cubic centimetres (Grieve, Clark, Williams, Ped&d;ordon, 2005), then it follows that

there are approximately 1500 x 1000 = 1.5 millioxels in the average brain. As a
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statistical analysis is performed at each vox¢henbrain in VBM, this equates to
approximately 1.5 million statistical analyses. Sresults in some serious issues
regarding the inflation of the-level due to the sheer number of statistical campas
being made. This can be addressed in SPM eithaj Statistically controlling the
significance threshold for the effect of multipleneparisons, or b) using a highly

stringent uncorrected significance threshold (Uguzt.0001).

The procedure used to correct for multiple compaissn SPM is based on the Gaussian
Random Field (GRF) theory (Worsley, Evans, Mar&theelin, 1992). The

fundamental way in which the GRF correction procediiffers from the ubiquitous
Bonferroni correction procedure (Bland & Altman 9589, is that GRF theory recognizes
that due to the images being smoothed, the voxeésaf an image are not independent
of each other and should not be considered asfeuthe purposes of statistical
correction. Thus while a Bonferroni correction wibabntrol for the number of false-
positive voxels, a GRF correction would control fioe number of false positive regions.
The number of regions controlled for in a GRF cctica is dependent on the smoothness
of the images analysed, as the value of a giveehioxa very smooth image (i.e. an
image that was smoothed with a very large Gaussamel) will be dependent on the
values of hundreds of its neighbouring voxels, g this image will require less
correction than an image that has been smoothédaniery small Gaussian kernel

(Friston, 2004).

62



| have now outlined the fundamentals of the twohuds that have been most widely
used to identify and quantify the neuroanatomibalcamalities present in patients with
schizophrenia. | will now briefly review the findis of the previous MRI studies that
have investigated for evidence of structural bedanormalities in patients with both

chronic and first-episode schizophrenia.

1.7 STRUCTURAL BRAIN ABNORMALITIES IN PATIENTS WITH

SCHIZOPHRENIA

1.7.1 Structural brain abnormalities in patients wih chronic schizophrenia

There have been numerous previous studies thatusseEMRI to investigate for
evidence of structural brain abnormalities in pasgewith chronic schizophrenia, and
both the ROI and SI methodologies have been widedg. The ROI studies in the
literature have reported numerous brain structioré® volumetrically reduced in
patients with chronic schizophrenia, including fpinefrontal cortex (Buchanan, Vladar,
Barta, & Pearlson, 1998), parietal cortex (Schlaepf al., 1994) , temporal cortex
(Zipursky et al., 1994), medial temporal lobe limbtructures, such as the hippocampus
and amygdala (DeLisi, Dauphinais, & Gershon, 19B8%al ganglia (Mion, Andreasen,
Arndt, Swayze, & Cohen, 1991), thalamus (Andreageal., 1990), cerebellum
(Okugawa et al., 2002) and corpus callosum (Gurghat., 1991) — see reviews by Kasai
et al. (2002), McCarley et al. (1999) and Pearksioal. (1999). Most of these findings

have been replicated by previous studies that Bay@oyed the statistical imaging

63



approach, with volumetric reductions in the frortattex (Sigmundsson et al., 2001),
parietal cortex (Ananth et al., 2002), temporateo(Moorhead et al., 2004), medial
temporal lobe limbic structures (Shapleske e2&l02) , basal ganglia (Marcelis et al.,
2003), thalamus (Hulshoff Pol et al., 2001), cellebe (Marcelis et al., 2003) and corpus
callosum (Hulshoff Pol et al., 2004) having begportéed — see Honea et al. (2005) for a

review.

There is a major confound, however, associated stitties that have investigated for
evidence of neuroanatomical abnormalities in p&ianth chronic schizophrenia. This
confound relates to the fact that patients wittoole schizophrenia have, almost without
exception, undergone long-term exposure to varigpess of neuroleptic medication.
This confound arises in light of evidence suggestitat long-term exposure to
neuroleptic medication can alter brain structurand of itself. For example, Nopoulos et
al. (2001) reported a strong negative correlatietvben the volume of the midbrain and
the cumulative exposure to typical neuroleptias. the phenothiazines (e.qg.
chlorpromazine), butyrophenones (e.g. haloperidiabhenyl butylpiperidines (e.g.
fluspiriline) and substituted benzamines (e.g. isul@) (Beaumont, 2000)) in 50 men
with chronic schizophrenia. They suggested thateédeced midbrain volume resulted
from a neuroleptic-induced state of tonic inacimatn midbrain dopamine activity,
which is consistent with the trophic theory of rmdevelopment discussed previously
(Purves, 1998). On the other hand, Gur et al. (p8&ported that patients with
schizophrenia who had experienced long-term exgasutypical neuroleptics exhibited

larger volumes of the basal ganglia and thalamus thamelicloleptic-naive patients and
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healthy controls, while patients with long-term egpre to the atypical neuroleptics (e.g.
risperidone and clozapine) exhibited larger thatamalumes in comparison to the
neuroleptic-naive and control subjects. To comficaatters further, Corson et al.
(1999) reported a positive correlation between lgasaglia volume and cumulative
exposure to typical neuroleptics in patients whhonic schizophrenia, but a negative
correlation between basal ganglia volume and cutivelaxposure to atypical

neuroleptics in patients with chronic schizophrenia

(As a side note, in order to calculate an estimagatients’ cumulative exposure to
neuroleptic medication, it is necessary to contrexir medication dosages into a
common scale, of which the ‘chlorpromazine-equinatiosage’ scale is the most
popular. Tables for converting the dosages of wartypical neuroleptics into the
‘chlorpromazine-equivalent dosage’ scale have Ipgenided by Davis (1974), while
conversion tables for the newer atypical neurotsgtiave been provided by Herz

(1997)).

Thus although the precise effect of chronic expesomeuroleptic medication on brain
structure is unclear (and may well be specifidiotlype of medication used), there is
strong evidence to suggest that the chronic expdsuneuroleptic medication can
influence patients’ neuroanatomy in and of its€lfis presents an obvious confound for
studies that aim to identify the neuroanatomicalarpinnings of schizophrenia. The
most obvious way around this confound is to inggd@ patients who have had minimal

exposure to neuroleptics. Given that the vast ntgjof patients with chronic

65



schizophrenia have had substantial exposure tpsaetiotic medication (Kane, 1989),
and given that it is not ethical or practicablehhibld neuroleptic medication purely for
the purposes of research, the most obvious wayriomse the confounding effects of
neuroleptic exposure is to investigate patientk wchizophrenia who have recently
experienced their first psychotic episode. Thisstfiepisode’ design, as it has been
dubbed, has become increasingly popular in thehpatec research literature, and it is

the design that | employed for all of the empiristldies in this thesis.

The first-episode design also has a second bewntith is related to the possibility that
schizophrenia is a neurodegenerative diseaseodir@ssive structural brain atrophy is, in
fact, a feature of schizophrenia (and, as discuss8eéction 1.5.3 there is significant
evidence to suggest that it might be), then ihisstimpossible when investigating
patients with chronic schizophrenia to distinguishwhether any observed abnormal
volumetric reductions in regional brain tissue arbecause of the disease itself or
because of a chronic exposure to neuroleptic mgditsg and 2) whether the
neuroanatomical abnormalities were present atiisetaf the disease or whether they
progressed neurodegeneratively over the courdeeafihess. By investigating the
structural underpinnings of schizophrenia veryyegrithe course of the disease, the first-
episode design provides significant insight inte tlature of the schizophrenia, its
origins, its clinical course and the optimal paththerapeutic intervention, while
minimizing the confounds associated with the inigedgtons of patients in the chronic

phase of the disease.
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1.7.2 Structural brain abnormalities in patients wih first-episode

schizophrenia

Compared to the large amount of research that éas tonducted on patients with
chronic schizophrenia, there have been relativaly $tudies that have investigated for
evidence of structural brain abnormalities in pasgesuffering from their first episode of
schizophrenia (FES). The results of the studiestithae been undertaken are somewhat

equivocal.

On the one hand, there have been a number of sttidiehave reported structural brain
abnormalities in patients with FES. For exampleakfsu et al. (2001) employed a ROI
design to compare the grey and white matter volushése PFC between 17 FES
patients and 17 control subjects, and reportedri@ volumes in the PFC in the FES

patients.

Joyal et al. (2002) observed 13 neuroleptic-nadvexhibit reduced volumes of the
manually-defined entorhinal cortex (i.e. the medspect of the parahippocampal gyrus)
bilaterally, compared to 22 control subjects. la #ame subject sample, Joyal et al.
(2003) also observed the FES patients to exhilibabally reduced volumes of the

amygdala bilaterally.

Diwadkar et al. (2004) used the signal intensityf bfweighted MR images as the

dependent variable in their study which investidates differences in the structural
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integrity of the corpus callosum between 29 FE$eptt and 62 healthy controls.
Diwadkar et al. (2004) reported reduced signalnsitées in the genu, body, isthmus and
splenium of the corpus callosum in the FES patiéertigy argued that this reduced signal
intensity reflected an abnormally elevated conegimn of water in the characteristically
fatty tissue of the corpus callosum which, theyuady was due either to abnormalities in
the microtubular densities of the axonal cytoastttiire, abnormalities in myelination, or

alterations in the density of white matter fibres.

Hirayasu et al. (1998) investigated the volumeBM differences between 17 FES
patients and 18 matched controls in three manwfired ROIs: the superior temporal
gyrus, amygdala-hippocampal complex, and parahgppal gyrus. They identified
volumetric reductions in the GM of the left supetiemporal gyrus and left amygdala-
hippocampal complex in the FES patients. Furtheesnoonsistent with Crow’s (1997)
theory (Section 1.5.6), Hirayasu et al. (1998) ademtified evidence of abnormal
cerebral asymmetry in the FES patients. They redgrttients with FES to exhibit a
significant ‘left-less-than-right’ asymmetry in tiseperior temporal gyrus and amygdala-

hippocampal complex that was not present in thérobsubjects.

Job et al. (2002) were one of the first groupsd®e the technique of voxel-based
morphometry (VBM) in SPM to investigate for evidenaf neuroanatomical
abnormalities in patients with FES. Using a voxaldl probability threshold (known as
the ‘height threshold’) of p<.05 (corrected for tipple comparisons using GRF theory;

see Section 1.6.5.6), Job et al. (2002) obsenautcesl GM volumes in the right frontal
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lobe (anterior cingulate and medial frontal gyrusft, middle temporal gyrus, left
postcentral gyrus and left amygdale, in 34 FESep#tirelative to 36 matched controls.
These results were, by in large, consistent wighrésults of the study by Jayakumar et
al. (2005). Jayakumar et al. (2005) also used VBISIPM to identify, on a voxel-by-
voxel basis, the regions of volumetric GM abnortygresent in 18 neuroleptic-naive,
FES patients, compared to 18 matched healthy denifbey reported the FES patients
to exhibit reduced GM volumes in the cingulate exysuperior frontal gyrus, post-
central gyrus, parahippocampal gyrus, inferior gtatilobule, thalamus, caudate,
language centres in the inferior frontal gyrus angerior temporal gyrus and, consistent

with the predictions of Andreasen (1999), in theebellum.

In contrast to these VBM studies that have repontieidspread GM deficits in patients
with FES, Kubicki et al. (2002) used VBM in SPMihvestigate for GM abnormalities
in 16 FES patients relative to 18 healthy contrafe] only observed GM ‘density’
reductions in a small portion of the left supetemporal gyrus when correcting for

multiple comparisons using GRF theory.

Salgado-Pineda et al. (2003) also used VBM in S&Mentify abnormalities in GM
‘density’ in 13 male, neuroleptic-naive FES patettimpared to 13 matched healthy
controls. When employing a height-threshold of B&.Quncorrected for multiple

comparisons) and a required minimum cluster-siz2Z0ofoxels (known as the ‘extent

! In this context, the GM ‘density’ of a voxel redao its probability value after normalization,
segmentation and smoothing, i.e. without modulatiith the Jacobian determinants derived from the
spatial normalization. As explained in the pape@mod et al. (2001)an analysis of modulated data tests
for regional differences in the absolute amountuue) of grey matter, whereas analysis of unmoddlat
data tests in concentration of grey matter (pett wniume in native space)p.24).
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threshold’), Salgado-Pineda et al. (2003) repotted=ES patients to exhibit decreased
GM ‘density’ in the anterior cingulate gyrus, leiterior frontal gyrus, thalamus,

caudate, left hippocampus and left parahippocagngals, relative to the control
subjects. However, in addition to this, SalgadoeBaet al. (2003) also reported the FES
patients to exhibit abnormallgcreaseddensities’ in the left superior temporal gyrus,
left insular cortex, left putamen and right supraginaal gyrus. These observations of
regional ‘density’ increases in the FES patientoissistent with the proposal of
Feinberg (1982), who first raised the possibilitytoo few’ synapses being eliminated in
patients with schizophrenia, and argued that sachrader-prune’ could be just as
damaging as the ‘over-prune’ that has been arguedderlie the characteristic GM

reductions in schizophrenia (Keshavan, AndersoRg&iegrew, 1994).

It is clear that there is a considerable degreeghtion in the extent and spatial location
of the neuroanatomical abnormalities that have beparted in patients with FES.
Furthermore, several other studies have faileds®ve any evidence of structural brain
abnormalities in patients with FES. For examplegksa et al. (2001) failed to observe
any abnormality in the volume of the hippocampu®22meuroleptic-naive FES patients
compared to 18 control subjects, using an ROI agroLang et al. (2001) manually
calculated the volumes of caudate, putamen andiglphllidus in 30 FES patients and
23 controls, and failed to find any between-groifeences. This result is consistent
with the results of the study by Gunduz et al. @0@Who reported no differences in the
volumes of selected, manually-defined basal garsftisctures (specifically, the

subcommisural limbic forebrain, nucleus accumbeasdate and putamen). It is also
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consistent with the results of the study by Guale(1998b), who did not report
volumetric deficits in the caudate, putamen andgsopallidus in 21 neuroleptic-naive
FES patients compared to 128 comparison subjeatslith report volumetric deficits in
the thalamus. The failure to observe volumetric &luctions in the basal ganglia are,
however, inconsistent with a number of other stsifeeg. Jayakumar,
Venkatasubramanian, Gangadhar, Janakiramaiah, &g, 2005; Salgado-Pineda et
al., 2003). Finally, using an ROI approach, Niemanal. (2000) failed to observe
structural brain abnormalities in the temporal |cddrygdala and hippocampus in 20
male FES patients, compared to 20 matched heattfiyals, despite the fact that each of
these regions have been among the most consistepligated in the literature as being

structurally abnormal in patients with FES.

Thus it is clear that in spite of the efforts o tlkelatively small number of previous
studies, a definitive answer as to what specifiroenatomical abnormalities underlie
first-episode schizophrenia remains elusive. Thaively small patient samples
(generally <30) that have typically been used evjpus studies could, at least in part,
account for these inconsistent results. Furthermaney few studies have explored the
intimately related issues of whether these stratturain abnormalities are static or
progressive over the first few years of patiertsess, and whether they have identifiable

clinical and neurophysiological correlates.

Identifying the neuroanatomical abnormalities agged with FES in a larger patient

sample, and determining whether these abnormaliteze static or progressive over the
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first few years of patients’ iliness, were the pripaims of this thesis. Furthermore, this
thesis also aimed at identifying the clinical amdimophysiological correlates of these
structural brain abnormalities in the FES patiehtall expand upon these aims in the
following section, and | will also discuss how teesms were addressed in the

subsequent empirical chapters.

1.8 GENERAL AIMS OF THE THESIS

Having discussed the symptomatology of schizophreheories as to its aetiology and
neuroanatomical underpinnings, the developmeriehturoimaging and associated
analysis techniques that provide a method of vahdaor disproving these theories, and
a review of the previous studies that have invastig for evidence of neuroanatomical
abnormalities in patients with both chronic andtfepisode schizophrenia, it is now

finally possible to state the general aims of thesis:

The first aim of this thesis, addressed in Chaptevas to use structural MRI to identify
and quantify the neuroanatomical changes that ceduwver adolescence and young
adulthood in healthy people. As discussed in Secib.4, the fact that schizophrenia so
frequently first presents in the period betweea &dolescence and early adulthood
illustrates the importance of identifying the stuwral and functional brain changes
associated with this period, and of elucidatingrttechanisms underlying these

transformations.

72



The second, and in many ways primary aim of thesigiwas to identify and quantify the
regional differences in grey matter volume (Chapjesind white matter volume (Chapter
4) between patients experiencing their first-epgsofischizophrenia (FES) and matched
healthy controls, both at the time of patientsstfipresentation to mental health services
with psychotic symptoms (baseline condition) an@l yars subsequently (follow-up
condition). In other words, the studies descrilvethese two chapters aimed to identify
the grey and white matter abnormalities that weesgnt in patients with schizophrenia
around the time of their first psychotic episod&] also to identify whether there was
any evidence of neurodegeneration occurring ovefitbt 2-3 years of illness in these
patients, over and above any progressive tissisedios to normal maturational

processes.

The third aim of this thesis, addressed in Chapteras to identify the neuroanatomical
correlates of FES patients’ symptomatology. Spealiify, Chapter 5 aimed at identifying
whether FES patients characterised by a certaircaliprofile (e.g. severe Psychomotor
Poverty) exhibited differences in brain structuoenpared to FES patients characterised
by a different clinical profile (e.g. severe Realistortion). This issue has important
implications with respect to theories that haveuatthat rather than being a unified
disorder, schizophrenia should instead be congidesea number of discrete disorders.
The historical distinction between hebrephrenicapaid and undifferentiated
schizophrenia (Fenton & McGlashan, 1991) is an gtarof such a conceptualisation.

Furthermore, by identifying the nature of the relaship between patients’ brain atrophy
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and their symptomatology, it was hoped to be ableetter elucidate the neurological

origins of the various symptoms of schizophrenia.

The fourth and final aim of this thesis was to iifgrthe relationship between the age-
related changes in brain structure and the agéetetdnanges in brain electrophysiology
(assessed with electroencephalography; EEG) inhyeatlolescents/ young adults
(Chapter 2) and FES patients (Chapter 6). Themakobehind this aim was that the
identification of an abnormal relationship betwdeain structure and function in patients
with FES could provide an insight into the natuféhe dysfunctional neural connectivity
that has been so widely proposed to underlie sphiamia (Andreasen, 1999; Crow,

1997; Frith, 1992).

Two closely related studies, which were includedpgendices 1 and 2, investigated the
neuropsychological correlates of longitudinal bretvange in patients with FES, and
examined how specific the observed neuroanatoratmabrmalities were to
schizophrenia, in comparison to the other majochstic illness of bipolar disorder.
Although these two studies were not directly refguta the aims outlined above, they
provided further insight into the nature of the reematomical underpinnings of

schizophrenia, and thus were included as supplementaterial.
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CHAPTER 2

BRAIN MATURATION IN ADOLESCENCE:
CONCURRENT CHANGES IN NEUROANATOMY AND
NEUROPHYSIOLOGY
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2.1 PREAMBLE

In light of theories such as Feinberg’s (1982),akthave emphasized the role of
dysfunctional adolescent brain development in #te@bgy of schizophrenia, the
primary aim of Chapter 2 was to use structural MRitlentify and quantify the
neuroanatomical changes associated with adolesegcearly adulthood in a large
group of healthy participants. To this end, MR iesgvere collected from 138 healthy
participants aged between 10 and 30 years. Therhéges were pre-processed using
SPM before being segmented into four grey mattdrfaar white matter regions
corresponding to the four lobes of the brain ¢(he.frontal, temporal, parietal and
occipital lobes). The volumes of these regions wvileea calculated, which allowed for

the examination of age-related trends in regionay @nd white matter volumes.

The secondary aim of this study was to investigadtat relationship, if any, existed
between the age-related changes in subjects’ ralggsay matter volumes and the age-
related changes in brain electrophysiology in gpomding cortical regions. To this end,
electroencephalographic (EEG) scans were colldobead all subjects, and absolute EEG
power scores were calculated for three frequenagdéslow-wave, alpha and beta)
across four large-scale cortical regions that amoaded roughly to the four brain lobes
examined in the MRI analysis. This allowed for &xamination of age-relatécendsin
regional absolute EEG power, and the subsequenpaason between these EEG
changes and the associated MRI changes in thesporrding cortical regions. The

rationale for identifying the relationship betwdmain structure and brain
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electrophysiology in healthy participants was ihatould provide a reference for the
exploration of this same relationship in patienithvirst-episode schizophrenia. This

subsequent investigation formed the basis of Ch&pte

The research described in this chapter has bedisipedh in the journaHuman Brain
Mappingas an article entitled “Brain maturation in adoksce: concurrent changes in

neuroanatomy and neurophysiology” (see Whitfordl €2007c and Appendix 5).

2.2 ABSTRACT

Adolescence to early adulthood is a period of dtamensformation in the healthy
human brain, however the relationship between timewrrent structural and functional
changes remains unclear. This paper investigatedtpact of age on both
neuroanatomy and neurophysiology in the same hesilthjects (n=138) aged 10 to 30
years, using magnetic resonance imaging (MRI) asting electroencephalography
(EEG) recordings. MRI data were segmented into grelywhite matter images and
parcellated into large-scale regions-of-interests@®ute EEG power was quantified for
each lobe for the slow-wave, alpha and beta freqjubands. Grey matter volume was
found to decrease across the age bracket in th&afrand parietal cortices, with the
greatest change occurring in adolescence. EEGtg¢ciparticularly in the slow-wave
band, showed a similar curvilinear decline to GNuwee in corresponding cortical
regions. An inverse pattern of curvilinearly incseg white matter volume was observed

in the parietal lobe, which suggested that theeidu in grey matter primarily reflected
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a reduction of neuropil, and that the corresponéiitgination of active synapses was

responsible for the observed reduction in EEG power

2.3 INTRODUCTION

Whilst the most dramatic structural changes inhbalthy human brain are thought to
occur in the perinatal period (Huttenlocher & Dalho, 1997), there is a growing body
of evidence suggesting that adolescence is alsvi@doof substantial neurodevelopment
(Sisk & Foster, 2004). Research into brain matarativer adolescence and early
adulthood is particularly important, given thaisita peak period of neural reorganization
which contributes to both normal variation and dinset of major mental ilinesses, such
as schizophrenia (Keshavan et al., 1994). Despiwigg evidence for pronounced
changes in both the structure and function of tiaénlduring adolescence and early
adulthood, the relationship between these changesdt been directly examined. The
objective of this study was to examine these caeatidevelopmental changes by
obtaining both neuroanatomical measures of stractimange (with magnetic resonance
imaging, MRI) and electroencephalographic indiceseural function, for the first time

in a large sample (n=138) of healthy subjects.

A number of MRI studies have reported an intenso@ef grey matter tissue loss in the
peripubescent period between 10 and 18 years ofGigdd et al., 1999; Pfefferbaum et
al., 1994; Steen, Ogg, Reddick, & Kingsley, 199Hhis grey matter loss, which appears

to occur most severely in the association cort{&esvell et al., 1999), is thought not to
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be primarily due to neuron death, but rather dugeoelimination of naturally
overproduced synapses and their associated ne(depilrites, dendritic spines and axon
terminals) (Purves, 1998). Increased competitionrfiphic factors in target cells,
possibly mediated by hormonal influences, has Ipeeposed as a cause for this
‘synaptic prune’ (Purves et al., 1980). Regardirngt@matter, previous studies have
reported increases in white matter volume ovep#rgubescent period, especially in the
frontal lobe and hippocampal relays (Benes, Tuklen, & Farol, 1994; Benes, 1989).
This white matter gain, which is thought to refleatreased axonal myelination (Paus et
al., 2001), has been associated with the developaiéanguage and memory skills in

adolescence (Nagy, Westerberg, & Klingberg, 2005).

Complementing the neuroanatomical studies, chaingasin function during
adolescence have been investigated by electropbg&ial means. Matousek and
Petersen (1973), for example, measured changbs eléctroencephalogram (EEG) in a
large group (n = 348) of adolescents/young adglésid 0 to 20 years and found that
absolute EEG power decreased in all frequency bagascularly in the slow-wave band
of below 7.5 Hz. This finding has since been regibd (Gasser, Verleger, Bacher, &
Sroka, 1988; Matsuura et al., 1985). This decrbasebeen found to continue into
adulthood, albeit at a lesser rate than in adofescéDustman, Shearer, & Emmerson,

1999).

The EEG signal is thought to arise from areas afially coherent synaptic activity at the

cortex (Niedermeyer & Lopes de Silva, 1999), witis@ute EEG power being related to
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the amplitudes of the resultant ‘waves’ in scagr#ical potential. It might be expected,
therefore, that a dramatic reduction in the nundfeortical synapses in adolescence
would correspond to a substantial reduction in kitsedEEG power. While this
relationship has not been explicitly examined, Beng (1982) alluded to the idea when
he noted that Huttenlocher’s (1979) data of symagensity in the cerebral cortex
showed a similar trend across age to his own datdaw wave EEG power in sleep,
with both showing a steep reduction in early admase. Evidence for a grey matter —
EEG relationship, independent of age, comes froad igured patients with grey matter
atrophy who show a corresponding decrease in EE@itate, especially in the alpha
and beta bands (Thatcher, Biver, McAlaster, Cama&it®alazar, 1998). However no
previous studies (to my knowledge) have directiyestigated the relationship between
the anatomical and electrophysiological brain cleartgat occur in adolescence and early

adulthood.

In this study, both structural MRI and concurrenauitified EEG were examined in
healthy subjects aged between 10 and 30 yearssliawticipated that subjects’ grey
matter volume wouldlecreasesurvilinearly over this period, especially in thental and
parietal regions, reflecting the extended matunatibthe association cortices. A
corresponding decrease in absolute power was egpémt the EEG data in the
corresponding cortical regions. On the other handas hypothesised that white matter
volume wouldincreasecurvilinearly across this period, again most apptly in the

frontal and parietal lobes. It was expected thatgieatest differences in both
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neuroanatomy and neurophysiology would be appakaimg adolescence before

reaching an asymptote in the mid-twenties.

2.4 METHODS

2.4.1 Participants

138 healthy participants (70 female, 68 male) rittisted evenly between 10 and 30
years of age (see Table 2-1) were recruited fraBitain Resource International

Database (BRID; http://www.brainresource.qofxclusion criteria included a personal

history of mental illness, physical brain injurgurological disorder or other serious
medical condition and/or a personal history of douglcohol addiction. The SPHERE
guestionnaire (Hickie et al., 1998) was used teestifor likely Axis-1 psychiatric
disorder. All subjects (or their guardians for sdb$ less than 18 years of age) provided
written informed consent to participate in the datse. Subjects were required to refrain

from caffeine intake and from smoking for at lem&b hours prior to the EEG testing.

Age-bracket (years)
10-14 15-17 18-19 20-21 22-24 25-29 Total

# Males 8 8 11 11 12 20 70
# Females 11 11 11 7 12 16 68
Total 19 19 22 18 24 36 138

Table 2-1 Breakdown of the subject sample (n=138) in teofrsge and gender
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2.4.2 MR imaging and parcellation

All subjects underwent a single T1-weighted volumdVPRAGE structural MRI scan
on a Siemens 1.5 Tesla Vision Plus system at WestHespital, Sydney. Images were
obtained in the sagittal plane, with scan paramseléR = 9.7msec, TE = 4msec, Tl =
200msec, flip angle = 22A total of 180 contiguous 1 mm slices were acepliwith a
256 x 256 matrix with an in plane resolution of inm 1 mm, resulting in isotropic

voxels.

Images were processed using SPM2 (Wellcome Depattoi€ognitive Neurology,
London, UK), running on Matlab 6.5 (MathWorks, N&ti USA). The full details of the
processing protocol used in voxel-based morphon{®tBM) are presented elsewhere
(Ashburner et al., 2000; Good et al., 2001). Byiedubject brain images were firstly
spatially normalized by transforming each braim iatstandardized stereotactic space
based on the ICBM 152 template (Montreal Neurolalgicstitute), which approximated
Talairach space. This process was performed usingtam T1-image template created
from 333 brain images from the BRID that were aepiusing the same protocol. The
first step in spatial normalization involved estting the optimum 12-parameter affine
transformation (3 translations, 3 rotations, 3 ze@nd 3 shears) for matching the
subject’s image to the template. The second stepuated for global non-linear shape
differences, which were modelled by a linear corabon (7x8x7) of smooth spatial
basis functions (Ashburner et al., 2000). The néired images were re-sliced with 1.5

x.1.5 x 1.5 mm voxels, before being segmentedgnéy matter (GM), white matter

82



(WM) and cerebrospinal fluid (CSF) probability mapad stripped of extra-cerebral
voxels. Segmentation was based on a cluster asahethod that accounted for each
voxel’s signal intensity, together with arpriori expectation of the anatomical location

of the different tissue types. In order to adjustthe growth and shrinkage of voxels that
can occur during spatial normalisation, voxel ptoliy values in the cleaned,

segmented images were modulated with the Jacokiagnndinants derived from the
spatial normalization (Good et al., 2001). Thus frain region doubled in size as a result
of normalization, the grey matter probability vafoe this region would be halved for the
purposes of calculating its volume (Ashburner &tem, 2001). The processed GM, WM
and CSF images were smoothed with a Gaussian kafra@imm full-width at half-

maximum, prior to volume calculation.

The pre-processed grey and white matter images thereautomatically parcellated into
regions-of-interest (ROIs). Five GM supraregiomsr{fal, parietal, temporal, occipital
and limbic lobes) were parcellated using the prasiyp published Automatic Anatomical
Labelling (AAL) masks (Tzourio-Mazoyer et al., 2Q@&> listed in Table 2-2 and
illustrated in Figure 2-1. The AAL parcellation welsosen as the basis for the
segmentation because of its definition in MNI spadaich is a standardized co-ordinate
system in common usage. Parcellation was performad axial view, and assignments
were cross-checked with AAL parcellation to enstossistency. The frontal lobe was
defined as all cerebrum anterior to the centralisibnd superior to the Sylvian fissure.
At the deepest point of the central sulcus a dttdige was drawn to the

interhemisphereic fissure. In planes where therammteorns of the lateral ventricles were
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visible, a line was drawn from the central sulaughe anterior limit of the ventricles,

then back to the interhemisphereic fissure. Theu®callosum was separately outlined
to exclude it from the frontal lobe. In slices cning the insula, with reference to the
AAL parcellation, this region was excluded, andha lwas drawn from the Sylvian
fissure to the interhemisphereic fissure. Inferggions of the brain were clearly
separated from temporal lobe structures by CSF pahietal lobe was traced in a sagittal
plane defined as all cerebrum superior and antasithve parieto-occipital sulcus,
posterior to the central sulcus, and superior éoctirpus callosum. The occipital lobe
was defined as everything posterior to the bouedatescribed below. Parcellation of the
occipital lobe was performed from the midline ipara-sagittal view. The antero-
superior border was defined by the parieto-ocdipita the temporo-occiptal sulci.
Lateral to the midline, from where the parieto-pdail sulcus was no longer prominent, a
straight line was drawn between it and the horialbr@mus of the superior temporal
sulcus. The postero-inferior border was definedhgyanterior calcarine sulcus, the
collateral sulcus and the posterior transversattl sulcus and included the lingual
gyrus. The temporal lobe included the superior,dieidnd inferior gyri. The borders
were defined by the Sylvian fissure, occipitotengbsulcus, superior temporal sulcus
and the lateral border of the parahippocampal gyfrs limbic lobe was created by
amalgamating the following discrete structuresgualate and paracingulate gyri,

amygdala, hippocampus and parahippocampal gyrus.
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Grey matter supraregions and their constituent AALmasks
Frontal Lobe Limbic Lobe

Precentral gyrus Anterior cingulate and paracingudgri

Superior frontal gyrus, dorsolateral Median cinggiland paracingulate gyri

Superior frontal gyrus, medial Posterior cinguigyeus

Superior frontal gyrus, medial orbital Hippocampus

Superior frontal gyrus, orbital part Parahippocahgyaus

Middle frontal gyrus, orbital part Amygdala

Middle frontal gyrus

Inferior frontal gyrus, opercular part Occipital Lobe

Inferior frontal gyrus, triangular part Cuneus

Inferior frontal gyrus, orbital part Lingual gyrus

Rolandic operculum Superior occipital gyrus

Paracentral lobule Middle occipital gyrus

Supplementary motor area Inferior occipital gyrus

Olfactory cortex Fusiform gyrus

Gyrus rectus Calcarine fissure and surroundingezort

Temporal Lobe Parietal Lobe

Superior temporal gyrus Postcentral gyrus

Temporal pole: superior temporal gyrus Superiorgbalrgyrus

Middle temporal gyrus Inferior parietal, minus saimarginal and
angular gyri

Temporal pole: middle temporal gyrus Supramargiyalis

Inferior temporal gyrus Angular gyrus

Heschl gyrus Precuneus

Table 2-2 The five supraregional grey matter masks and ttwistituent Automatic
Anatomical Labelling (AAL) masks

Very few neuroanatomical studies have examinedradiWwM volumes, due to the
difficulty in distinguishing between various WM tita when manually defining ROIs. An
advantage of using a common set of masks for bjests is that it is unbiased, and
ensures that the region of brain defined by theknmsmsonsistent between subjects,
assuming that global differences in brain shape leeen largely removed by spatial

normalization. The four WM masks used in this stady displayed in Figure 2-1. The
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Figure 2-1: lllustration of the regions-of-interest identii¢or the structural MR images. The five grey nratégions-of-interest are shown on
top, superimposed on the GM segment of the MNI Eighted single-subject brain (blue = frontal, gregemporal, orange = occipital, yellow =
parietal, red = limbic). The four white matter regs-of-interest are shown below, superimposed eMtM segment of the MNI single-subject
image (blue = frontal, green = temporal, orangarigpal, red = parietal
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WM ROls were generated in MNI space, in consultatigth a radiologist, and were
defined with reference to the AAL model and a sege@ WM image as follows. The
corpus callosum and internal capsule were defiivet] the external borders of these
being used to limit the internal aspects of thatag parietal and temporal lobes. The
occipito-parietal border was interpolated from bloeders of the superficial occipital and
parietal lobes to the cuneus-precuneus bordertdrhporo-occipital border was similarly
defined by the previously parcellated borders efdhcipital and temporal lobes. The
frontal lobe border followed the central sulcusestipially, with the internal border
defined as anterior to the putamen and caudateedével of the anterior commisure, and

as anterior to the amygdala inferiorly.

Volumes for the five GM and four WM regions werdccgated by summing the values

of the constituent voxels following Jacobian modola

2.4.3 Electrophysiological data acquisition and parellation

EEG was acquired using an electrode ¢guikcap”, Neuroscan, USAwith 28 sites
using the 10-20 system of electrode placement.Zdotal eye movementsere recorded
with electrodes placed 1@n lateral to the outer canthus of each eye. \Vartige
movements were recorded with electrodiexed 3 mm above the middle of the left
eyebrowand 1.5 cm below the middle of the left bottege-lid. The impedance at each
site was below 10 kOhmBata were obtained continuously using a NuAmpsesyst

(Neuroscan, USA a DC amplifier with large dynamic ran¢el32 mV and 22 bit
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resolutior). Each channel wasampled at 500 Hz after low pass filtering watitenuation
of 40 dB per decade above 100 Bata were corrected for eye movement offline
(Gratton, Coles, & Donchin, 1983), and re-referehimethe average of A1 and A2
(mastoids).The EEG data reported and analysed inpttesent study were recorded
during a two-minute intervah which subjects were asked to rest quigtlth their eyes

closed.

Spectral power estimation was performed by firssampling the data at 512 Hz, before
applying a Welch window to each successive 4 seepodh and then performing a fast
Fourier transforn{fFFT). The resultant power spectra were averaged sepafat each
electrode. Power (in |y was then calculated for three frequency bandsw-save
(0.5-7.5 Hz), alpha (8-12 Hz) and beta (12.5-34z% +Hand square-root transformed in
order that the values approximated the normalibdigion required by parametric

statistical methods.

To investigate the relationship between the chamgeuroanatomical grey matter
volume and the corresponding change in neuraliggctiour large-scale neural regions
were created (‘EEG regions’) that correspondedédour cortical GM regions. Neural
activity over the frontal, parietal, temporal aratipital lobes was calculated by
averaging the standardized power recorded at dactigde site contributing to each
region, for slow-wave, alpha and beta activity. Example, frontal lobe power for the
alpha band was the average of standardized alpherpecorded from Fpl, Fp2, F7, F3,
FZ, F4, F8, FC3, FCZ and FC4 electrode sites. Aetic diagram of the electrodes

constituting the four ‘EEG regions’ is providedkigure 2-2.
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Figure 2-2: Schematic diagram of the constituent electrodéseofour ‘EEG regions’.

Electrodes making up the frontal lobe ‘EEG regiar€ in red, the temporal lobe ‘EEG region’ in
green, the parietal lobe ‘EEG region’ in blue amel dccipital lobe ‘EEG region’ in purple. The
average power of each ‘EEG region’ (for each fregyeband for each subject) was calculated by
averaging the standardized absolute power scorthe @onstituent electrodes.

2.4.4 Statistical Analysis

Linear regression analyses were used to asseagé¢helated trends in GM and WM
volume, and in absolute power for the correspontliffs regions’. As it was
anticipated that the rate of structural and fumaidorain change would be highest in
adolescence before decreasing in the twentiesesisbpges were logarithmically
transformed before being entered as the predictoable-of-interest. If the regression
model was found to account for significant variaircthe response variable (e.g. GM
volume), the significance of the standardized regjom coefficientff) for the predictor

variable (log (age)) was considered. Partial catieh analyses were used to assess the
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linear relationship between subjects’ regional Gdllmes and the averaged absolute
power of their corresponding ‘EEG regions’. Duélte number of statistical
comparisons made, anlevel of .01 was used as the threshold for sigaifce for all

analyses. Gender was statistically controlledricall analyses.

2.5 RESULTS

Grey matter volume was found to reduce linearhhwlite log of age in the frontal and
parietal lobe supraregions. The log of age wasmotd to be a significant predictor of

tissue volume in the temporal, occipital or lim&& supraregions (see Table 2-3 and

Figure 2-3).
MRI B t(B)  Sig R? R? F Sig
Supraregion log ® change model (model) (model)
(age) log(age)
Grey Matter
Raw
Frontal Lobe -229 -3.117 .002 .052 .280 26.29 £.00
Temporal Lobe -.110 -1.584 .115 .012 .359 37.78 0%.0
Parietal Lobe -.227 -3.088 .002 .051 281 26.35 0%k.0
Occipital Lobe  -.088 -1.205 .230 .008 .282 26.51 004.
Limbic Lobe -088 -1.252 .213 .008 .333 33.64 <.001
Subcortical -.089 -1.262 .209 .008 .336 34.14 <.001
White Matter
Raw
Frontal Lobe 194 2451 016 .037 .187 15.05 <.0p1
Parietal Lobe 214 2.808 .006 .046 244 21.15 <.001
Occipital Lobe  .173  2.340 .021 .030 .285 26.06 .00
Temporal Lobe  .195 2594 011 .038 .260 23.06 <.001

Table 2-3 Linear regression analyses for the MR data, otiintg for gender. Model: Tissue
Volume = b0 + b1(gender) + b2(log(age)).
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Figure 2-3 Grey matter vs age scatterplots for the froqtatietal, temporal and
occipital regions-of-interet
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Absolute EEG power was also found to decreaserlynedth the log of age for each of

the three frequency bands across each of the @otical ‘EEG regions’ i.e. frontal,

temporal, parietal and occipital lobe. The reg@ssnodel was found to fit the age-

related reduction of the slow-wave frequency badetter than it did the alpha or beta

bands (see Table 2-4). Scatterplots describinglihage in slow-wave EEG power

across age for the four ‘EEG regions’ can be sedfigure 2-3.

EEG region B t (B) Sig (1) R R? F Sig
log change model (model) (model)
(age) log(age)
Slow-wave
Frontal Lobe -5 -6.686 <.001 237 .507 23.20 <.001
Temporal Lobe -.57 -8.010 <.001 312 .569 3237 0%.0
Parietal Lobe .556 -7.750 <.001 294 316 31.02 0k.0
Occipital Lobe -.525 -7.122 <.001 272 273 25.40 .004
Alpha
Frontal Lobe -.176 -2.059 .041 .03 .031 2.151 120
Temporal Lobe  -.310 -3.765 <.001 .094 .095 7.092 01.0
Parietal Lobe -.258 -3.072 .003 .065 .066 4.725 0.01
Occipital Lobe -.275 -3.313 .001 .079 .082 6.043 03.0
Beta
Frontal Lobe -.226 -2.739 .007 .042 .093 6.88 .001
Temporal Lobe  -.310 -3.838 <.001 .084 126 9.76 0%k.0
Parietal Lobe -.255 -3.136 .002 .064 124 9.48 x.00
Occipital Lobe -.361 -4.54 <.001 116 157 12.58 004

Table 2-4 Linear regression analyses for the absolute E&@epdata, controlling for gender.
Model: Regional Power = b0 + b1(gender) + b2(log{ag
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Figure 2-4 White matter vs age scatterplots for the frofdbe, parietal
lobe, occipital lobe and temporal lobe regionshdéiest
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The hypothesised relationship between the numbactofe synapses and absolute EEG
power was supported by the significant positiveaations between subjects’ GM
volumes and their corresponding regional powengjquéarly in the slow-wave

frequency band (see Table 225However, when slow-wave power and GM volume
were both entered into the same regression andbmnsrolling for gender), slow-wave
power was found to be a substantially better ptedif log(age) than was GM volume
for both the frontal = -.47,t = -5.87, p<.001 v = -.1,t = -1.13, p>.05) and parietd (
=-.54,t =-6.95, p<.001 vg =-.06,t =-.71, p>.05) lobes. Thus the age-related changes
in frontal and parietal GM volume and slow-wave Ep@ver, while mirroring each

other in shape, were not completely parallel, duthé¢ increased variability of the GM

data.

MRI GM Absolute power for the corresponding EEG
Supraregions regions

Slow-Wave Alpha Beta

Frontal .350 (p<.001) .249 (p=.003) .204 (p=.01y7)
Temporal .214 (p=.013) .235 (p=.006) .102 (p=.236)
Parietal .364 (p<.001) .262 (p=.002) .235 (p=.006)
Occipital .345 (p<.001) .295 (p<.001) .274 (p=.001)

Table 2-5: Partial correlations (controlling for gender) beem the volumes of the GM
supraregions for the frontal, parietal, temporal aocipital lobes and the absolute power of the
corresponding ‘EEG regions’ (e.g. frontal lobe Glharontal lobe EEG power) for the slow-
wave, alpha and beta frequency bands

White matter volume was found to increase lineaiily the log of age only in the

parietal WM ROI, although the log of age was cltzsbeing a statistically significant

2 Similar results were observed for all analysesmihe slow-wave band was separated into the d&fa (
3Hz) and theta (3.5-7Hz) frequency bands
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predictor of tissue volume in the remaining thre®\ROls (i.e. frontal, temporal and

occipital), with thex level set at .01 (see Table 2-3 and Figure 2-4).

2.6 DISCUSSION

The primary purpose of this study was to invesédghe structural and
electrophysiological brain changes associated etilithy adolescence, and to examine
the relationship between these changes. To thisstndtural MRI and resting EEG data
were recorded from 138 healthy participants agédidsn 10 and 30 years. After
controlling for the effects of gender, grey mattelume was found to be negatively
correlated with the log of age in the frontal ardigtal cortices, while white matter
volume was found to be positively correlated with tog of age in the parietal lobe.
Absolute EEG power, which was averaged over thatétptemporal, parietal and
occipital cortices, was found to be negatively etated with the log of age in all four
‘EEG regions’ for each of the three frequency baid$ most strongly in the slow-wave
band. This age-related reduction in slow-wave pawerored the age-related reduction
in GM volume, especially for the frontal and paaletortices (see Figure 2-3). This
finding was supported by the observed positiveatation between subjects’ frontal and
parietal GM volumes and the absolute power of tbeiresponding ‘EEG regions’

(Table 2-5). These results provide evidence thahges in neural activity follow a
similar trajectory to changes in brain structureradolescence, at least in the frontal and

parietal lobes.
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The significant relationship between GM volume #mellog of age in the frontal and
parietal GM supraregions (sef)t(n Table 2-3) indicated that these regions exgreed

a period of significant tissue loss in adolescemdech decelerated in the second decade.
However, the observed relationships between agehendolumes of the temporal,
occipital or limbic GM supraregions were not stataly significant. This is consistent
with previous studies that have found that whilke &issociation cortices undergo
significant structural changes during adolescemcebeyond (Thompson et al., 2001;
Pfefferbaum et al., 1994; Steen et al., 1997), nasitn of the evolutionary older limbic
structures are largely complete by this time (Soeftedl., 1999), as are maturation of the
primary sensory cortices (Huttenlocher, 1999), Wwhaonstitute a large proportion of the
temporal and occipital lobes. These results inditlaat the time-course of grey matter

maturation is heterogeneous across the brain.

Previous studies have indicated that rather tharglsue to neuron death, adolescent
grey matter loss may rather be due to a progranredgttion in the number of synapses
and their associated neuropil, i.e. dendrites, deéndpines and axon terminals (Purves,
1998). There is evidence that a dramatic ‘syngptime’ occurs in healthy adolescence
in the cortex of both humans (Huttenlocher etl897) and primates (Rakic, Bourgeois,
Eckenhoff, Zecevic, & Goldman-Rakic, 1986). IndeBdurgeois and Rakic (1993) used
an electron micrograph to count the number of syasjin the visual cortex of macaque
monkeys between the ages of 2.7 and 5 years (tiedpmrresponding to adolescence)
and estimated that they were losing up to five samd synapses per minute over this

period. In light of the fact that late adolesceand early adulthood is the most common
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time for the onset of schizophrenia, a number ebtlsts have suggested that
schizophrenia is caused by an abnormality in gysaptic prune’ (Feinberg, 1982;
McGlashan & Hoffman, 2000; Hoffman & Dobscha, 198 pport for this theory

comes from the fact that while patients with schtz@nia have a similar total number of
neurons compared to controls (Feinberg, 1982; Msltzla et al., 2000; Pakkenberg,
1993), they show increased neuronal density, han increased number of neurons per
unit of cortical volume (Selemon & Goldman-Raki®9®). This finding is consistent

with a reduction in cortical volume, possibly réswg from a reduction in the volume of

neuropil in patients with schizophrenia (Selemoalgt1999).

In contrast to the reductions in frontal and pati&M volume, white matter volume was
observed tancreasecurvilinearly (i.e. with the log of age) in onlige parietal lobe,
although the3-values for the frontal, temporal and occipital Wagions were close to
significance ati=.01 (see Table 2-3 and Figure 2-4). This resuth&r supports the idea
that the association cortices undergo significaiainge in adolescence and early
adulthood, with some studies finding that myelioatof the association cortices is not
complete until the late twenties (Yakovlev & Lecout967). Previous research,
however, has suggested that the rapid changestpatsent in adolescent GM
development in not present in adolescent WM devetq, but rather that WM increases
smoothly from birth, but at a decreasing rate \aijle (Pfefferbaum et al., 1994). An
abnormality in adolescent myelination has also eposed to be associated with the
development of schizophrenia (Lim et al., 1998)ve@ the role that myelin plays in

modulating axonal conduction velocities, this hypsts is especially salient in light of
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theories that emphasise the role of neural timnigpé development of disorganized

thinking (Andreasen et al., 1999; Bartzokis, 2002).

Corresponding to the observed age-related reduitigrey matter volume, a similar
curvilinear reduction in absolute power was alssenbed for each of the four ‘EEG
regions’, across each of the three frequency béralse 2-4). This is consistent with the
aforementioned hypothesis that a reduction in gnafter (irrespective of whether it
reflected an elimination of neurons or neuropiludbresult the elimination of synapses,
which would lead to a reduction in amplitude of BteG activity recorded at the scalp
and thus a reduction in absolute EEG power. Althaihg curvilinear reduction in power
with age was statistically significant for all ter&equency bands, the relationship was
far stronger - and mirrored the grey matter redurchietter - in the slow-wave frequency
band, as compared to the alpha or beta banddissble to speculate as to why this

might be:

The slow-wave frequency band is thought to arigmamily from highly synchronous
local neural activity between cortical (pyramidadurons (Niedermeyer et al., 1999).
This synchrony is responsible for the large amg@ési(and thus the large power)
associated with slow-wave activity. Thus a largducgion in the number of synapses
involved in slow-wave activity would be expectedésult in a considerable loss of
power. The beta frequency band, on the other hartdpught to arise primarily from
asynchronous activity between cortical pyramidairoas, and is associated with low

EEG power compared to the slow-wave band. Thisaspmy implies that the
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elimination of synapses involved in beta activityght actually result in an increase in
power, if the pruned synapses were interferingrdestely with others in the vicinity. It
is thus possible that the relationship betweenps@aumber and absolute power does
not hold true for the high-frequency neural acgivilternatively, the low amount of
power associated with beta activity could resultmy relationship with grey matter
volume being indistinguishable from background a@on (i.e. insufficient signal-to-
noise). The alpha frequency (8-13Hz), on the oflzed, is thought to be quite distinct
from all other brain frequencies — the idiosynaratiipha ‘peak’ on a typical EEG power
spectrum being a testament to this. While the dtleguencies are thought to arise from
the synchronous and asynchronous ‘chatter’ betwedital neurons, alpha activity is
thought to reflect highly synchronous cortical @ity driven by the thalamus. Thus alpha
activity might be expected to be influenced by &nal changes in the thalamus, or
thalamo-cortical relays, more so than changesiiticab grey matteper se An

alternative, and arguably more parsimonious, extian lies in the fact that the occipital
lobe (where alpha power is characteristically latpdid not show significant age-related
changes in GM volume. Thus even if the hypothesisidionship between the number
of synapses and EEG power held in the alpha frexyuleand, alpha would not be
expected to show as predictable an age-relate@a®szin power in comparison to the
slow-wave band, which has a more homogeneous kgeiabution (Niedermeyer et al.,

1999).

Given the novelty of this research, these resaltsl the conclusions drawn from them)

should be treated with caution until they are gikd. It would be useful to replicate this
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study using a more exact non-linear spatial nomatbn procedure (e.g. Christensen,
Rabbitt, & Miller, 1996) than the one applied hdtevould be also bbeneficial to
replicate these results using a non-parametric 8ffalysis technique (e.g. Bullmore et
al., 1999), which make fewer assumptions of tha tlzdn the method described above.
Incorporating the LORETA (Pascual-Marqui, MichelL&hmann, 1994) EEG source-
localization technique into the analysis proceduoeld also be worthwhile, as it would
provide a finer-grained approach to mapping the BE@al to the underlying

neuroanatomy than the method employed in this study

In conclusion, this study found evidence of sigr@fit structural brain change in
adolescence and early adulthood. Grey matter weerebd to decrease at a decreasing
rate in the frontal and parietal cortices, whiletematter was observed to increase at a
decreasing rate in the parietal lobe across theagge of 10 to 30 years. Curvilinear
reductions in cortical EEG power, which mirrore@ thecreases in cortical grey matter,
were also observed, especially in the slow-wavgueacy band. | suggest that this
reduction in EEG power is caused by a developm@etiabd of ‘synaptic pruning’ that

occurs in healthy adolescence.
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CHAPTER 3

PROGRESSIVE GREY MATTER ATROPHY OVER THE

FIRST 2-3 YEARS OF ILLNESS IN FIRST-EPISODE

SCHIZOPHRENIA: A TENSOR BASED MORPHOMETRY

STUDY
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3.1 PREAMBLE

In many ways, the studies described in Chaptersd3idorm the cornerstone of this
thesis. The primary aim of Chapter 3 was to ingasé for evidence of grey matter
abnormalities in patients with FES, both at theetiof their first presentation to mental
health services with psychotic symptoms (the ‘hasébtudy) and over the initial 2-3
years of iliness (the ‘follow-up’ study). In thedbeline study’, the previously described
technique of voxel-based morphometry was usedewtify the regions of grey matter
abnormality exhibited by 41 patients with FES, tigkato 47 age and sex matched
healthy controls. In the subsequent ‘follow-up’dstuthe related technique of tensor-
based morphometry was used to identify the regiomgich a subset of 25 FES patients
lost significantly more or significantly less greatter volume over the 2-3 year follow-

up interval, relative to a subset of 26 matchedthga&ontrols.

By identifying, on a voxel-by-voxel basis, the regs of grey matter abnormality present
in patients with FES, this study aimed at distisging between the validity of the
various biological theories of schizophrenia ddsatiin Chapter 1. In particular, this
study aimed to examine whether or not the first years of illness was associated with a

period of neurodegeneration in patients with fegtsode schizophrenia.

The research described in this chapter has bedisipedh in the journaNeurolmageas

an article entitled: “Progressive grey matter dtgopver the first 2-3 years of illness in
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first episode schizophrenia: a tensor-based morphgmstudy” (see Whitford et al.,

2006 and Appendix 3).

3.2ABSTRACT

Little is known about the structural brain chanties occur over the first few years of
illness in schizophrenia, or how these changesgmifbm those associated with healthy
brain development in adolescence and early adudthboe aim of this study was to
identify the regional differences in grey matteM3volume between patients with first-
episode schizophrenia (FES) and matched healthyatenboth at the time of patients’
first presentation to mental health services waighotic symptoms (baseline condition)
and 2-3 years subsequently (follow-up conditiomxty~one patients with FES and 47
matched healthy controls underwent a T1-weightedtitral MRI scan. Of these
participants, 25 FES patients and 26 controls neti2-3 years later for a follow-up
scan. Voxel-based morphometry in SPM2 was usedetatify the regions of GM
difference between the groups in the baseline ¢mmdiwhile tensor-based morphometry
was used to identify the longitudinal change withirbjects over the follow-up interval.
The FES patients exhibited widespread GM reductilonise frontal, parietal and
temporal cortices and cerebellum at baseline, #isawenore circumscribed regions of
GM increase, patrticularly in the occipital loberthermore, the FES subjects were
observed to lose considerably more GM over th@pilip interval than the controls,

especially in the parietal and temporal corticggopose that the progressive GM
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atrophy observed in this study arises from a dydfan in the dramatic period of healthy

brain development typically associated with adadese.

3.3INTRODUCTION

It has been well established that patients expengrtheir first episode of schizophrenia
(FES) exhibit structural brain abnormalities relatto matched healthy controls.
Previous studies using structural magnetic resaanaging (MRI) have consistently
found evidence of grey matter (GM) atrophy in FEEHents, especially in the frontal
(Job et al., 2002; Salokangas et al., 2002), teatg&ubicki et al., 2002; Park et al.,
2004) and parietal cortices (Narr et al., 2005;r&hberg et al., 2005) and in the limbic
system (Joyal et al., 2002; Bogerts et al., 198@)ysfunction in the intense period of
targeted synaptic elimination that is associatat wealthy adolescence has been
proposed as the mechanism underlying this pathcdd@M loss (Feinberg, 1982;
Keshavan et al., 1994). The results of these suatie particularly informative, given as
they are free from the confounds associated witbreb exposure to neuroleptic
medication, which may well influence brain struetim and of itself (Madsen et al.,

1999; Lieberman et al., 2005).

This period of GM atrophy may be localised in tiorgalternatively, may be the
harbinger of a progressive ongoing pattern of Gb4 lihat continues throughout
adulthood. The temporal nature of the course oflGd¢ associated with FES, besides

being of fundamental importance in understandiregiiture of the disease, has
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important implications for treatment, as if cerélataophy is degenerative then arresting
this degeneration might prevent the debilitatingrabve and social decline associated
with chronic schizophrenia (Milev, Ho, Arndt, & Arehsen, 2005). Although a number
of studies have investigated this question viaoasssectional design in which subjects of
different ages are each scanned once and ageerélanels in brain volume are inferred
with a regression model (Hulshoff Pol et al., 208&en et al., 1997), a longitudinal
design in which each subject is scanned severaktioner a period of years, is more
statistically powerful, due to a reduction in thehin-subjects variance. Despite this
theoretical advantage, however, the results ofipusvongitudinal studies in FES have
been somewhat equivocal. Whilst several have regavidence of progressive grey
matter atrophy in FES patients, for both whole4bralume (Cahn et al., 2002b) and
regional volumes including frontal lobe (Mathal&ullivan, Lim, & Pfefferbaum, 2001),
temporal cortex (Kasai et al., 2003) and hippocasr(hieberman et al., 2001), others
have failed to find evidence of progressive cerethegeneration (DelLisi et al., 1992;

Whitworth et al., 2005; DelLisi & Hoff, 2005).

A possible reason for the inconsistent resulthas different studies often examine
different regions of interest (ROIs) for evidendeswuctural brain abnormality. This is
one area in which the automated statistical imatgoegniques (e.g. voxel based
morphometry) are particularly advantageous — tbel for changes at every voxel in the
brain (given appropriate statistical correctiom)d @are therefore not constrained to the
regions defined by prior hypotheses. Thompson.¢R@01) used a statistical imaging

technique to investigate evidence of progressivecsiral brain changes in
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schizophrenia. They demonstrated that initial GHuions in the parietal lobes of
childhood-onset patients progressed anteriorly tvenext five years, and engulfed the
prefrontal and temporal cortices, areas which magalarly been found to be atrophied

in patients with chronic schizophrenia (McCarleykt 1999).

Voxel-based morphometry (VBM) has been used preshoto identify differences in
GM atrophy over 2-3 years between FES patientdiesteepisode bipolar patients (see
Appendix 2). In this study, VBM was used to idepntifie differences in regional GM
volume between 41 patients with first-episode smpiizenia and 47 matched healthy
controls, within three months of the patients’tfjpgesentation to mental health services
with psychotic symptoms (baseline condition). TerAzased morphometry (TBM) was
then used to investigate the change over the n8xtéars in regional GM volume in 25
of the FES patients relative to 26 of the matchealthy controls (follow-up condition).
In TBM, each subjects’ baseline image is warpeddtly to their follow-up image prior
to normalization to a T1-template, which resultsumincreased sensitivity (relative to

VBM) in detecting structural brain changes overeim

Based on previous research, it was hypothesisédht@atients with schizophrenia
would show evidence of widespread cortical atrogithe time of their first psychotic
episode (the baseline condition), especially inftbetal and temporal cortices.
Furthermore, it was hypothesised that the FES matiwould lose GM at a faster rate
than matched healthy controls over the subsequ8ntears (the follow-up condition),

largely in the same regions in which they showedpdty at baseline.
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3.4 METHODS

3.4.1 Participants

Forty-one patients experiencing their first episoflschizophrenia were recruited for the
baseline condition as part of the Western Sydnest Episode Psychosis project, a
multimodal project investigating the clinical, neanatomical, neuropsychological and
psychophysiological profiles of young people in tees Sydney experiencing their first-
episode of psychosis (Harris et al., 2005). A geimt criterion for first episode status was
employed whereby all patients were recruited withmonths of their first presentation
to mental health services with psychotic symptodesified as hallucinations, delusions,
formal thought disorder or prominent negative syonp that persisted for a minimum of
3 days), although some patients had previouslyeptes with symptoms of anxiety and
depression that were not judged to be psychotiteatime. Diagnosis of schizophrenia
was made using DSM-IV criteria (American Psych@issociation, 1994), by a
consensus conference of at least three senior jas$ysts, at least two of whom were
independent of the study. Subjects with schizophremere interviewed and rated by
psychiatrists who had reached an acceptable |éwelay-rater reliability ( > .8) on the

Positive and Negative Syndrome Scale (PANSS) (Kay.£1989).

Forty-seven healthy control subjects were recruisedomparison from parallel
geographical regions in collaboration with the BrRiesource International database

[http://www.brainresource.cotfordon, 2003)]. Control subjects were screenethi®
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presence of an Axis-I disorder, using the SPHERIEKH et al., 1998), and subjects
were also excluded if they reported a first-dedeeily member with an Axis |
diagnosis. Controls were within the normal rangelepression, anxiety and stress,
assessed using an abbreviated version of the Bapnesnxiety and Stress Scale

(DASS) (Lovibond & Lovibond, 1995).

Exclusion criteria for both groups were a pastdmngbdf substance dependence, exposure
to electroconvulsive therapy within the past 6 rhentmental retardation (estimated pre-
morbid 1Q <75, based on Wide Range Achievement Rasksion 3 (WRAT-3)
(Wilkinson, 1993) and the Spot-the-Real-Word t&stddeley, Emslie, & Nimmo-Smith,
1993)), neurological disorder including epilepsyda history of head injury causing loss
of consciousness for at least 1 hour. After a tetadescription of the study, each subject
gave written informed consent to participate, inaadance with Australian National
Health and Medical Research Council guidelinesr&®eere no significant differences
between the FES and control subjects with respeag¢-at-scan, gender, handedness or
estimated pre-morbid 1Q at baseline. Of the 41 B&3ects and 47 matched healthy
controls scanned in the baseline condition, 25 &&526 control subjects returned
between two and three years later (on average folfow-up scan. There were no
significant differences between the FES and comstnbjects with respect to age-at-scan,
gender, handedness, estimated pre-morbid IQ orititeeval between scans (follow-up
interval). Furthermore, there were no significaiffiedences observed between the
baseline and follow-up samples with respect to ggeder handedness and IQ for the

control subjects, and age, gender, handednesdul@jon of untreated psychosis and
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scores on the PANSS Positive, Negative and Geradial scales for the FES subjects.
This suggested that the follow-up sample was reptesive of the baseline sample for
both the FES and control subjects. The demogragdie for the patients and controls at
baseline and follow-up is presented in Table 3\ler@he course of the study, patients
received treatment from a variety of services amdéixed treatment protocol was used.
Treatment combined second-generation antipsych(@iossulpride, clozapine,
olanzapine, risperidone and quetiapine) with comiguwase management, which varied
from once or twice weekly contact with psychosoogabilitation to occasional contact
from subjects refusing services. Most patients veapeosed to at least two antipsychotics
over the course of the follow-up interval. Thisdstwas approved by the Western

Sydney Area Health Service Human Research Ethiosniitiee.
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Baseline FES Healthy Controls

(n=41) (n=47)
Age-at-scan (years) 19.8 (3.3) [13-25] 19.3 (RL3)- 28]
Gender 26M, 16F 33M, 14F
Handedness 33R, 7L 39R, 8L
DUP (months) 8.3 (10.6) [0 — 38] -
Medication dosage (CPZ) 236 (200) [0 — 667] -
PANSS Positive 17.7 (5.7) [7 -29] -
PANSS Negative 18.8 (6.4) [7 — 35] -
PANSS General 40.3 (8.4) [23 — 58] -
Pre-morbid IQ estimate 100 (9.5) [77 — 124] 102)Y$0 - 117]

Follow-Up FES Healthy Controls

(n=25) (n=26)
Follow-up interval (months)  30.9 (6) [23 —40] 28&26) [24 — 53]
At-at-scan (years) 22.1 (3.2) [15-27] 22 (4.4) R6Y-
Gender 15M, 10F 15M, 11F
Handedness 21R, 4L 20R, 6L
DUP (months) 5.9 (8.2) [0-36] -
Medication dosage (CPZ) 280 (272) [0 — 833] -
PANSS Positive 14.6 (6.1) [7 —-32] -
PANSS Negative 15 (6.5) [7 —30] -
PANSS General 30.5(9.1) [17 — 50] -
Pre-morbid IQ estimate 100 (11.1) [77-124] 105)98D-117]

Table 3-1 Demographic details of the subject sample fohlthé baseline and
follow-up studies, with the mean, standard deviatiad range provided

3.4.2 MRI Acquisition: baseline study

Both FES and control subjects underwent a singlev@igghted volumetric MPRAGE
structural MRI scan on a Siemens 1.5-Tesla Visims Bystem at Westmead Hospital,
Sydney. All images for the baseline study were iabthcoronally with the following
parameters: TR=9.7 ms, TE=4 ms, TI=200 ms, flipext2°, FOV=256mm, matrix

192x256, voxel size=1miThe control subjects were also scanned sagitabaseline
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on the same MR scanner, and this sagittal scarugesto compare to the controls’

sagittal follow-up scan, as discussed below.

3.4.3 MRI Acquisition: longitudinal study

The scanning protocol for the follow-up FES sulgegas identical to that described for
the baseline study (i.e. a coronally-acquired MPEAgBan). The control subjects,
however, underwent a sagittal MPRAGE scan, which iantical to the sagittal scan
they received at baseline, as mentioned abovefdllogving parameters were used for
the sagittal scan: TR=9.7 ms, TE=4 ms, TI=200 tsahgle=12°, FOV=256mm, matrix
256x256, voxel size=1mMmAll imaging was performed on the same MR scarifieere
were no significant upgrades or modifications & sicanner between the baseline and
follow-up stages of the study. To control for scandrift, phantom data was collected

weekly over the follow-up interval, and the scancedibrated accordingly.

3.4.4 Image Pre-Processing: baseline study

The baseline images were processed using voxettlmasgphometry (VBM) in SPM2
(Wellcome Department of Cognitive Neurology, LondbiK), running on Matlab 6.5
(MathWorks, Natick, USA). The full details of theoggessing protocol used in VBM are
presented elsewhere (Ashburner et al., 2000; Gbald, 2001). Briefly, subjects’ brain
images were first spatially normalized to a cussmditemplate, which was created by

averaging the smoothed (with an 8mm full-width alftmaximum Gaussian kernel),
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normalised whole-brain images from all subjects bzl been registered to the ICBM
152 template (Montreal Neurological Institute) tapproximates Talairach space. The
first step in spatial normalization involved estting the optimum 12-parameter affine
transformation (3 translations, 3 rotations, 3 ze@nd 3 shears) for matching the
subject’s image to the template. The second stepuaded for global non-linear shape
differences, which were modelled by a linear corabon (7x8x7) of smooth spatial
basis functions (Ashburner et al., 2000). The néized images were re-sliced with
1.5mn? voxels, before being segmented into GM, white engitVM) and cerebrospinal
fluid (CSF) probability maps, and stripped of exteaebral voxels. Segmentation was
based on a cluster analysis method that accouatezhth voxel's signal intensity,
together with am priori expectation of the anatomical location of theadi#ht tissue
types. In order to adjust for the growth and shagek of voxels that can occur during
spatial normalisation, voxel probability valueshe cleaned, segmented images were
modulated with the Jacobian determinants deriveh fthe spatial normalization (Good
et al., 2001). Thus if a brain region doubled esas a result of normalization, the grey
matter probability value for this region would b&\red for the purposes of calculating its
volume (Ashburner et al., 2001). The processed &M, and CSF images were

smoothed with a 12mm Gaussian kernel, prior towelcalculation.
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3.4.5 Image Pre-processing: longitudinal study

The methodology used for tensor-based morphomeligwied the methodology
described by Kipps et al. (2005). The following @edure was applied to the scans of

each subject in SPM2:

1. Arigid body transformation (3 translations @btations) was initially used to
approximately register the baseline to the follgpw(BU) image. The quality of the
registration was manually checked and was deemmsptable for all images. All images

were re-sliced into 1.5mhvoxels.

2. Using the ‘spm_warp_ui.m’ script (written by soAshburner;

http://www.fil.ion.ucl.ac.uk/~johpin the ‘Deformation Toolbox’ in SPM2, a high-

dimensional deformation field was sought that womédp each subjects’ baseline image
to their FU image as closely as possible (Ashbumedersson, & Friston, 2000), by
minimising the mean squared difference betweerntlages. The regularisation
parameter, which defined the compromise betweemtren squared difference between
the images and the smoothness of the deformatiassset to four. Eight iterations of
the deformation algorithm were performed. The restlhe high-dimensional warp was
a deformation field that contained the informatiequired to map a point on the FU
image to a corresponding point on the baseline @nfoy each subject. The amount of
regional expansion or contraction was extractechftiois deformation field, by taking the

Jacobian determinant (i.e. the determinant of thdignt of the deformation) at each
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point (Freeborough et al., 1998). An image consjstif the Jacobian determinants at
each point was generated in alignment with therablgie. This Jacobian ‘map’ encoded
the number of cubic millimetres in the baselinegméhat corresponded to one cubic
millimetre in the FU image. For example, if a bratructure uniformly contracted from
20mnT to 10mni in a particular subject over the follow-up intdntaen the value of the
Jacobian determinant would be 2 in voxels in tlo®Bi@n map corresponding to that
structure. The baseline images were not used agaubsequent pre-processing or

analysis.

3. The FU images were normalised to a customiseadealirain template, which was
generated by averaging the smoothed (with an 8mus£san kernel), normalised whole-
brain images of all the FU images, which had begustered to the ICBM 152 template.
The normalised FU images were then segmented intoV&V and CSF images, and
extra-cerebral voxels removed. The procedure fomabsation and segmentation was
identical to that as described for the baselindystiEach subjects’ spatial normalisation

parameters were then applied to their Jacobiangeaprated in step 2.

4. Each subjects’ normalised GM segment (from 8)epas multiplied, voxel-by-voxel,
with their normalised Jacobian map (from step 3ptm a product image. As regional
contraction over the follow-up interval correspodde a Jacobian determinant > 1 (see
step 2), voxel values in the product image exceedeesponding values in the late

tissue segment in regions where tissue contrab@oinoccurred.
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5. Each subjects’ GM segment and product image &tamp 4 was modulated with the
Jacobian determinants from the spatial normalinadi@scribed in step 3. The modulated
images were then smoothed with a 12mm Gaussiarelkdinese smoothed product and

GM segment images were entered into the statistitallysis.

3.4.6 Statistical Analysis: baseline study

Statistical analyses (which can be regarded as AWEXJFriston et al., 1995)) were
undertaken in SPM2 to identify the brain region®ermehthe FES patients exhibited GM
volume reductions relative to the healthy contr8isbjects’ age-at-scan, gender,
handedness and global GM volume (calculated by samthe voxel values in each
subject’s pre-processed GM image) were includatuésance covariates in the analysis.
Output was in the form of Statistical Parametricadgl§SPMs), based on a voxel-level
height threshold of R 0.05 (corrected for multiple comparisons using Gaursrandom
field theory; (Worsley et al., 1996)) and a cludtarel extent threshold of 100 contiguous
voxels. Coordinates for foci of maximal GM changéwm each supra-threshold cluster
were produced as MNI coordinates. To facilitatenptetation of results relative to
previous studies, these MNI coordinates were toanséd into Talairach (Talairach et al.,
1988) coordinates using thani2tal.ni Matlab script written by Matthew Brett

(http://lwww.mrc-cbu.cam.ac.uk/Imaging/Common
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3.4.7 Statistical Analysis: longitudinal study

The general linear model in SPM2 was used forsdiedil inference. The images
generated from step 5 of the longitudinal-studygepre-processing protocol were
entered into the design matrix in four conditioosntrol product images, control GM
segments, schizophrenia product images and schizimiphGM segments. Fifty-one
subject-specific, dummy covariates (i.e. 25 schiwepia and 26 control subjects)
modelled the variance attributable to repeated nreaswithin subject. The interaction
between subjects’ diagnosis (i.e. control or sghiiwenia) and image type (i.e. product or
GM segment) was examined with a [-1 1 1 -1] contodparameter estimates for each
voxel, using 2-tailed-statistics. In other words, SPM performed a paiirex$t to
determine whether greater tissue contraction hadroed in the patients with
schizophrenia relative to the control subjects.j&tb’ age, gender, handedness and
follow-up interval were entered as nuisance covesian the analysis. Output was again
in the form of Statistical Parametric Maps (SPNbsised on a voxel-level height
threshold of < 0.05 (corrected for multiple comparisons) and aemxthreshold of 100
contiguous voxels. As for the analysis of the basetondition, the ‘mni2tal.m’ Matlab

script was used to transform the MNI coordinatés Tralairach coordinates.
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3.5 RESULTS

3.5.1 Baseline study

The 41 FES patients showed widespread GM reduntiative to the 47 matched healthy

controls at baseline, after controlling for subgeetge, gender, handedness and global

GM volume (Figure 3-1 and Table 3-2). The righntiad and parietal cortices and the left

parietal and temporal cortices were the regionst meakiced in the FES patients,

although there were also significant reductionthaleft ventral prefrontal cortex and

right inferior temporal cortex and cerebellum.

Anatomical Region T&T co-ordinate of T-value Cluster size
(local maxima >8mm voxel of maximum
apart per cluster) significance
X y z

Precentral Gyrus 64 -2 27 8.17 3819
Inferior Frontal Gyrus 61 7 26 8.05
Precentral Gyrus 60 -11 42 7.22
Lingual Gyrus 30 -60 -4 7.48 712
Middle Frontal Gyrus -32 51 -7 7.45 816
Middle Frontal Gyrus -27 52 8 6.76
Middle Frontal Gyrus -38 43 -6 6.38
Middle Frontal Gyrus -62 21 37 7.34 2859
Precentral Gyrus -60  -15 41 7.14
Middle Temporal Gyrus -68  -32 -3 6.91
Inferior Frontal Gyrus -17 25 -14 6.22 288
Inferior Frontal Gyrus -26 28 -13 5.77
Anterior Cingulate Gyrus  -11 36 17 5.77 186
Fusiform Gyrus 39 -42 -27 5.2 220

Table 3-2 Baseline Study — regions where the 41 FES patiead less GM
at baseline than did the 47 matched healthy canfstétistically controlling
for age, gender, handedness and global GM volume)
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Figure 3-1 Regions of reduced grey matter volume at bas@hrll FES patients compared to 47 matched heedihiyols. The regions of
reduction are displayed as a rendered, three-diomeadsstatistical parametric map (SPM); height shiad: p<.05 corrected for family-wise error,
extent threshold = 100 voxels.
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There were also a number of regions where the FEE8ns showed increased GM
relative to the matched healthy controls at basdliigure 3-2 and Table 3-3). There was
a large region of increase in the occipital lobe] amaller regions in the superior and

middle frontal gyri, precentral gyri, claustrum acerebellum.

Anatomical Region T&T co-ordinates of T-value  Cluster
(local maxima >8mm voxel of maximum size
apart per cluster) significance
X y z

Lingual Gyrus 21 -96 -3 9.9 3387
Cuneus -15 -99 5 9.23
Inferior Occipital Gyrus 27 -94 -7 8.83
Superior Frontal Gyrus -12 56 32 6.87 222
Superior Frontal Gyrus -8 39 48 5.95
Superior Frontal Gyrus -9 51 38 5.37
Superior Frontal Gyrus -39 45 25 6.49 138
Middle Frontal Gyrus -41 50 14 5.85
Superior Frontal Gyrus 15 56 32 6.27 208
Superior Frontal Gyrus 9 51 39 5.93
Superior Frontal Gyrus 9 60 25 5.45
Precentral Gyrus 18 -16 62 6.25 612
Claustrum 39 -18 -4 5.55 178
Precentral Gyrus -14 -16 59 5.49 106
Cerebellum -15 -89 -41 5.27 204

Table 3-3: Baseline study - regions where the 47 matchedheabntrols had less GM at
baseline than did the 41 FES patients (statisyicalhtrolling for age, gender, handedness and
global GM volume)
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Figure 3-2: Regions of increased grey matter volume at basilidé FES patients compared to 47 matched heatthirols. The regions of
increase are displayed as a rendered, three-dioretstatistical parametric map (SPM); height thoéd: p<.05 corrected for family-wise error,
extent threshold = 100 voxels.
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3.5.2 Longitudinal study

The 25 FES subjects showed extensive GM loss bee?43 year follow-up interval over
and above the GM loss experienced by the 26 matobaithy controls (Figure 3-3 and
Table 3-4). The parietal and temporal lobes bitdkgmwere most affected, although
atrophy extended into the posterior ventral prefiboortex and cerebellum. There were
no regions in which the 26 healthy controls werenfibto lose more GM over the follow-

up interval than the 25 FES patients.

Anatomical Region (local T&T co-ordinates T-value Cluster size

maxima >8mm apart per of voxel of
cluster) maximum
significance
X y z

Precuneus 10 -70 43 8.59 11264
Sub-gyral Temporal Lobe -49 -17 -21 8.57
Precuneus -4 -72 46 8.53
Superior Temporal Gyrus 34 16 -24 7.5 824

Superior Temporal Gyrus 38 6 -26 7.04
Sub-gyral Temporal Lobe 42 -11 21 6.77

Parahippocampal Gyrus 16 -46 8 7.15 319
Lingual Gyrus 18 -41 0 7.07

Posterior Cingulate Gyrus 8 -50 14 6.29
Cerebellum 6 -52 -39 6.79 190
Cerebellum 10 -54  -33 6.4

Cerebellum -4 -54 -39 6.29

Cerebellum 22 77 -25 6.71 574
Cerebellum 24 -75  -33 6.34

Cerebellum -16  -74  -38 5.62

Inferior Frontal Gyrus -32 24 -18 6.62 130
Inferior Frontal Gyrus -40 26 -18 5.96

Inferior Frontal Gyrus -30 18 -23 5.58

Postcentral Gyrus 57 -16 21 6.45 664
Inferior Parietal Lobule 53 -29 33 6.24

Superior Temporal Gyrus 61 -27 9 6.17

Table 3-4 Longitudinal study — regions where the 25 FESgpds lost more GM
over the FU interval than did the 26 matched hgaitimtrols (statistically
controlling for age, gender, handedness and Fuwvalle
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Figure 3-3 Regions where 25 FES patients lost more greyematiume over the 2-3 year follow-up interval cargd to 26 matched healthy
controls. These regions are displayed as a rendiare@-dimensional statistical parametric map ($Pidight threshold: p<.05 corrected for
family-wise error, extent threshold = 100 voxellelle were no regions in which the 26 controls vedaserved to lose more grey matter over the

follow-up interval compared to the 25 FES patiegigen the height and extent threshold.
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3.6 DISCUSSION

In this study, voxel-based morphometry (VBM) wasdito identify GM abnormalities
across the brain in 41 patients with first-episedeizophrenia (FES) relative to 47
matched healthy controls in a baseline study peréorwhen patients were recruited.
Substantial regional GM abnormalities were obsemedte FES subjects at baseline,
including reductions in the parietal, temporal &edtral frontal cortices and cerebellum,
and increases in the occipital lobe, dorsal frootatex and primary motor cortex (Tables
3-2, 3-3 and Figures 3-1, 3-2). Tensor-based mangtiy was used to quantify the
progressive GM change over the next 2-3 yearssuibaet of the baseline subjects (25
FES and 26 healthy controls). The FES subjects nleserved to lose substantially more
GM than the controls over the follow-up intervapecially in the parietal cortices and
posterior temporal cortex. There were no regionshich the control subjects lost more
GM in the follow-up interval than did the FES sudige(Table 3-4 and Figure 3-3). In
short, these results suggest that patients wittzgghrenia already exhibit GM
abnormalities relative to controls at the timeldit first psychotic episode, and that GM
loss continues in patients with schizophrenia dhemext 2-3 years, at a greater rate than

that experienced by healthy subjects.

The results of the baseline study are generallgistant with the results of previous
studies into FES, with reductions in the frontamporal and parietal cortices commonly
reported (Job et al., 2002; Kubicki et al., 2002yM\et al., 2005). Reports of reductions in

the cerebellum are also not unprecedented intérature (Ichimiya, Okubo, Suhara, &
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Suda, 2001), and have been used to support theyttiet rather than being exclusively
responsible for motor coordination, the cerebelplays a role in coordinating the timing
of the higher-level cognitive activity that is tgaily dysfunctional in schizophrenia
(Andreasen et al., 1999). Based on the resultsi®ktudy and previous research, there is
very strong evidence to suggest that patients sathzophrenia exhibit GM deficits at

the time of their first psychotic episode. Thereven evidence to suggest that structural
GM abnormalities may in fact precede the onsetsgthotic symptoms in high-risk
subjects who go on to develop schizophrenia (Piardgehl., 2003). The question of
whether the onset of psychosis can be preventenhiolg the development of these
structural brain abnormalities has not been walresised in the literature, and remains a

research area of enormous clinical significance.

There were similarities but also notable differenicethe regions where the FES patients
exhibited GM reductions at baseline compared torevkigey exhibited increased
progressive GM atrophy over the follow-up inten@mpared to the healthy controls.
For example, while widespread reductions in thérpnéal cortex were observed in the
FES patients at baseline, the FES patients shoaragaratively little progressive GM
loss in this region compared to the healthy coatrdhe parietal lobe, on the other hand,
was heavily reduced at baseline in the FES patiantbwas also the site of accelerated
GM loss over the follow-up period in the patiergfative to the healthy controls. This
finding is consistent with the results of a prewadongitudinal study by our group, which
employed a different methodology to compare thgitoidinal GM atrophy in FES and

first-episode bipolar patients (see Appendix 2js ot entirely consistent, however, with
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the results of a recent meta-analysis by Honeh €@05) who reported frontal lobe GM
atrophy as being among the most consistently regdimdings in previous VBM studies
into schizophrenia. A notable feature of the Hoekal. (2005) study, however, was that
the majority of the studies it included had invgated patients with chronic
schizophrenia, as opposed to the first-episode leadgscribed here. Thus it is possible
that the widespread parietal lobe atrophy obseivéide FES patients in this study would
progress to the frontal lobe as the disease bechmeic. This proposal is consistent
with the findings of Thompson et al. (2001), whsetved a dynamic wave of
progressive GM atrophy in patients with early-ors##tizophrenia, which began in the
parietal cortices and progressed anteriorly overstibsequent five years to the temporal
and finally the frontal cortices. Hence it appeasthough progressive abnormalities of
the parietal cortices may be characteristic ofeihudy stages of schizophrenia. The role of
the parietal cortices in the development of psyich®tmptoms in schizophrenia has been
established previously, particularly in regard$h® development of symptoms of reality
distortion (Shergill, Brammer, Williams, Murray, BlcGuire, 2000; Spence et al., 1997;
see also Chapter 5), with an emphasis being placeis role in the monitoring of
internally generated thoughts and actions. Furtbezprabnormalities in these processes
of self-monitoring have previously been proposethasmeural bases for hallucinations
and delusions (Frith, 2005). Identifying the medkars underlying the abnormal
progressive GM atrophy in the early stages of sgitizenia is essential if this atrophy is

to be successfully arrested.
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Progressive GM loss in the years immediately folfmpsychosis onset in adult-onset
schizophrenia have been reported by the majorithefew studies previously
undertaken (Lieberman et al., 2001; Ho et al., 2@2$n et al., 2002b), although there
have been exceptions (DelLisi et al., 1992). In amtt few of the previous longitudinal
studies have identified evidence of progressive IGd4 in patients with chronic
schizophrenia (Lauriello et al., 1997; Vita, Die@Giobbio, Tenconi, & Invernizzi, 1997),
although again there have been conflicting findifMathalon et al., 2001). Gur et al.
(1998a) directly compared the longitudinal changedsontal and temporal lobe volume
over 2-4 years in first-episode and chronic schizepic patients, and healthy controls
and found that the first-episode patients lostifigantly more GM than did chronic
patients over the follow-up interval, while the ahic patients did not, in general, lose
any more GM than controls. The study describethismi¢dhapter provides evidence of
diffuse, progressive GM loss occurring in patienidh FES patients over only a 2-3 year
period. Thus it seems likely that there is a peabgdrogressive GM loss in the years
immediately following the onset of symptoms in gdphrenia, and that this rate of loss
attenuates later in the course of the diseasg plbssible to speculate as to why this might

be:

The most common age-of-onset for schizophreniatesddolescence and early
adulthood, which is consistent with the averageaidhe FES sample in this study,
which was 19.6 years for the males and 20 yearthéofemales. This age corresponds to
a period of enormous structural change in the hgd&timan brain (Purves, 1998; Sisk et

al., 2004), with the elimination of millions of sypses and their associated neuronal
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processes (dendrites and axon terminals). Thiafsyn prune’ (which has been
associated with the development of the sustaingiddbthought in adulthood; (Feinberg,
1982)) has been suggested to arise from a reductio@uroprotective trophic factors,
possibly in response to puberty-related hormonahgks (Purves, 1998). It has been
suggested that schizophrenia arises from a dystumict this period of healthy brain
maturation (Feinberg, 1982; Keshavan et al., 19849sibly due to abnormalities in the
genes coding for these trophic factors (e.g. sd@kKat al., 2001). This could explain the
general finding of progressive structural brairoplry early in the course of
schizophrenia, but not in the later stages of thease. In this case it would be
conceivable that an abnormality in the mechanisspaesible for this ‘synaptic prune’
could result in the survival of synapses that waatlterwise have been pruned, as the
well as the elimination of synapses that would ntige have been preserved. Such a
scenario has previously been proposed to undésielisorganization of thought
typically associated with schizophrenia (Chua gt1&97), and might account for the
observation of regional GM increase in the FESgpasi at baseline, particularly in the

occipital lobe and cerebellum.

In summary, this study found evidence that patientis schizophrenia exhibit
widespread GM deficits at the time of their firslyphotic episode relative to matched
healthy controls, and that they lose more GM inghlesequent 2-3 years than do
controls, especially in the parietal cortices. Vénauggested that these progressive
volumetric GM abnormalities arise from a dysfunatio the period of neural

reorganization associated with adolescence any adulthood (the most common age of
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onset in schizophrenia), and subsequently migltblbéned to this period, rather than
degenerating further with illness chronicity. Bgecanning these same participants at
regular intervals over the next decade, | am hoporige able to test this hypothesis, as
any structural brain changes due to peripubertalatzvelopment would be expected to
be complete by the end of this period. There israrmous cost, both socially and
economically, associated with schizophrenia givet it is a life-long chronic, disabling
and progressive condition. Thus even small chaimgésease severity that might be
achieved by investigating and targeting the pemsebnt onset of the illness would bring

enormous health and cost benefits - arguably aaany in the health care world.
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CHAPTER 4

VOLUMETRIC WHITE MATTER ABNORMALITIES IN

FIRST-EPISODE SCHIZOPHRENIA: A LONGITUDINAL

MRI STUDY
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4.1 PREAMBLE

The research described in Chapter 3 identified graiter abnormalities in patients with
FES both at the time of their first presentatiomiental health services with psychotic
symptoms (baseline) and over the subsequent 23 gédlness (follow-up). The
research described in this chapter used the sart®dwogy and investigated the same
subject sample as the research described in Chapiée only difference was that while
the study described in Chapter 3 investigatedfey matterabnormalities in the FES
patients, the study described in this chapter ityated forwhite matterabnormalities in

these patients, both at baseline and over thewalip interval.

As discussed in Chapter 1, a number of prominexdrtbs of schizophrenia (e.g.
Andreasen, 1999; Bartzokis, 2002; Frith, 1992) haregosed a dysfunction in neural
connectivity as being the primary cause of theatise Bartzokis (2002), in particular,
emphasized the role of dysfunctional neural timegulting from abnormal myelination

in the formation of the symptoms of schizophrenia.

With this is mind, the first aim of this chapter sv@ identify the regional white matter
abnormalities present in patients with FES, forghgposes of distinguishing between the
validities of the aforementioned theories of nediatonnectivity. The second aim of this
chapter was to compare the regions affected byewhdtter atrophy (or hypertrophy) in

the FES patients to the regions affected by gretyematrophy (or hypertrophy) in the
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same patients in Chapter 3. By doing this | hopegkin an insight in to the mechanisms

underlying the structural brain abnormalities prese patients with FES.

This chapter has been publish&aierican Journal of Psychiatrgas an article entitled:
“Volumetric white matter abnormalities in first-gpde schizophrenia: a longitudinal,

tensor-based morphometry study” (see Whitford .e2807b).

4.2 ABSTRACT

While schizophrenia has long been considered adBs@f brain connectivity, relatively
few studies have investigated for white matter (WAhormalities in the disease. Forty-
one patients with first-episode schizophrenia (F&E®)erwent a T1-weighted structural
MRI scan within three months of their first pressitn to mental health services with
psychotic symptoms. Forty-seven age and sex matob@thy controls were scanned for
comparison. A first-episode design was employeitl msnimized the confounds
associated with illness chronicity and long-terrp@sure to neuroleptic medication. Of
the baseline participants, 25 FES patients andA6als returned 2-3 years later for a
follow-up scan. Voxel-based morphometry in SPM2 wsed to identify regional
volumetric WM differences between the groups atlhas, while tensor-based
morphometry was used to identify the longitudinf@zmges over the follow-up interval.
The FES patients exhibited volumetric deficitshe ¥#WM of the frontal and temporal
lobes at baseline, as well as volumetric increasdse WM of the fronto-parietal

junction bilaterally. Furthermore, the FES patidott considerably more WM over the
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follow-up interval than did the controls in the rdid and inferior temporal cortex
bilaterally. While there is substantial evidencedbnormal myelination being
responsible for the WM irregularities in patientshaschizophrenia, | propose that the
longitudinal WM reductions observed in this studwlc have resulted from the death of
neurons in the temporal cortex over the follow-nigival, possibly due to a dysfunction
in the dramatic period of brain development tygicaksociated with healthy

adolescence.

4.3 INTRODUCTION

A dysfunction in neural connectivity has been pisgabas being the fundamental
abnormality underlying schizophrenia (Andreaseal €t1999; Friston, 1998; McGuire &
Frith, 1996). Given that white matter (WM) tractmetitute the anatomical infrastructure
for neural connectivity, it is reasonable to hymsiise the existence of WM abnormalities
in patients with schizophrenia. In spite of thispever, relatively few studies have
investigated for WM abnormalities in the diseadae &im of this study was to examine
for evidence of volumetric WM abnormalities in gatis with schizophrenia, both at the
time of their first presentation to mental heakhveces with psychotic symptoms, and

longitudinally over the first 2-3 years of illness.

Volumetric WM reductions, particularly in the friahlobe, have been consistently

reported in patients with schizophrenia (see Davel., 2003 for a review). This

volumetric reduction could be indicative of decethaxonal myelination, or axonal
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elimination resulting from neuronal death. Furtherej there is some evidence
suggesting that this WM atrophy is progressive ¢kiercourse of the disease (Velakoulis
et al., 2002). A common feature of the majoritypodvious studies is that they have
focused on chronically ill patients — very few seslhave investigated WM
abnormalities in patients experiencing their feptsode of schizophrenia (FES). This is
an issue that requires addressing, as investigttengtructural underpinnings of
schizophrenia early in its course gives signifidastght into the nature of the disease, its
origins, its clinical course and the optimal paththerapeutic intervention. Furthermore,
the first-episode design minimises the confounds@ated with long-term exposure to
neuroleptic medication, which has been suggestaffeéot brain structure in and of itself
(Lieberman et al., 2005; Madsen et al., 1999). iBusvstudies that have investigated
evidence of WM irregularities in FES patients haveduced equivocal results. For
example, while several studies have reported Whbabalities in FES, including
impaired myelination of the corpus callosum (Flwtral., 2003), irregular shape of the
corpus callosum (Frumin et al., 2002), reducedtimaal anisotropy in fronto-temporal
WM (Szeszko et al., 2005) and a decreased magtetizeansfer ratio (a putative
measure of myelination) in the fasiculus uncing®egary et al., 2003), others have
failed to observe any WM abnormalities (Hirayasalet2001; Salokangas et al., 2002;
Cahn et al., 2002a). Inconsistent results havelaen reported in the very few studies
that have investigated longitudinal WM changesahgmts with recent-onset
schizophrenia. For example, while Ho et al. (20@p)prted progressive atrophy in

frontal lobe WM over three years in patients withant-onset schizophrenia, Rapoport et
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al. (1999) did not observe differential rates of VéNange over four years between

patients with childhood-onset schizophrenia andchresd healthy controls.

Aside from the clearly delineated corpus callosiins, notoriously difficult to manually
define WM regions-of-interest (ROIs) consistentgiveeen subjects, due to the dearth of
referential anatomical landmarks. Hence the mgjafitprevious studies have
investigated changes in WM at the level of the wHmiain, or the brain lobe. The lack of
sensitivity inherent in such a large-scale analygsay well have contributed to the
inconsistency of the previous findings. This is anea in which the automated statistical
imaging techniques (e.g. voxel-based morphometeyparticularly advantageous. By
investigating for evidence of structural differerateevery voxel in the brain, the
statistical imaging techniques are able (given eppate statistical correction for
multiple comparisons) to identify small, discreteas of regional abnormality without
requiring the manual tracing of ROIs, which ardidifit to define consistently and are

necessarily constrained to the regions definedrioy pypotheses.

In this study, voxel-based morphometry was usadwestigate for evidence of WM
abnormality in patients with first-episode schizogha (relative to matched healthy
controls) within three months of their first pretsdion to mental health services with
psychotic symptoms (baseline condition). Tensoetlasorphometry was used to
investigate for evidence of progressive WM atrophthe FES patients over the first 2-3
years of iliness, over and above any correspondimgjtudinal changes experienced by

the healthy controls (follow-up condition). It whgpothesized that the FES patients
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would exhibit frontal, temporal and parietal WM vetions at baseline, relative to the
healthy controls, and that these regional abnotrsvould degenerate over the follow-
up interval, based on the abnormal regional gretganeeductions that | have previously

reported in these patients (Chapter 3).

4.4 METHODS

4.4.1 Participants

The participants for both the baseline and follgsyplhases of the study were identical to
the participants investigated in Chapter 3. A sunyrofthe demographic details of the
patient and control samples is provided in Table B-full description of the recruitment
criteria, exclusion criteria, and treatment proteassed for these participants is provided

in Section 3.4.1.

4.4.2 MRI Acquisition

The MRI acquisition protocols for the baseline &oltbw-up phases of the
study, for both the FES patients and matched heatihtrols, were identical to
those employed in Chapter 3. A full descriptiorttadse acquisition protocols is

provided in Sections 3.4.2 and 3.4.3.
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4.4.3 Image Pre-Processing

The protocols for image pre-processing were esalgniilentical to the protocols
described in Section 3.4.4 for the baseline stady, Section 3.4.5 for the follow-up
study. The only difference between the protococdbed in Chapter 3 and the protocols
used in this study was that the segmemtbide matterimages were pre-processed and
used for all analyses in this chapter, while trgmsentedgrey matteiimages were pre-

processed and used for all analyses in Chapter 3.

4.4.4 Statistical Analyses

The statistical analyses used for both the basaldefollow-up phases of this study were

identical to the analyses described in Section$add 3.4.7.

4.5 RESULTS

4.5.1 Baseline study

The 41 FES patients showed reduced white matteinwein a number of regions at
baseline relative to the healthy controls, aftertcaling for age, gender, handedness and
global WM volume (Figure 4-1 and Table 4-1). Thesgions of reduction were mainly

located in the white matter of the frontal and past temporal lobe.
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Figure 4-1: Regions of volumetric white matter reduction ing&tients with first-episode
schizophrenia relative to 47 matched healthy césaabthe baseline scan. Participants’ age,
gender, handedness and whole-brain white mattemalvere controlled for in the analysis. At
the top of the figure, the regions of reduction displayed as an SPM (P<.05 corrected for
multiple comparisons, extent threshold=100 voxés}he bottom of the figure the regions of
reduction are overlaid onto the cleaned, white enattgment of the MNI single-subject T1-

weighted MR image.
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Anatomical Region  T&T co-ordinate of T-value Cluster

voxel of maximum size
significance
X y z
nghtfronto-000|pltal 21 29 6 8.75 3624
fasiculus
Left inferior 33 64 9 7.4 735

longitudinal fasiculus
Right cortico-pontine
(coticofugal) /
thalamocortical (to 11 6 55 7.12 119
ventral-anterior
nucleus) fibres

Right dorsal medial 9 39 o8 6.52 128
frontal gyrus
Left pre-central gyrus  -12 -16 61 6.1 135

-14 -3 58

Table 4-1: Baseline Study — regions where the 41 FES patleaddess WM
at baseline than did the 47 matched healthy canfsbétistically controlling
for age, gender, handedness and global WM volume)

The FES patients also showed a bilateral regionaséased WM volume at baseline

relative to the controls at the fronto-parietalgtion (Figure 4-2 and Table 4-2).

Anatomical T&T co-ordinates of T-value Cluster
Region voxel of maximum size
significance
X y Z
Right post-central 26 o5 34 6.96 1699
gyrus
27 -20 26 6.84
Left dorsal middle 32 13 o8 6.43 1046
frontal gyrus

Table 4-2: Baseline study - regions where the 47 matchedHhyeabntrols
had less WM at baseline than did the 41 FES patistatistically
controlling for age, gender, handedness and ghidlvolume)
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Figure 4-2: Regions of volumetric white matter increase impédients with first-episode
schizophrenia relative to 47 matched healthy cémtaibthe baseline scan. Participants’ age,
gender, handedness and whole-brain white mattemalvere controlled for in the analysis. At
the top of the figure, the regions of increasedisplayed as an SPM (P<.05 corrected for
multiple comparisons, extent threshold=100 voxéls}the bottom of the figure the regions of
increase are overlaid onto the cleaned, white mad¢igment of the MNI single-subject T1-
weighted MR image.
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4.5.2 Longitudinal study

The 25 FES subjects exhibited volumetric WM redudiin the temporal lobe bilaterally
over the first 2-3 years of their iliness, over atdve any longitudinal change
experienced by the matched healthy controls (Figt8eand Table 4-3). These regions of
longitudinal WM loss were confined to the middlelanferior temporal cortices. There
were no regions in which the controls were obsetaddse more WM over the follow-

up interval than the FES patients.

Anatomical Region T&T co-ordinates T-value Cluster size
of voxel of
maximum
significance
X y z
Left inferior temporal gyrus -53  -26 -17 8.02 1190
Left middle temporal gyrus -53 -36 -13 7.54
Left posterior middle 53 .41 8 6.92
temporal gyrus
Right fusiform gyrus 48 24 -19 5.39 546
Right anterior middle 51 14 -18 5 29
temporal gyrus
Right middle temporal gyrus 57 -28 -12 5.27

Table 4-3: Longitudinal study — regions where the 25 FESqpasi lost more WM
over the follow-up interval than did the 26 matciea@lthy controls (statistically
controlling for age, gender, handedness and Fuvialfe
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Figure 4-3: Regions where the 25 patients with first-episattézophrenia who underwent a
follow-up scan lost a greater volume of white matteer the follow-up interval compared to the
26 matched healthy controls who underwent a follgpascan. Participants’ age, gender,
handedness and follow-up interval were controltadri the analysis. At the top of the figure, the
regions of reduction are displayed as an SPM (Pgodfcted for multiple comparisons, extent
threshold=100 voxels ). At the bottom of the figtite regions of reduction are overlaid onto the
cleaned, white matter segment of the MNI singlgesethr 1-weighted MR image.
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4.6 DISCUSSION

Schizophrenia has long been thought of as a disofd&ain connectivity (Friston,
1998). In spite of this, however, relatively fewdies have investigated for white matter
abnormalities in patients with schizophrenia, dmermajority of those that have focused
on patients with chronic schizophrenia, and herasesIsuffered from the confounds
associated with illness chronicity and long-terrp@sure to neuroleptic medication. In
this study, voxel-based morphometry (VBM) was useidlentify widespread reductions
in WM volume in patients with first-episode schibopnia at the time of their first
presentation to mental health services with psyclsyimptoms, relative to matched
healthy controls (Figure 4-1 and Table 4-1). Tret fhat these reductions were most
prominent in the frontal and temporal lobes is ¢steat with theories which argue that a
disintegration of fronto-temporal connectivity umiies a number of the ‘positive’
symptoms of schizophrenia, with disorganized tmgkbeing the most salient example
(Hoffman & McGlashan, 2001), and auditory hallut¢ioas (Frith, 1992) and certain
delusions (e.g. delusions of alien control) (F&tibone, 1989) also being implicated. A
failure to recognise one’s self-generated thoughtsactions as being self-generated has
been proposed as the general mechanism underhgsg symptoms of reality distortion.
Frith et al. (2000) considered the example of mgwine’s hand. Signals arising in the
supplementary motor area (SMA; where actions atiated) project to both a) the
parietal lobe — which is involved in generatingoagcious awareness of the intention to
move the hand, and b) the primary motor area (PM®hich projects down the spinal

column in order to actually move the hand. Fritlale{2000)suggested that the common
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schizophrenic delusion of alien control (the befieft one’s body is being controlled by
an external agent) could arise because of dysfumaiticonnectivity between the SMA
and the parietal lobe, such that the patients’ @ons awareness of their intention to
move arose after their movement had already oadur@opose that such a dysfunction
could potentially arise from either 1) an abnormalbw connection between the SMA
and the parietal lobe — which could correspondetrelsed regional WM volume,
particularly if it is due to decreased myelinatasdescribed below, or 2) an abnormally
fast connection between the SMA and the PMA — whkimhld correspond to increased
regional WM volume, such as was observed in thetfldobe WM in the FES patients at
baseline (Figure 4-2 and Table 4-2). Obviously thalel is largely speculative and
would require a great deal more empirical investigebefore it would be possible to be

confident of its validity.

Several lines of evidence have indicated that abhabties in axonal myelination

underlie the WM abnormalities observed in schizepla (see Davis et al., 2003 for a
review). Patients with schizophrenia have beenmbseto show WM hyperintensities on
T2-weighted MR images (Sachdev & Brodaty, 1999)icWlare associated with
demyelination (Drayer, 1988). They also show reidustin the magnetization transfer
ratio which is a putative measure of myelinatiooqig et al., 2000; Bagary et al., 2003),
and reductions in fractional anisotropy using diftun tensor imaging (Kubicki et al.,
2005; Szeszko et al., 2005), which has been asedanath decreased axonal integrity,
and has been found to be reduced in patients heatldémyelinating disease multiple

sclerosis (Filippi, Cercignani, Inglese, HorsfieddComi, 2001). Furthermore, an
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immunohistochemical study reported abnormally redutumbers of oligodendrocytes
(glial cells involved in the production and mairaece of myelin in the CNS) in the WM
of the superior frontal gyrus in patients with gdphrenigoost morten{Hof et al.,

2003). Finally, a genetic study using DNA microgreaalysis reported five genes
implicated in the formation and maintenance of nmysheaths to be down-regulated in
patients with schizophrenia relative to healthytoals (Hakak et al., 2001). Thus there is
substantial evidence indicating that abnormal nmgtion underlies the WM
abnormalities reported in schizophrenia. Howevee@nd, not mutually exclusive,
possibility is that the WM loss reflects the elimiion of axons resulting from neuronal
death in patients with schizophrenia. | suggedtribaronal death, rather than
demyelinatiomper se may underlie the longitudinal WM reductions olveerin the FES
patients in this study (Figure 4-3 and Table 4k3Chapter 3, when investigating the
same subjects, | reported longitudinal reduction®mporal lobe grey matter in the FES
patients over and above the reductions experiebgdlde healthy controls over the
follow-up interval. As can be seen in Figure 4hgde longitudinal GM reductions were
immediately lateral to the longitudinal WM reductgoobserved in this study, particularly

in the right hemisphere.

Given that the cortex is largely constituted ofgayrdal neurons which project into the
adjacent WM (Niedermeyer et al., 1999), it is temgpto speculate that the longitudinal
WM reductions reported in this study were causethbydeath of the pyramidal neurons
in the temporal cortex. Contrary to this speculatimowever, the majority of previous

studies have not found evidence of a large-scataredtion of cortical neurons in
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Figure 4-4 Regions where the 25 patients with first-epissci@zophrenia who underwent a follow-up scan expeed greater volumetric grey

matter loss (in yellow) and white matter loss (ind) over the follow-up interval compared to thergétched healthy controls who underwent a
follow-up scan
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patients with schizophrenia (e.g. see Pakkenb&®)1 This has led to suggestion that
the GM reductions characteristic of schizophrengadue primarily to the elimination of
neuropil (i.e. dendrites and their associated dagominals), rather than the elimination of
neuronger se(Selemon et al., 1999). What follows is a brief@gation as to the
mechanisms underlying the GM reductions charatiens$ schizophrenia, and how they

relate to the longitudinal WM reductions observedhiis study:

Adolescence and early adulthood is a period ofranas structural change in the healthy
human brain (see Chapter 1). Previous studiesatalibat this period is associated with
a dramatic reduction in the number of cortical pg&s and their associated neuropil
(Bourgeois & Rakic, 1993; Huttenlocher et al., 199he mechanism behind this
‘synaptic prune’ is not clear, but may involve thegeted elimination of synapses via a
similar mechanism to that proposed by Purves (1898xplain the development of the
perinatal nervous system. Purves (1998) has aripa¢cheurons synthesize a limited
amount of trophic factors, such as nerve growttofa@dNGF) and brain derived
neurotrophic factor (BDNF). In response to stimiolaty the pre-synaptic neuron, these
trophic factors are expelled into the synapse bypibst-synaptic cell and are transported
retrogradely to the pre-synaptic cell. Purves (3988ued that these trophic factors are
required for the growth and survival of dendritedgl axon-terminals on the pre-synaptic
neuron. Synapses that receive a sufficient amduhiese trophic factors are maintained,
while synapses that receive an insufficient amawateliminated. Furthermore, Purves

(1998) argued that a minimum amount of trophicdaetas required to prevent the death
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of not only the neuropil on the pre-synaptic neutmut of the neuron itself, possibly
through apoptotic mechanisms (Henderson, 199@)elfsynaptic prune’ in the brains of
healthy adolescents is triggered by a sudden rextuict the amount of available trophic
factors, possibly triggered by the hormonal charagseciated with puberty (e.g. see
Forger & Breedlove, 1986; Hendry, 1975), then fegsible that schizophrenia (with its
most common age-of-onset in late adolescence) maydpered by an abnormally large
reduction in trophic factors. Such a reductionraphic factors could result in an over-
vigorous ‘synaptic prune’ (as has been suggestwedaqusly e.g. Feinberg, 1982), and
reflected in the abnormally decreased GM volumpglly associated with FES.
Evidence supporting this hypothesis comes fromntesteidies that have observed
decreased plasma levels of NGF (Bersani et al9)183d elevated plasma levels of
autoantibodies to NGF (Klyushnik et al., 1999) atipnts with schizophrenia. Regarding
the patients in this study, | hypothesize thabata time over the follow-up interval, the
amount of trophic factor available to the tempdolk neurons in the FES patients
became inadequate for their survival. This lechdlimination of the relevant neuron
bodies and their associated neuropil, which wdsce®fd in the longitudinal grey matter
reductions observed in the temporal lobe, as redont Chapter 3. The death of these
neuron bodies meant the elimination of their myaka axons, which was reflected in

the longitudinal WM reductions in the FES patiem{gorted here.

It should be emphasized that while the microscapechanisms that have been proposed

to underlie the grey and white matter abnormalitieserved in the FES patients (i.e.

apoptosis, synaptic pruning, demyelination et®,@ausible and were derived from an
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analysis of the molecular-level literature (e.g Balllmore, Frangou, & Murray, 1997),
they are ultimately speculative and untestable watkel-based morphometry, or MRI
more generally for that matter. The grey matteuotidns that were, for example,
observed in the FES patients could feasibly beethby a) neuron death (via necrosis or
apoptosis), b) the elimination of dendrites andfemdritic spines, c) the death or
mutation of selected glial cells (e.g. astrocyt@s)) one of several other possibilities.
Given that the best resolution possible with MRagproximately 1mr it is clearly not

possible to distinguish between these possibildieshe basis of the MR dapar se

Chapter 2 reported evidence of substantial, abno@ihatrophy in the FES patients,
over the 2-3 year follow-up interval. This raiske juestion of whether the WM
abnormalities reported in the present study arersdary to (i.e. resulted from) these GM
changes. However this explanation seems unlikatalse of the fact that relative to the
widespread grey matter atrophy exhibited by the p&&nts over the follow-up interval
(which engulfed most of the parietal cortex), theses comparatively little WM atrophy
over the same period, and it was confined to tfexior temporal lobe. Given that
oligodendrocytes (which constitute the bulk of Wi&1) depend on their corresponding
neuronal axons for survival (Raff et al., 1994; ®ar Jacobson, Schmid, Sendtner, &
Raff, 1993), the fact that we observed widespreadnessive grey matter loss but
relatively circumscribed WM loss suggests thatRES patients did not experience
widespread neuron death over the follow-up inte(thed aforementioned speculation as
to the fate of the inferior temporal lobe neuronsmthstanding). This suggestion is

consistent with previous stereological studies Whiave failed to observe a reduction in
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neuron number in the neocortex of patients withzaghrenia (Pakkenberg, 1993).
Instead, the results of the present study are stamgiwith the “reduced neuropil
hypothesis” (Selemon et al., 1999), which arguestiie characteristic GM loss
exhibited by patients with schizophrenia is undempid by a reduction in dendrites,
dendritic spines and glial cells (all of which aaetur without a corresponding reduction

in WM), rather than the death of neurqes se

In summary, in this study patients with schizophaemere observed to exhibit
widespread WM deficits in the frontal and tempdobles at the time of their first
presentation to mental health services with psyclsyimptoms, as well as more
localized regions of volumetric increase in thenfed lobes. Evidence of progressive
WM reductions in the first 2-3 years of iliness vedso observed in these patients, in a
circumscribed region of the temporal lobe bilatgrdlhave suggested that while there is
substantial evidence indicating that abnormalitiesiyelination are responsible for the
WM anomalies in patients with schizophrenia, thegitudinal WM reductions reported
here could result from the death of neurons in¢neporal cortex, possibly due to a
dysfunction in the dramatic period of brain devehgmt typically associated with healthy

adolescence.
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CHAPTER 5

GREY MATTER DEFICITS AND SYMPTOM PROFILE IN

FIRST-EPISODE SCHIZOPHRENIA
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5.1 PREAMBLE

The existence of grey matter abnormalities in pésievith schizophrenia at the time of
their first presentation to mental health serviges at baseline) was reported in Chapter
3. The research described in this chapter invastighe nature of the relationship
between patients’ grey matter atrophy at baselitktheir associated symptom profile.
To this end, the brain regions where 31 patients ®ES exhibited grey matter atrophy
at baseline, relative to 30 matched healthy cositreére identified and the volumes of
these regions calculated. The volumes of thesemsgpf-reduction were correlated with
patients’ scores on three symptom dimensions gextefeom the scales of the PANSS,
namely Psychomotor Poverty, Disorganization andiigdaistortion. Although there
have been a number of studies in the literaturehthee examined the relationship
between brain structure and symptom profile ingrdsi with chronic schizophrenia, this
study had the advantage of testing the subjectsdéhey had experienced significant
exposure to neuroleptic medication, which can olbisfipinfluence patients’

symptomatology but which has also been suggestedlé@nce their brain structure.

The aim of this study was to identify the structimain abnormalities associated with

differing clinical profiles in patients with FESjth the underlying aim being to elucidate

the neurological origins of the various symptomsadafizophrenia.
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This chapter has been published in the jouRsgichiatry Research: Neuroimagiag an
article entitled: “Grey matter deficits and symptpnofile in first episode schizophrenia”

(see Whitford et al. (2005) and Appendix 4).

5.2 ABSTRACT

Several studies have investigated for evidenceef matter reductions in first episode
schizophrenia (FES), but few have examined theioelship between grey matter
reduction and clinical profile. A group of 31 patis with strictly defined FES and 30
healthy controls underwent a T1-weighted magnesomnance imaging (MRI) scan.
Voxel-based morphometry in SPM99 was used to iflefdur distinct regions of grey
matter reduction in the FES subjects. These regnbmsterest (ROIs) were in the left
ventral prefrontal cortex (ROI 1), left parietaldai@mporal cortices (ROI 2), right
cerebellum (ROI 3), and right frontal and parietaitices (ROl 4). These ROIs were
transformed into binary masks, which were convolwgti patients’ pre-processed grey
matter images. Patients’ grey matter volumes isghregions were correlated with their
composite scores on the following three symptomedisions: Psychomotor Poverty,
Disorganization and Reality Distortion. The voluneéRROls 1, 2 and 4 were found to be
significantly correlated with patients’ Reality Bostion syndrome score. These findings
indicate that distinct, widespread grey matter ctidaus are present very early in the
course of schizophrenia. The results also suggesssible structural underpinning for

the abnormal brain activity typically associatedhwsymptoms of Reality Distortion.
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5.3 INTRODUCTION

A considerable proportion of the structural magnegsonance imaging (MRI) research
in schizophrenia has focused on identifying evigeoicgrey matter loss in patients with
chronic schizophrenia, and investigating the retethip between regional grey matter
volumes and symptom severity in these patientsugtexhs in the prefrontal cortex,
superior temporal gyrus and medial temporal lobestmeen widely reported (Kasai et
al., 2002; McCarley et al., 1999; Pearlson etl®199). In addition, several studies have
identified associations between the volume of tigesor temporal cortex and the
severity of symptoms of reality distortion (Shajkest al., 2002; Wright et al., 1995) and
between prefrontal cortex volume and symptoms ptipsmotor poverty (Chua et al.,
1997). Some studies, however, have failed to remedhese relationships (Paillere-

Martinot et al., 2001; Wible et al., 1995).

In comparison to research with chronic patientbstantially less has been written about
grey matter loss and structure/symptom relatiorssimgoatients with first episode
schizophrenia (FES). Yet the investigation of FE8rportant to elucidating the core
pathophysiology of this iliness, given that it cv@mes the confounds associated with
illness chronicity, such as possible progressiey gnatter atrophy and prolonged
exposure to neuroleptic medication (Madsen efl8B9). The available FES studies have
reported similar patterns of grey matter reductibthe time of patients’ first psychotic
episode to those observed in chronic patientsydnet reductions in the prefrontal

cortex (Hirayasu et al., 2001), temporal cortex@Masu et al., 1998), medial temporal
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lobe (Velakoulis et al., 1999), parietal cortex fhaki et al., 2002), and cerebellum
(Ichimiya et al., 2001), although some studies Haied to identify these reductions
(Molina, Sanz, Sarramea, Benito, & Palomo, 2004 )eAst two previous studies have
investigated the relationship between regional gnejter volumes and symptom severity
in first episode patients. In 25 drug-naive FESepds, Kim et al(2003)observed a
negative association between the volume of theatgirior portion of the superior
temporal gyrus and the Reality Distortion syndrauoere; assessed by the sum of
hallucinations and delusions ratings on the Saai¢hie Assessment of Positive
Symptoms (SAPS) (Andreasen, 1984b). Conversely,idh¢ posterior portion of the
superior temporal gyrus was found to be positiaslyociated with the Negative
syndrome score, which was the sum of alogia, affedtattening, avolition-apathy and
anhedonia-asociality ratings on the Scale for tege&sment of Negative Symptoms
(SANS) (Andreasen, 1984a). In contrast, Fannoh €2@00)failed to find any
relationship between any symptom rating on thetResand Negative Syndrome Scale
and whole brain, global cortex, or temporal lobeygmatter volume in 37 patients with

first episode psychosis.

The aim of the present study was to identify regiohgrey matter reduction in a
stringently defined FES sample, and to investigdtether the severity of this regional
grey matter reduction corresponded to the sevefipatients’ clinical symptoms. Voxel-
based morphometry was used to identify the bragiors in which FES patients
exhibited reduced grey matter volume relative taamed healthy controls. The volumes

of these regions were correlated with patientsiesson three pre-defined syndromes of
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Psychomotor Poverty, Disorganization and Realitst@tion, based on Liddle’s (1987hb)
tripartite model of schizophrenic symptomatologyweh the associations observed by
Liddle et al. (1992pbetween these syndromes and patterns of regiorethred blood

flow, it was predicted that Reality Distortion wdube associated with related alterations
in temporal regions, while Disorganization and Psynotor Poverty would be

associated with reductions in the prefrontal caortex

5.4 METHODS

5.4.1 Participants

Thirty-one FES patients (20 males, 11 females) wecruited as part of the Western
Sydney First Episode Psychosis project. Thesergatigere a subset of the patients
described in the ‘baseline’ studies of ChapteradB4 A stringent criterion for first
episode status was employed whereby all patients meeruited within 3 months of their
first presentation to mental health services waighotic symptoms, although some
patients had previously presented with symptondepfession and anxiety that were not
judged to be psychotic at the time. Patients’ ayem@ge at the time of scanning was 19.3
years (SD=3.5). Patients’ average estimated duratiantreated psychosis (based on
patients’ self-report and corroborative familigbogts) was 6.4 months (+ 8.1). At the
time of scanning, 27 patients were being treatel atypical antipsychotic medication

while four were neuroleptic-naive. Patients’ averaglorpromazine equivalent
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medication dosage was 247 mg/day (x 212). At tine ©f scanning, no patient had been

treated for more than 3 months with antipsychotedication.

Thirty healthy control subjects (20 males, 10 fessglmatched to patients in age (19.3
years * 3), were recruited from parallel geographiegions in collaboration with the

Brain Resource International Database [http://wwaityesource.cor{Gordon, 2003)].

Control subjects were screened for the presenaa @éixis-I disorder, using the SPHERE
(Hickie et al., 1998) and subjects were also eatllifithey reported a first-degree family
member with an Axis | diagnosis. It was also detaeed that the controls were within the
normal range on depression, anxiety and stressssas using an abbreviated version of

the Depression Anxiety Stress Scale (DASS) (Lowbenal., 1995).

Exclusion criteria for both groups were a pastdmngsbdf substance dependence, exposure
to electroconvulsive therapy, mental retardaticayrological disorder including

epilepsy, and a history of head injury causing lafssonsciousness for at least 1 hour.
Pre-morbid IQ estimates were based on the Wide &Aghievement Task Revision 3
(WRAT-3) (Wilkinson, 1993) and the Spot-the- Reabl¥ Test (Baddeley et al., 1993)
and were comparable between the patient (99 trdidrantrol (104 + 6) groups. After a
detailed description of the study, each subjecegantten informed consent to
participate, in accordance with Australian NatioHaklth and Medical Research Council

guidelines. All subjects were right-handed.
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5.4.2 Clinical assessment

Diagnosis of schizophrenia was made using DSM-éga (American Psychiatric
Association, 1994), by a consensus conferencereé thenior psychiatrists, at least two
of whom were independent of the study. The Posdive Negative Syndrome Scale
(PANSS) was used to assess patients’ symptomsé€aly, 1989). Inter-rater reliability
on the PANSS between the psychiatrists was ab@:eé\8.has been described elsewhere
(Harris, Williams, Gordon, Bahramali, & Slewa-Youmd999), a principal components
analysis of the items on the PANSS Positive subsmadl the PANSS Negative subscale
produced three factors that corresponded to théreymes of Liddle (1987b), namely
Reality Distortion, Psychomotor Poverty and Disoiigation. Following the procedure
of Liddle (1987a), the factor scores were calcualdty summing the appropriate PANSS
item scores. The following items were combinedgach syndrome: Reality Distortion
(sum of delusions, hallucinatory behaviour, sugpisness and hostility symptom item
ratings, group mean=11.5 +.7), Psychomotor Poysrign of blunted affect, emotional
withdrawal, social withdrawal, poor rapport andkla¢ spontaneity item ratings, group
mean=14.3 + .7), and Disorganization (sum of cohedmlisorganization, grandiosity,
excitement, difficulty in abstract thinking and r&tetyped thinking item ratings, with

group mean=11.6 + .8).
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5.4.3 MRI acquisition and pre-processing

All subjects underwent a single T1 weighted volumd?iPRAGE structural MRI scan
on a Siemens 1.5-Tesla Vision Plus system at Westrh@spital, Sydney. Images were
obtained coronally with the following scan param&td@R=9.7 ms, TE=4 ms, TI=200

ms, flip angle=12°, voxel size=1x1x1 mm, acquisitiotne=8 min, 26 s.

Images were pre-processed using voxel-based mogtipvBM) (Ashburner et al.,
2000) in SPM99 (Wellcome Department of Cognitivaudéogy, London, UK). The
voxel-based technique performs a statistical amagtseach voxel in an MR image, and
thus does not require the manual tracing of regudmisterest, which is time consuming
and prone to inconsistencies. Each subject’s imagespatially normalised to the
Montreal Neurological Institute (MNI) T1-image tetage. The first step in spatial
normalization involved estimating the optimal 1Zgmaeter affine transformation (3
translations, 3 rotations, 3 zooms and 3 shearsh&tching the subject’s image to the
template. The second step accounted for globalinear shape differences, which were
modelled by a linear combination (7x8x7) of smogplatial basis functions (Ashburner et
al., 2000). The normalized images were re-sliceti wi5-mni voxels before being
segmented into grey matter, white matter and cesgiimal fluid (CSF) probability maps.
Segmentation was based on each voxel's signaldityegind an a priori expectation of
the anatomical location of the different tissueetypAfter segmentation, the images were
stripped of extra-cerebral voxels using the ‘Xtiactin’ render function in SPM99. To

adjust for the growth and shrinkage of voxels tteat occur during spatial normalisation,
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voxel values in the cleaned, segmented images nvedeilated with the Jacobian
determinants derived from the spatial normaliza{i@ood et al., 2001). Thus if a grey
matter voxel doubled in size as a result of norzadilon, SPM halved its grey matter
probability value for the purposes of calculatitsygrey matter volume (Ashburner et al.,
2001). The grey matter images (on which all anaygere performed) were smoothed
with a Gaussian kernel of 12-mm full-width at haléximum (Job et al., 2002; Kubicki

et al., 2002).

5.4.4 Statistical analysis

5.4.4.1 Reqgional grey matter volume reductionsk$patients relative to controls:

Statistical analyses (which can be regarded aysembf covariance; ANCOVAS)
(Friston et al., 1995) were undertaken in SPM9@¢ntify the brain regions where FES
patients exhibited grey matter volume reductiotatinge to the healthy controls. Global
grey matter volume (calculated by summing the veadlles in each subject’s pre-
processed grey matter image) was included as amescovariate in the analysis. Output
was in the form of Statistical Parametric Maps (SMased on a voxel-level height
threshold of P < 0.05 (corrected for multiple comgaans using Gaussian random field
theory; Worsley et al., 1996) and a cluster-lewetst threshold of 400 contiguous
voxels that corresponded to approximately 1.35cubntimetres of tissue. Coordinates
for foci of maximal grey matter change within eatipra-threshold cluster were
produced as MNI coordinates. To facilitate intetatien of results relative to previous

studies, these MNI coordinates were transformem Tiadairach (Talairach et al., 1988)
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coordinates using the ‘mni2tal.m’ Matlab script tten by Matthew Brett

(http://www.mrccbu.cam.ac.uk/Imaging

5.4.4.2. Relationship between regional grey mattdume and syndrome scores in the

FES patients:SPM99 was used to extract the grey matter voluorethe above regions
of reduction (given the extent threshold of 400tmprous voxels). These regions were
extracted as grey-scale images in MNI space usi@g/rite Filtered’ option on the
SPM99 graphic user interface. The grey-scale imagges transformed into binary
images using the image calculator in SPM99. Thesayimages were convolved with
all subjects’ pre-processed grey matter imagestlamaolumes of these regions of
interest (ROIs) were calculated by summing the twent modulated voxel values.
Exploratory partial correlation analyses in SPSI®\ were used to investigate the
relationship between patients’ syndrome scorescfiRsyiotor Poverty, Disorganization
and Reality Distortion) and their ROl grey mattetumes. Patients’ gender, estimated
duration of untreated psychosis and chlorpromagqevalent medication dosages were

statistically controlled for in the analyses.
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5.5 RESULTS

5.5.1 Regional grey matter volume reductions in FEfatients relative to

controls

There were four regions in which the FES subjexkslated reduced regional grey
matter volumes relative to healthy controls (TablE Figure 5-1). These ROIs were
defined as follows: ROI 1 was located in the le&fpntal cortex, with cluster centres in
the superior frontal gyrus and medial frontal gy®R®I| 2 was located in the left temporal
and parietal cortex, and extended from clusterresnh the superior temporal gyrus and
postcentral gyrus, to the supramarginal gyrus (fadh: -62 -45 32) and inferior parietal
lobule (Talairach: -47 —46 49). ROI 3 was confinedhe right cerebellum while ROl 4
was located in the right frontal and parietal corend extended from cluster centres in
the pre- and post-central gyri to the middle frogtaus (Talairach: 59 29 23) and
inferior frontal gyrus (Talairach: 50 27 -11). Iddition to these regional reductions, the
FES patients were observed to have a significaatlyced whole-brain grey matter

volume compared with the control subjects [t(592822, P=0.005].
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ROI Anatomical Cluster centres (local Cluster centres:  Cluster
Label maxima > 8MM apart Talairach size
per cluster) coordinate of
voxel of maximum
significance
X y z
ROI1 Left ventral Superior frontal gyrus -29 52 -3 2038
prefrontal cortex
Medial frontal gyrus -9 46 6
Medial frontal gyrus -9 41 14
ROI2  Left parietal and Superior temporal gyrus  -65  -27 14 3518
temporal cortex
Postcentral gyrus -55  -18 45
Postcentral gyrus -59 -24 40
ROI 3 Right cerebellum Cerebellum 29 -50 -32 492
Cerebellum 33 -59 -32
Cerebellum 44 -45 -28
ROI4  Rightfrontaland  poieentrar gyrus 56 -12 45 4101
parietal cortex
Postcentral gyrus 64 -10 19
Precentral gyrus 61 3 16

Table 5-1: Descriptive details of the four regions of greyttmavolume reduction in 31 patients
with first episode schizophrenia relative to 30 chad healthy controls (P <0.05 corrected for

multiple comparisons, extent threshold=400 voxels)
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Figure 5-1: Four regions of grey matter volume reduction irpafients with first episode
schizophrenia relative to 30 matched healthy cdstiiche regions of reduction are displayed as
an SPM (P <0.05 corrected for multiple comparisengent threshold=400 voxels). Slices of the
masks created from these regions are overlaidtbet®NI single-subject T1-weighted MR
image.
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To validate the VBM results, the left superior tearad gyrus was manually traced on all
subjects in ‘MRICRO{Chris Rorden,

http://www.psychology.nottingham.ac.uk/staff/crliono.html) (Figure 5-2), and its

volume compared between the FES and control grdupsleft STG was chosen due to
its being a distinct and clearly delineated strreethat was found to be substantially
reduced in the FES patients in the VBM analyseblél'a-1). An independent samples
test revealed the FES group to have a reduce&Té&k volume relative to the matched

control group [t(59)=2.161, P=0.035], a result tbatfirmed the VBM findings.

Figure 5-2: To validate the VBM results, the left superior paral gyrus was manually traced
(as illustrated) and its volume calculated in MRI@Pr all 31 FES and 30 matched control
subjects. The left superior temporal gyrus was ehakie to its being a distinct and clearly
delineated structure that was found to be subsignteduced in the FES patients in the VBM
analysis.
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5.5.2 Relationship between regional grey matter voine and syndrome scores

in the FES patients

After controlling for gender, estimated durationuotreated psychosis and
chlorpromazine-equivalent medication dosage, theifgeDistortion (RD) syndrome
score was found to be positively correlated wit gihey matter volume of ROI 1 (partial

r =0.4386, p=0.028), ROI 2 (partiak0.5346, p=0.006) and ROI 4 (partiat0.5263,
p=0.007). As patients with severe RD symptoms ctedgibly have been treated earlier
and with higher medication dosages than patiertts milder RD, an outcome that could
confound the analyses, patients’ estimated duratiamtreated psychosis and
chlorpromazine medication dosage were removed &@ubsequent set of analyses. The
correlations remained statistically significaneaftemoving these two covariates (ROI 1:
partialr = 0.3691, p=0.045; ROI 2 partiak0.3638, p=0.048; ROI 4: partiet0.3711,

p=0.044).

The positive correlation between RD syndrome saorkthe volumes of ROI 1, ROI 2
and ROI 4 suggested that patients with high RD symé scores had larger ROI volumes
than did patients with low RD syndrome scores. Taised the question of whether
patients with high RD syndrome scores hhdormallyhigh ROI 1, 2 and 4 volumes (i.e.
relative to healthy controls). To address this iy, independent samplddests were
used to compare the volumes of these three regiahe 30 control subjects with those

in the 19 FES patients with the highest RD syndrenwes (RD syndrome score >12).

The results showed that the FES patients with RiDhsyndrome scores still had
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significantly reduced ROI 1{@7)=5.755, p<0.001], ROI 2(§7)=5.582, p <0.001] and
ROI 4 [t(47)=5.164, p<0.001] volumes compared with the mdrstubjects. Thus, while
patients with high RD scores had larger ROI 1, @ 4rolumes than did patients with
low RD scores, these regions were still signifibaréduced relative to the matched

healthy controls.

5.6 DISCUSSION

In this study, voxel-based morphometry was usadentify the regions of reduced grey
matter volume in a stringently defined FES grodptree to matched healthy controls.
The relationship between these regional reductmaspatients’ clinical symptoms (in
terms of the three syndromes of Reality Distorti®sychomotor Poverty and
Disorganization) was also investigated. FES patierhibited grey matter reductions in
the following four distinct regions: ROI 1 was loed in the left ventral prefrontal cortex,
ROI 2 was located in the left temporal and parietatices, ROI 3 was located entirely in
the right cerebellum, and ROI 4 was located inritplet frontal and parietal cortices (see
Figure 5-1and Table 5-Tor details). The volumes of ROI 1, ROI 2 and RQvefe also
found to be positively correlated with Reality @igton syndrome score in the FES

patients.

The regional grey matter reductions observed mshidy are broadly consistent with

those reported in previous structural MRI studieBES, which have used various

analytic techniques. Grey matter reductions intémeporal cortex (in particular, the
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superior temporal gyrus) have consistently beeorted in FES (Hirayasu et al., 1998;
Keshavan et al., 1998; Kim et al., 2003). Frontdlmne reductions have also been
commonly reported, including in the anterior cirggalgyrus (Kubicki et al., 2002),
superior frontal gyrus (Job et al., 2002) and iofeirontal gyrus (Pantelis et al., 2003).
The consistency of these findings has led somareisers to argue that structural
abnormalities in the frontal and temporal cortiaes responsible for the neurochemical
abnormalities that underlie the symptoms of psyishiospatients with schizophrenia

(Gray, 1998).

The observation of grey matter reductions in thelzellum (ROI 3) has previously been
reported in FES (Ichimiya et al., 2001). Whilst te¥ebellum has traditionally been
thought to be exclusively responsible for motorrdamation, a number of studies have
implicated it in the higher cognitive processesdgfly dysfunctional in schizophrenia
(Kim, Ugurbil, & Strick, 1994; Middleton & Strickl994). Indeed, Andreasen et al.
(1999)have argued that the fundamental cognitive deficsichizophrenia is a disruption
in the coordination of mental activity that is doea breakdown in a feedback loop

passing through the cerebellum.

In addition to the regional grey matter reductiobserved in ROI 1, ROI 2 and ROI 4,
the volume of these regions were positively coteglavith Reality Distortion syndrome
scores in the FES patients. Symptoms of Realityotisn have most commonly been

associated with functional abnormalities in thepgenal cortex (Guillem et al., 2003,

Kaplan et al., 1993). The superior temporal gyras lbeen associated in particular with
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auditory hallucinations (McGuire et al., 1996; Shiket al., 2003). Furthermore,
abnormal activations in the inferior parietal carbeave been found to be associated with
hallucinations (Shergill et al., 2000) and pasgidilusions (Spence et al., 1997), while
hypoperfusion in the prefrontal cortex has alsmkesssociated with symptomsRéality
Distortion (Sabri et al., 1997). The results osthiudy suggest that the regional
functional abnormalities that have been associatéuk literature with Reality Distortion

may have structural underpinnings observable witicgiral MRI.

Three possible accounts were considered as to lwéhgliserved correlations between
Reality Distortion syndrome score and the grey ematblumes of ROI 1, 2 and 4 were
positive in sign. A number of previous studies heefgorted greater regional grey matter
volumes with greater symptom severity in schizoplaeFor example, Chua et al. (1997)
reported a positive correlation between medial @rmapvolume and symptoms of
disorganization, while Kim et al. (2008)ported a positive relationship between the
volume of the right posterior superior temporalugyand negative symptoms. Both these
studies suggested that some brain regions migabbermally enlarged in schizophrenia,
possibly due to defective neuronal pruning. Evideoicdefective neural pruning in
schizophrenia might explain why some studies hauad symptoms of Reality

Distortion to be associated with functional braypéractivity (Spence et al., 1997).
However, changes in pruning are unlikely to accdanthe present findings, given that
while patients with high Reality Distortion scotead significantly larger regional
volumes than patients with low Reality Distortiaroses, they had significantly smaller

regional volumes relative to the matched contralsecond possibility is that ‘paranoid’
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schizophrenia, defined by symptoms of Reality Disto, represents an etiologically
distinct syndrome of schizophrenia with relativphgserved grey matter compared to
patients with other syndromes, if not controls.sTjmoposal accords with evidence for a
substantially better prognosis in paranoid schizepia than in those classified as
suffering from hebrephrenic or undifferentiatedizophrenia (Fenton et al., 1991;
Kendler, McGuire, Gruenberg, & Walsh, 1994), and inore broadly consistent with
models positing a heterogeneous course of struditaen atrophy in schizophrenia
(DelLisi, Sakuma, Maurizio, Relja, & Hoff, 2004). ifdily, it is possible that excessive
structural atrophy may in fact preclude the formatf hallucinations or highly
systematized delusions that would rate highly @aRANSS (Menon et al., 1995), while
a degree of grey matter atrophy in select braitesys may be necessary for the
formation of Reality Distortion symptoms. This thpossibility is discussed in greater

detail in Chapter 7.

The use of standardized masks to extract braitomegn order to calculate their grey
matter volume was one of the distinguishing featwfethis study. As the masks used in
this study were automatically generated as theonsgfin stereotactic space) of grey
matter volume reduction in the FES subjects, the@ avoided the subjectivity typically
associated with manually defined ROIs. Howeveliiffecdlty associated with automated
masking is that the brain region enclosed by adstahzed mask can differ from subject
to subject, given normal variations in brain aretitire. Although spatial normalization
aims to reduce global differences in brain shage,imperfect and requires the warping

of voxels that can affect the anatomical consistei¢he masked region between
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subjects. Given that small masks have a higheraghahnot enclosing significant
proportions of their targeted ROI than large ma#iks,issue was addressed by setting
the cluster-level extent threshold at 400 contigusignificant voxels, corresponding to
approximately 1.35 cubic centimetres of tissue dine being to create masks of

sufficient size to be robust to the aforementiooechplications.

In summary, in this study, voxel-based morphometag used to identify four distinct
regions of grey matter reduction in 31 patientiitst episode schizophrenia relative to
30 matched healthy controls. The grey matter vokiafehree of these regions were
found to be positively correlated with patients’diy Distortion syndrome scores. These
results indicate that distinct, widespread greytenaeductions are present very early in
the course of schizophrenia, and suggest a postibietural underpinning for the

abnormal brain activity typically associated witimgptoms of Reality Distortion.
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CHAPTER 6

LONGITUDINAL CHANGES IN REGIONAL GREY

MATTER VOLUME AND CORRESPONDING EEG

POWER IN FIRST-EPISODE SCHIZOPHRENIA
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6.1 PREAMBLE

Chapter 2 outlined the relationship between th@&agdelescent changes in neuroanatomy
and the corresponding changes in brain electroploggy in healthy subjects. It was
reported that as the regional grey matter voluniéseofour brain lobes decreased
curvilinearly between the ages of 10 and 30 yesarslid the averaged absolute power of
the ‘EEG regions’ corresponding to these lobes. Stbdy described in this chapter
(Chapter 6) used essentially the same methodotmgwestigate the relationship
between neuroanatomy and brain electrophysiologysabset of 19 patients with first-
episode schizophrenia. Unlike in Chapter 2, howeates study employed a longitudinal
design in which MRI and EEG data were acquired ftbenFES subjects at baseline and
again 2-3 years later, and the regional chang&Mnvolume and absolute EEG power

calculated for each individual subject.

The rationale for this study was that the obseovatif an abnormal relationship between
the neuroanatomical and electrophysiological chaigat occurred over the follow-up
interval in the FES patients could provide an ihsigto the nature of the dysfunctional

neural connectivity that has been proposed to stest in patients with schizophrenia.

This chapter has been published in the jouN®iroReporas an article entitled:

“Longitudinal changes in neuroanatomy and neurtiViagin early schizophrenia” (see

Whitford et al., 2007a and Appendix 6).
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6.2 ABSTRACT

In Chapter 2 it was reported that a developmentaligted reduction in grey matter
(GM) volume was associated with a correspondingedese in absolute EEG power in
healthy adolescents, particularly in the slow-wheguency band. Furthermore, in
Chapter 3 it was reported that a periadolescenpkaai patients with first-episode
schizophrenia (FES) exhibited abnormally acceler&® loss over the first 2-3 years of
their illness. The aim of this study was to invgate whether this accelerated GM loss
resulted in a corresponding reduction in EEG pawgatients with FES. Structural MRI
and resting EEG recordings were acquired from 1@z with FES, both at baseline
(within three months of their first presentatiomtental health services) and follow-up
(2-3 years later). Grey matter images were segrdentieusing voxel-based
morphometry, before being parcellated into thetbrparietal, temporal and occipital
lobes. Absolute EEG power was calculated in foldGeregions’, which corresponded to
the four MRI regions, for the slow-wave, alpha &etha frequency bands. While GM
volume decreased in all four lobes over the follgwinterval, a corresponding decrease
in absolute EEG power was not observed. In facglanost-significanhegative
correlation was observed between patients’ longialdsM change in the frontal and
parietal lobes and the longitudinal change in sleawe EEG power for the
corresponding cortical regions. If EEG power issidared to be a function of the
number of active synapses and the synchrony ofpgignactivity, then these results

suggest that FES may be associated with abnormlaMated neural synchrony. This
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hypothesis is consistent with previous observataretonormally elevated gamma phase

synchrony in patients with schizophrenia.

6.3 INTRODUCTION

The electroencephalographic (EEG) signal is thotmlarise primarily from the post-
synaptic potentials of cortical pyramidal neuro8shaul, 1998). In light of this, it is
reasonable to expect that changes in cortical anatdue to necrosis, apoptosis,
synaptic pruning etc.) would result in changeh®EEG signal. In Chapter 2 it was
reported that developmentally-related reductionsoitical grey matter (GM) were
associated with corresponding reductions in absdii#G power (particularly slow-wave
<7.5Hz) in healthy adolescents. The aim of theystigscribed in this chapter was to
investigate whether the accelerated GM loss expesit by patients with first-episode
schizophrenia (FES) was associated with a correbpgly accelerated reduction in EEG
power. Investigating the relationship between cattheuroanatomy and EEG signal in
patients with schizophrenia not only provides ihsigto the correlation between the
well-documented structural and electrophysiologataiormalities associated with the
disease, but also provides insight into the geisataility of models of brain
electrophysiology to pathological subjects (e.gbiRson et al., 2001). The benefits of
investigating first-episode patients in particutathat 1) they are known to lose
substantial cortical GM in the first few years lrfieéss, and 2) it minimizes the effect of
exposure to neuroleptic medication, which has [sbenvn to influence brain structure

and function and in and of itself (Madsen et @99; Lieberman et al., 2005). In contrast
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to the documented reduction in cortical GM volunhserved in FES patients over the
first few years following iliness onset (Cahn et 2D02b; Pantelis et al., 2003), most
previous studies have reporiedreasedEEG power in FES patients, particularly in the
slow-wave (Sponheim, Clementz, lacono, & Beise@@®mori et al., 1995) and beta
(Harris et al., 1997; Begic, Hotujac, & Jokic-Bedz©00a) frequency bands, although a
reductionin alpha power is most commonly reported in tterditure (Morihisa, Duffy, &

Wyatt, 1983).

This study employed a longitudinal design, in whaelth subject was scanned at two
separate time-points on average 2-3 years apastdar to investigate the changes in GM
volume and EEG power that occurred in 19 patieris RES. A longitudinal design is
preferable to a cross-sectional design, in whidheabject is scanned only once and
age-related changes are inferred with regressiathat it minimises the influence of
between-subject nuisance covariates, which makeseguent statistical analysis more
sensitive and robust (Kraemer, Yesavage, Tayldfugfer, 2000). It was hypothesized
that patients’ GM volume would decrease over thievieup interval, particularly in the
frontal and parietal association cortices, whictehbeen found to be extensively
remodelled in adolescence in healthy subjects (8@tval., 1999). It was not known,
however, whether this reduction in GM would be asged with a corresponding
reduction in EEG power, as has been previouslyregbdan healthy controls (see
Chapter 2), or whether EEG power would increase tiwee, as previously reported in

the literature.
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6.4 METHODS

6.4.1 Participants

Nineteen FES patients were recruited as part of\testern Sydney First Episode
Psychosis project, a multimodal project investiggtihe clinical, neuroanatomical,
neuropsychological and psychophysiological profdégoung people in western Sydney
experiencing their first-episode of schizophremargis et al., 2005; Fitzgerald et al.,
2004). The demographic data for the FES patieriseisented in Table 6-1. A stringent
criterion for first episode status was employed rebg all patients were recruited within
3 months of their first presentation to mental tieaérvices with psychotic symptoms
(defined as hallucinations, delusions, formal tHdwdisorder or prominent negative
symptoms that persisted for a minimum of 3 dayf)pagh some patients had
previously presented with symptoms of anxiety a@prdssion that were not judged to be
psychotic at the time. FES patients were intervibaed rated by psychiatrists who had
reached an acceptable level of inter-rater reltght > .8) on the Positive and Negative
Syndrome Scale (PANSS) (Kay et al., 1989). At faHap, patients exhibited reduced
symptom severity compared to baseline as assegsbeé PANSS Positive£2.9,

p=.009), Negativet€2.6, p=.017) and GeneratB.9, p=.001) symptom scales. There
were no significant differences in patients’ chiommazine equivalent medication dosage
between baseline and follow-up. Exclusion critevexe a past history of substance
dependence, exposure to electroconvulsive therapynvihe past 6 months, mental

retardation (estimated pre-morbid 1Q <75, basetMice Range Achievement Task
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Revision 3 (WRAT-3) (Wilkinson, 1993) and the WelenAbbreviated Scale of
Intelligence (WASI) (Wechsler, 1997)), neurologidaorder including epilepsy, a
history of head injury causing loss of consciousrfes more than 1 hour, and treatment
with lithium. After a detailed description of theudy, each subject gave written informed
consent to participate, in accordance with AustraNational Health and Medical
Research Council guidelines. This study was appttwyethe Western Sydney Area

Health Service Human Research Ethics Committee.

Baseline Follow-up
Age-at-scan (years) mean = SD [range] 19+ 3[13-24 22+ 3[15-27]
Gender 13M, 6F -
Handedness 17R, 2L -
DUP (months) median [quartiles] 7 [1-12] -
Medication dosage (mg/day CPZ eqv.) mean + SD phng 283 £ 242 [0-667] 268 + 309 [0-100
PANSS Positive mean + SD [range] 19 + 6 [10-29] +15[8-32]
PANSS Negative mean + SD [range] 20 £ 6 [9-30] 165[8-30]
PANSS General mean = SD [range] 42 + 10 [29-58] +38117-50]
IQ estimate mean + SD [range] 101 £ 11 [79-124] Q3B [75-122]
Follow-up interval (months) mean + SD [range] 32 [23-42] -

Table 6-1: Demographic information at baseline for the 19qua$ with first-episode
schizophrenia.

6.4.2 MR imaging and parcellation

At baseline and again at follow-up, all FEP sulgagoiderwent a single T1-weighted
volumetric MPRAGE structural MRI scan on a SiemgrisTesla Vision Plus system at
Westmead Hospital, Sydney. Images were obtainezhedly with the following
parameters: TR=9.7 ms, TE=4 ms, TI=200 ms, flipext2°, FOV=256mm, voxel

size=1mni. There were no significant upgrades or modifiaatiof the scanner between
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the baseline and follow-up stages of the studycdrdrol for scanner drift, phantom data

was collected weekly over the follow-up intervaidahe scanner calibrated accordingly.

Images were processed using SPM2 (Wellcome Depattoi€ognitive Neurology,
London, UK), running on Matlab 6.5 (MathWorks, N&ti USA). The full details of the
processing protocol used in voxel-based morphon{®tBM) are presented elsewhere
(Ashburner et al., 2000; Good et al., 2001). Subjdirain images were firstly spatially
normalized to the ICBM 152 template (Montreal Néagical Institute), which
approximates Talairach space. The first step itiap@ormalization involved estimating
the optimum 12-parameter affine transformatiorréBslations, 3 rotations, 3 zooms and
3 shears) for matching the subject’s image toehgptate. The second step accounted for
global non-linear shape differences, which were @tled by a linear combination

(7x8x7) of smooth spatial basis functions (Ashbueteal., 2000). The normalized
images were re-sliced with 1.5 x.1.5 x 1.5 mm vexbekfore being segmented into GM,
white matter (WM) and cerebrospinal fluid (CSF) lpability maps, and stripped of
extra-cerebral voxels. Segmentation was basedctuster analysis method that
accounted for each voxel's signal intensity, togethith ana priori expectation of the
anatomical location of the different tissue tydesorder to adjust for the growth and
shrinkage of voxels that can occur during spatbathralisation, voxel probability values

in the cleaned, segmented images were modulatédhéatJacobian determinants derived
from the spatial normalization (Good et al., 200Tjus if a brain region doubled in size
as a result of normalization, the grey matter pbdlig value for this region was halved

for the purposes of calculating its volume (Ashlauret al., 2001). The processed GM
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images were smoothed with a Gaussian kernel of 1frtkwidth at half-maximum (Job

et al., 2002), prior to volume calculation.

The pre-processed GM images were then automaticaflyellated into regions-of-
interest (ROIs) in MNI space. Both the baseline fridw-up GM images were
parcellated with the Automatic Anatomical Labellimgsks (AAL) (Tzourio-Mazoyer et
al., 2002). Four ROls, corresponding to the foairbtobes (i.e. frontal, temporal,
parietal and occipital) were constructed from th_Anasks, which have been described
previously in Table 2-2 and Figure 2-1. The greglsd®Ols were transformed into
binary images using the image calculator in SPMf Binary images were convolved
with patients’ pre-processed GM images, and voluofi¢lse four ROIs were calculated
for both the baseline and follow-up images by sungthe constituent modulated voxel

values.

6.4.3 Electrophysiological data acquisition and parellation

Electroencephalography was acquired using an etiettap with 19 sites placed
according to the international 10-20 system (FgiR, Fz, F3, F4, F7, F8, Cz, C3, C4,

P3, Pz, P4, T3, T4, T5, T6, O1, O2). Horizontal m@/ementsvere recorded with
electrodes placed 1cm lateral to the outer canthesach eye. Verticadye movements
were recorded with electrodpkaced 3 mm above the middle of the left eyebamd

1cm below the middle of the left bottoaye-lid. The impedance at each site was below 5

kOhms. All potentials were acquired on a SynArtigsuroscan, USA32 channel DC
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system with a gain of £pa digitalisation rate 250Hz and an upper band filisr set at
50Hz. Data were corrected for eye movement off{&eatton et al., 1983), and re-
referenced to the average of A1l and A2 (earlobds.EEG data reported and analysed
in thepresent study were recorded during a two-minuterwal in which subjects were
asked to rest quietlgnd limit any eye movement. Subjects were requmaefrain from

caffeine intake and from smoking for at least tveaifs prior to the EEG testing.

Spectral power estimation was performed by applgifigst Fourier transformation
(FFT) on each artefact-free 2-second epoch. Thétaes power spectra were averaged
separately for each electrode. Power (irfjaMas then calculated for three frequency
bands - slow-wave (0.5-7.5 Hz), alpha (8-12 Hz) et (12.5-34.5 Hz) - and
logarithmically transformed in order that the vaapproximated the normal distribution

required by parametric statistical methods.

To investigate the relationship between the chamgeuroanatomical grey matter
volume and the corresponding change in neuraliiGtiour large-scale neural regions
were generated (‘EEG regions’) that correspondateédour GM ROIs. Neural activity
over the frontal, parietal, temporal and occipitdles was calculated by averaging the
standardized power recorded at each electrodediteibuting to each region, for slow-
wave, alpha and beta activity. A schematic diago&the electrodes constituting the four
‘EEG regions’ can be seen in Figure 6-1. The basalnd follow-up EEG data

collections were performed using identical equiptraerd acquisition protocols.
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Figure 6-1: Schematic diagram of the constituent electrodeékeofour ‘EEG regions’.

Electrodes making up the frontal lobe ‘EEG regiar€ in red, the temporal lobe ‘EEG region’ in
green, the parietal lobe ‘EEG region’ in blue amel dccipital lobe ‘EEG region’ in purple. The
average power of each ‘EEG region’ (for each fregyeband for each subject) was calculated by
averaging the standardized absolute power scorthe @onstituent electrodes.

6.4.4 Statistical Analysis

Difference scores for the MRI data were calculdtgdubtracting the GM volume of
each subject’s masked baseline image from thdovielp image, for the frontal,
temporal, parietal and occipital lobes. These Gffeince scores were analysed with a
paired-samplettest to determine whether the FES subjects expegdka significant
change in GM volume over the follow-up interval.id®ance of longitudinal change in the
EEG data over the follow-up interval was assessélda same way. In order to
investigate whether longitudinal changes in the @d¥h could predict longitudinal
changes in EEG power, subjects’ GM difference scarere correlated with their

difference score from the corresponding ‘EEG regiioAge and gender were statistically
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controlled for in the correlational analyses, ghli of previous research indicating that
age and gender affect both GM volume and EEG p{Wkpek, Richelme, Kennedy, &
Caviness, Jr., 1994; Gasser et al., 1988; Martmadvanovic, & Ristanovic, 1998;

Pfefferbaum et al., 1994).

6.5 RESULTS

The FES patients lost a significant amount of GNuxee over the follow-up interval in
the frontal lobet(18) = 5.3, p<.001), parietal lobgX8) = 5, p<.001), temporal lobe
(t(18) = 3.5, p=.002) and occipital lo#18) = 5.1, p<.001) — see Figure 6-2. There was
not, however, a corresponding statistically sigaifit decrease in EEG power in any of
the four ‘EEG regions’ in any frequency band. Ituatfact, a significant increase in
frontal-lobe beta activityt(18) = 2.8, p=.013), and in parietal-lobe betavatgti(t(18) =

2.3, p=.031) was observed over the follow-up irérvsee Figure 6-3. This finding was
consistent with the nearly significant partial @ations that were observed between the
frontal GM difference score and the correspondiB@HElifference score for the slow-
wave band (partial = -.48, p = .051), and the parietal GM differescere and the

corresponding slow-wave difference score (part=t.47, p=.058).
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Figure 6-2: Mean grey matter volume in litres (x SEM) at basehnd follow-up for the frontal

(pink), parietal (blue), occipital (purple) and tgonal (green) grey matter ROIs for the 19
patients with first-episode schizophrenia **p<.001
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Figure 6-3: Mean absolute EEG power valuegiW (+ SEM) at baseline and follow-up for the slow-
wave (0.5-7.5Hz), alpha (8-12Hz) and beta (12.%{34) frequency bands in the frontal, parietal,
occipital and temporal ‘EEG regions’ for the 19ieats with first-episode schizophrenia *p<.05
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6.6 DISCUSSION

In this study, structural MRI and resting EEG reltiogs were acquired from 19 patients
with FES, both at baseline (within three monthérst presentation to mental health
services) and follow-up (2-3 years later). While @dume was observed to decrease
over the follow-up interval in the frontal, temphnaarietal and occipital lobes (Figure 6-
2), absolute EEG power in the corresponding regveess preserved, or even increased
over the same time period (Figure 6-3). This figdivas consistent with the nearly
significant negative correlations that were obsétvetween the longitudinal GM
changes in the frontal and parietal lobes anddhgitudinal changes in EEG power in

the corresponding cortical areas for the slow-wiaeguency band.

These results point to a striking departure froexabmmon trajectory of cortical
anatomy and electrophysiology that | have previpusported in healthy participants
over adolescence and early adulthood. In Chapteiciyss-sectional design was
employed to examine the changes in GM volume an@d g@&wer over adolescence in
138 healthy participants. A curvilinear decreasgontal and parietal GM volume was
observed that was mirrored by a curvilinear de@@a&EG power in corresponding
regions, particularly for the slow-wave frequenant. To explain these findings |
argued that EEG power could be considered to baetibn of the number of active
synapses (i.e. more synapses = higher amplitudgheihpower) and the synchrony of
the synaptic activity (i.e. higher synchrony = leglamplitude = higher power). Hence a

reduction in GM volume (whether it be due to thenelation of entire neurons or
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selected dendrites and axon terminals) would becssed with a reduction in the
number of synapses and thus a reduction in EEG p@assuming that synchrony
remained constant. In the study reported in theggptdr, however, longitudinal reductions
in EEG power were not observed to occur in 19 p&iwvith FES, despite them
exhibiting longitudinal reductions in GM volume ass the brain. This result is
consistent with a number of previous studies inliteeature (Begic et al., 2000a; Omori
et al., 1995). In actual fact, the FES patientthis study exhibited a trend forcreased
EEG power over the follow-up interval in the fronteamporal and parietal ‘EEG
regions’, especially in the slow-wave frequencyd@éfigure 6-3). This is in spite of the
fact that the patients received neuroleptic medinaand exhibited an improved clinical
profile over the follow-up interval — events whikhve both previously been associated
with reductions in slow-wave power (Harris et &B97; Saletu et al., 1994; Nagase,

Okubo, & Toru, 1996; Begic, Hotujac, & Jokic-Begkf00b).

If the aforementioned model of EEG power holds (ilee power is a function of the
number of synapses and the synchrony of actiuitygn this result indicates that the FES
patients experienced an increase in neural syngloeer the first 2-3 years of illness.
Although some previous studies have reported ecelehincreased slow-wave and beta
band power in patients with schizophrenia (Sponhetiad., 2000), there has been very
little research investigating changes in synchrainyese frequencies. In fact, the only
frequency band for which evidence of schizophreglated changes in neural synchrony
has been well investigated is the gamma band (~40rteyestingly, several previous

studies have reported an abnormlalationin gamma synchrony in patients with
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schizophrenia, especially in patients with sevesdity distortion (Baldeweg, Spence,
Hirsch, & Gruzelier, 1998; Gordon et al., 2001) algbrganized thinking (Lee,
Williams, Haig, & Gordon, 2003). If neural synchgois mechanism by which the brain
binds together discrete perceptual and/or cogngiweuli, as has been previously
suggested (Engel, Roelfsema, Fries, Brecht, & 3jrif97), then it is possible to
speculate that FES patients with abnormally higlralesynchrony might bind together
inappropriate thoughts or percepts, which couldifég result in symptoms of
disorganization and reality distortion (Lee, Witha, Breakspear, & Gordon, 2003;

Silverstein, Kovacs, Corry, & Valone, 2000).

One possible confound relating to our finding afreased EEG power in the FES
patients over the follow-up interval relates to #fiects of their antipsychotic
medication. There is some evidence to suggese#paisure to antipsychotic medication
increases the likelihood of patients developingweis (Hedges, Jeppson, & Whitehead,
2003). Given that seizures are ultimately a refbecof abnormally synchronous neural
activity (the characteristically large amplitudaghe EEG during seizure activity being
testament to this), it is possible that our obsgimerease in EEG power and
hypothesized increase in EEG synchrony in the FERms may in fact have resulted

from their medication and not from the disepee se

Whilst it would be practically and ethically impdsie to deprive FES patients of

antipsychotic medication for the first 2-3 yearstedir illness simply in order to address

this potential confound, an alternative solutiondabe to longitudinally assess EEG
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power and synchrony in non-psychotic psychiatritgpdés who were being described
antipsychotic medications as part of their treathpeagram. For example, patients with
eating disorders are occasionally prescribed a@yaictipsychotic medications both to
help them to gain weight, and to redress the dopamgic and serotinergic imbalances
that have been proposed occur in the disease (Bosdorman, Burrows, & Beumont,
2005). If EEG power was found not to increase tkerfollow-up interval in these non-
psychotic patients, then we would be confidentayirsg that the increased EEG power
exhibited by the FES patients in this study wasmetely a side-effect of their

medication.

The results of this study (and any conclusions @natdrawn from them) should be
treated with caution until these findings are regaied, preferably by using a longitudinal
design with a control sample and a larger patiante. | am currently collecting data
on phase synchrony in patients with FES for thevsh@ave, alpha, beta and gamma
frequency bands, in order to test the hypothegiarteng increased neural synchrony in

patients with schizophrenia.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 PREAMBLE

As outlined in Chapter 1, this thesis had four priynaims:

1. to identify and quantify the neuroanatomical chaggsociated with healthy
adolescence and early adulthood,

2. toidentify and quantify the neuroanatomical abraliti@s present in patients
with first-episode schizophrenia (FES), both attthee of their first presentation
to mental health services with psychotic symptobaséline), and over the
subsequent 2-3 years of illness (follow-up),

3. toidentify and consider the origins of the relaship between FES patients’
neuroanatomical abnormalities and their clinicalfiie at baseline, and,

4. to identify the relationship between longitudinbbhages in neuroanatomy and
longitudinal changes in electrophysiology in healplarticipants and FES

patients, and to consider the mechanisms underthisgelationship.

Empirical studies related to each of these objestivave been outlined in Chapters 2 to

6. This final chapter is comprised of four sections

1. A reiteration of the main findings of the empiricalidies, and their relevance to
the primary aims of this thesis.
2. Anintegrated model of schizophrenia that relateddmpirical studies with the

theoretical framework from the literature.
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3. Adiscussion of the methodological limitations loé tempirical studies.
4. A discussion of the ways in which these limitati@osild be addressed, and some

suggestions for future research.

7.2 INTEGRATION OF THE EMPIRICAL FINDINGS

A number of theorists (e.g. Feinberg, 1982; Hoffreaal., 1989) have argued that
schizophrenia arises from a dysfunction in the rative period of peripubescent brain
maturation, in light of the fact that a) a numbgstodies have indicated that adolescence
and early adulthood is a time of dramatic synagiimination in the healthy human brain
(Huttenlocher, 1979; Rakic, Bourgeois, & Goldmarkikal994), and b) the
peripubescent period is by far the most commonfagechizophrenia to first present
itself clinically. Thus the first aim of this thesiaddressed in Chapter 2, was to identify
and quantify the structural brain changes that odaung adolescence and early

adulthood in healthy individuals.

In Chapter 2, structural MRI scans were taken fi@8 healthy participants between the
ages of 10 and 30 years. Participants’ brain seemse segmented into grey matter (GM)
and white matter (WM) images, which were parcetlatdéo four brain lobes before the
aging-related changes in these lobes were infénredigh the use of a regression model.
This study demonstrated a significant reductiofrontal and parietal GM volume over
10 to 30 years (Figure 2-3). The reduction was liveear, reflecting accelerated loss in
the peripubescent period of approximately 10 ty&ds, relative to the later period

between 20 and 30 years. By contrast, there waghdicant increase in parietal WM
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volume over 10 to 30 years of age (Figure 2-4)sTincrease was also non-linear,

reflecting an accelerated gain in the correspongaripubescent periéd

These findings provide additional support for ti@wthat the period around adolescence
and early adulthood is a time of substantial chandke structure of the healthy human
brain. | have argued that the opposing changesvMra@d WM reflect the normative

maturational processes of myelination and synagtiaing respectively.

Given that previous studies have indicated that Wgbnstituted primarily of the
myelinated axons of neuron bodies (Bear et al.61@@rlson, 2002; Kandel et al., 2000),
the gain in peripubescent WM provides new evidemge non-invasive, imaging
methodology that myelination of the associatiortices may indeed continue into the
late twenties or early thirties (Yakovlev et abg¥), and perhaps even later (Benes et al.,
1994). The question of what molecular changes Uiedéee GM abnormalities
characteristic of healthy aging has been investijayy a number ah vitro, post mortem
studies. The majority of these studies indicate tiin@ number of neurons in the human
cerebrum remains more or less fixed from earlydtiabd to old age (Purves, 1998;
Williams et al., 1988). This suggests that the ol age-related GM changes in healthy
adolescence primarily reflect a reduction in thiuwee of neuropil (i.e. dendrites, axon
terminals and glial cells) rather than neuron dgathse This suggestion has important

implications for the molecular underpinnings of (Bl atrophy observed in the FES

%It is important to note that the curvilinear moged. tissue volume vs log(age) was found to betger
predictor of tissue volume than the linear model. issue volume vs age) for all four GM and allrf
WM regions, over the 10-30 year age bracket.
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patients in Chapter 3, and | will draw on this sesjgpn in the integrated model of

schizophrenia in Section 7.3.

The second, and in many ways central aim of thasighwas to identify and quantify the
structural brain abnormalities present in patievite FES, both at the time of their first
presentation to mental health services with psyclsyimptoms (baseline) and over their
first 2-3 years of illness (the follow-up intervalhis topic was addressed in Chapters 3

and 4.

In Chapter 3, the analytical technique of voxeldzasorphometry was used to identify,
on a voxel-by-voxel basis, the regions where 4ieptg with FES exhibited abnormally
reduced or abnormally increased GM volumes at beseklative to 47 matched healthy
controls. As shown in Figure 3-1, the FES patiextsbited widespread GM reductions
at baseline relative to controls, particularlyhe temporal and parietal cortices, right
fronto-parietal cortex, left ventral prefrontal tex and right cerebellum. In addition to
these ‘regions-of-reduction’, the FES patients aislibited a number of more
circumscribed regions of GM increase at baseliagjqularly in the occipital and
somatosensory cortices and posterior cerebelluatelélly (Figure 3-2). In addition to
these GM abnormalities, the FES patients also @eklilseveral regions of WM
abnormality at baseline, as reported in Chapt&pécifically, the FES patients exhibited
volumetric WM reductions in the right frontal areftiposterior temporal lobe (Figure 4-
1), and volumetric increases in the fronto-parigtattion bilaterally (Figure 4-2). In

summary, these results indicate that FES patiedibie significant GM and WM
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abnormalities, relative to age and sex matchedlineabntrols, at the time of their first

presentation to mental health services with psyclsyimptoms.

These results are supportive of many of the priegistmade by the pre-eminent theories
of schizophrenia discussed in Chapter 1, althouggnghe sheer magnitude of the
observed neuroanatomical abnormalities, this iba@s not surprising. Firstly, the
observation of widespread WM abnormalities in tEsSHpatients at baseline is consistent
with the model proposed by Bartzokis (2002), whguad that abnormal myelination
could result in the symptoms of formal thought ditew, via an abnormality in the
“formation of associations between disparate evegpsirated in tinie(p.674).
Furthermore, the observation of structural abnoitrealin the cerebellum in the FES
patients at baseline is a notable finding that jgies support for the predictions made by
Andreasen (1999) in her theory of ‘cognitive dysmaétThe cerebellum has traditionally
been thought to be exclusively responsible forcih@dination of motor activities via its
integration of complex sequences of muscle contiast(Bear et al., 1996). However,
consistent with Andreasen’s (1999) theory, receséarch has consistently and robustly
indicated that rather than being limited to therdamation of motor activities, the
cerebellum also plays a role in the coordinationagnitive activities (Chen & Desmond,
2005; Gottwald, Wilde, Mihajlovic, & Mehdorn, 200€abeza & Nyberg, 2000). The
observation of structural abnormalities in the betieim of patients with FES provides a
possible mechanism for the neural disintegrati@n tias been so widely proposed as
underlying the symptoms of schizophrenia (Andrea$689; Friston, 1998; Frith, 1992).

Further evidence for abnormalities in cortical/atellar connectivity in schizophrenia
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comes from a recent fMRI study by Whalley et alQ®), who reported that subjects at
high genetic risk of developing schizophrenia eitbiba decreased correlation between
the blood-oxygen-level-dependant (BOLD) responseoatls recorded in the right
medial PFC and those recorded in the contralaterabellum, compared to healthy
controls. | will return to the concepts of dysfuonoll connectivity and neural

disintegration in a model of schizophrenia propaseflection 7.3.

One theory not supported by the results of Chapteas Weinberger’'s (1987)
neurodevelopmental theory. Weinberger (1987) ardln@dschizophrenia ultimately
resulted from a ‘lesion’ in the dorsolateral prefta cortex (DLPFC) which developed
very early in life. Weinberger (1987) argued thas tDLPFC lesion remained
behaviourally silent until peripubescence, at whiofte it interacted with the normal
brain maturation and increased cognitive load attarstic of this period and caused the
onset of schizophrenia. While Weinberger (1987) matsspecific as to the location of
the DLPFC lesion, the most dorsal prefrontal regiowhich the FES patients were
observed to exhibit baseline GM reductions in Caaptwas the middle frontal gyrus
(Table 3-2). Thus these results do not support Wéper's (1987) speculation as to the

anatomical location of the proposed neurodevelopahdasion’ .

In addition to the structural brain abnormalitiéserved at baseline, the regions of
increased longitudinal brain atrophy exhibited ByFES patients over the 2-3 year
follow-up interval relative to 26 matched contralere identified using the analytical

technique of tensor-based morphometry. The regidrese the FES patients lost more
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GM over the follow-up interval relative to the higgl controls were large and
widespread, and encompassed much of the parietakarporal cortices (Figure 3-3).
The regions of increased longitudinal WM atrophiiibked by the patients were, in
comparison, considerably more circumscribed, and wenfined to the inferior temporal
lobe bilaterally (Figure 4-3). In contrast to thesbline results, there were no regions
where the 26 control subjects were observed torfuse GM or WM over the follow-up

interval compared to the 25 FES patients.

In summary, the longitudinal results indicate thatients with FES lose a greater volume
of GM and WM over the first 2-3 years of ilinesslative to healthy controls over the
same time interval. | have speculated as to théharesms underlying these observed
longitudinal abnormalities in Section 7-3. At figdance it may appear as though these
results provide support for the ‘neurodegeneratilredries of schizophrenia described in
Chapter 1. However, as | will discuss further ict@m 7.4, the methodology employed
in these studies was not able to distinguish whdtteeabnormal, longitudinal tissue
atrophy exhibited by the FES patients occurred ship@and progressively over the 2-3
year follow-up interval, or whether it all occurrgda single, destructive period, and did
not progress further after this point. Thus it was possible, using this methodology, to
determine whether schizophrenia is a true ‘neuredegative’ disease, in the sense of

exhibiting progressive tissue atrophy over the sewf the iliness.

The third aim of this thesis, addressed in Chapteras to identify the neuroanatomical

correlates of FES patients’ clinical profile at élase, in order to better elucidate the
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neuropathological origins of the symptoms of schimenia. To this end, four cortical
regions were identified where 31 patients with FE&8Bibited volumetric GM reductions
at baseline relative to 30 matched healthy con{fddle 5-1, Figure 5-1). The volumes
of these four ‘regions-of-reduction’ were calcuthfer each of the FES patients, and
correlated with their scores on three symptom dsm®rs: Disorganization, Reality
Distortion and Psychomotor Poverty. Scores on thiese symptom dimensions, which
have been widely argued to encompass the fundahiaatar structure of schizophrenic
symptomatology (Andreasen et al., 1995; Liddle,7498were calculated by summing
items from the PANSS rating scale, following thedst of Liddle et al. (1987a). The
results obtained in Chapter 5 were somewhat parealox was observed that the higher
the degree of Reality Distortion a patient wasesiriig from, thdessgrey matter
atrophy, on average, that s/he exhibited in thfékeofour regions-of-reduction. In
Section 5.5, | proposed three potential explanationthis curious result. One of these
explanations (namely that severe GM atrophy predute formation of hallucinations
or highly systematized delusions that would ratgnlyi on the PANSS), stood out in
particular as being consistent with several oftt@®ries of schizophrenia proposed in
the literature. | have incorporated this explamati@o an integrated theory of

schizophrenia proposed in Section 7.3.

The fourth aim of this thesis, which was addressechapter 6, was to identify the
relationship between longitudinal changes in bsaincture and longitudinal changes in
brain electrophysiology in patients with FES, anddmpare it to the normative

relationship between these two measures report€thapter 2. The rationale was that the
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identification of an abnormal relationship betwaeniroanatomy and electrophysiology
in patients with schizophrenia could potentiallpyide an insight into the functional
consequences of the abnormal GM atrophy exhibiyeithd FES patients in Chapter 3, as
well as the nature of the dysfunctional neural emtinity that has been so widely

proposed to exist in schizophrenia.

In the study described in Chapter 2, a linear ieahip was observed between the
inferred age-related reductions in frontal andgtaliGM volumes in healthy subjects,
and the corresponding reductions in absolute EE@Gepaveraged from the same cortical
regions. A similar relationship, however, was nias@rved in Chapter 6, between the
degree of longitudinal GM atrophy exhibited by 1®S-patients and the longitudinal
changes in absolute EEG power from the correspgrabrtical regions. Instead, while
GM volume decreased significantly over the follopviaterval in each of the four
cortical lobes in the FES patients (Figure 6-3gjrthbsolute EEG power remained
constant or even increased over the follow-up vatiefFigure 6-4). In Section 6.6, |
argued that an abnormal increase in neural synglowould explain this irregular
relationship. Furthermore, | argued that such aremse could provide the basis for the
dysfunctional connectivity proposed in the literatas underlying the symptoms of
schizophrenia. | have expanded upon this idea integrated model of schizophrenia

presented in Section 7.3.
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7.3 AN INTEGRATED MODEL OF SCHIZOPHRENIA:
ASSIMILATING THE THEORETICAL FRAMEWORK AND
EMPIRICAL OBSERVATIONS

The model presented in this section is an attempkplain the aetiology,
neuroanatomical properties and clinical charadtesi®f schizophrenia, by integrating
the diverse range of empirical observations desdrih this thesis with the theoretical
framework provided by the pre-eminent theoriesabizophrenia from the literature. In
proposing this model | have attempted to ensureetstability of each of its facets, so
that they can be tested by future empirical ingagtons. The model, which is illustrated
diagrammatically in Figure 7-1, begins by considgithe mechanisms underlying the

neuroanatomical abnormalities observed in the FEB s at baseline.
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Figure 7-1: An integrated model of schizophrenia. In particullae model focuses on the role of
dysfunctional adolescent brain maturation in fertimgnthe neural disintegration that has been
argued to underlie all of the symptoms of schizepla.
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7.3.1 Mechanisms of neuroanatomical abnormality ifrES patients at first

clinical presentation

Adolescence and early adulthood is typically a tohenormous structural change in the
healthy human brain. A number of previous studesehreported this period to be
associated with accelerated GM loss, particularihe frontal and parietal association
cortices (Pfefferbaum et al., 1994; Sowell etE099). These results are corroborated by
the results of Chapter 2, which report a signiftaamvilinear decrease in frontal and
parietal lobe GM in healthy participants betweendlges of 10 and 30 years. Previous
animal (Bourgeois et al., 1993) and human (Huttemo, 1979) studies have indicated
that rather than being due to neuron death, tloteadent grey matter loss reflects the
targeted elimination of synapses and their assstiafrastructure (i.e. dendrites and

axon terminals).

As previously discussed, there is evidence to sstgbat this normative period of
‘synaptic pruning’ is triggered by a sudden redutin the amount of available
neurotrophins. This reduction in neurotrophins asn thought to be triggered by the
enormous hormonal changes associated with pulfestgl{erg, 1982). According to
Purves (1998), a synapse (or rather its assodiafiestructure) must receive a certain
critical amount of neurotrophin from the post-syti@pell in order to survive. A failure
to receive this critical amount of neurotrophinlwésult in the elimination of the

synaptic infrastructure.

201



It is suggested that it is this reduction in sym@ptfrastructure that underlies the GM loss
characteristic of healthy adolescence, rather tharlimination of neuron bodies. This
proposal is consistent with the prevailing theoaéaging, which argue that the number
of neurons in the human cerebrum remains relatistllgle from early childhood until

late adulthood, after which time there is a progiresreduction in neuron number,
possibly resulting from the onset of dementia-tjjpesses typically associated with old

age (Williams et al., 1988).

Given the sheer magnitude of this ‘synaptic pryBeurgeois and Rakic (1993), for
example, estimated that 5000 synapses were bemupated per minute in the visual
cortex alone in macaque monkeys undergoing pubdirsgems reasonable to assume
that a relatively minor abnormality in this processild have major implications for
cerebral structure and function. Consistent with #ssumption, Feinberg (1982)
proposed the idea of schizophrenia arising becafuge abnormality in this process of
targeted synaptic elimination, such thid many, too few or the wrong synapses are
eliminated (p.331). Support for Feinberg’'s (1982) theory @from the fact that while
patients with schizophrenia have been observedve h similar total number of neurons
compared to controls (Pakkenberg, 1993), they slowmcreased neuronal density (i.e.
an increased number of neurons per unit of cortickime; Selemon, Rajkowska, &
Goldman-Rakic, 1998), which is consistent with duetion in cortical volume resulting

from a loss of synaptic infrastructure (Selemoalgt1999).

* As a caveat to this, Purves (1998) has arguedfthateuron fails to obtain a certain critical amoof
neurotrophin from all its synapses combined, aguieaitly occurs in the developing neonatal braienttne
neuron itself will die, probably through apoptogisill return to this point later in this section.

202



Hence there is circumstantial evidence supportiegtypothesis that schizophrenia may
result from an abnormality in the dramatic periddynaptic pruning typically associated
with healthy adolescence. In Chapter 4, | suggeasigcthis abnormality in synaptic
pruning most likely occurs in the months priorhe bnset of psychosis, although a
recent study by Pantelis et al. (2003) has indittitat neuroanatomical abnormalities
may precede the onset of psychosis by longer thianltsubsequently argued that this
dysfunction in synaptic pruning and the correspogdioss of synaptic infrastructure is
primarily responsible for the widespread GM abndities exhibited by the FES patients

at baseline.

In addition to the widespread GM abnormalities obse at baseline in Chapter 3, there
were also a number of regions of WM abnormalityestaed in Chapter 4. The fact that
these WM abnormalities did not, for the most pastrespond to the regions of GM
abnormality (with a possible exception in the rifflontal lobe; see Tables 3-1, 3-2, 4-1
and 4-2) suggests that the WM abnormalities aresause of a process independent of
the dysfunctional synaptic pruning that | arguenderlie the GM abnormalities.
Consistent with this suggestion, several linesvadence have indicated that
abnormalities in axonal myelination are presergatients with schizophrenia, and thus
may underlie the WM abnormalities reported in Ckhagt For example, patients with
schizophrenia have been observed to show WM hyjeesities (Sachdev et al., 1999)
and decreased magnetization transfer ratios (Febal, 2000) on MR images, as well
as reductions in fractional anisotropy in diffustemsor images (Kubicki et al., 2005), all

of which have been associated with impaired myagbnaFurthermore, a recent
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immunohistochemical study has reported abnormatityced numbers of
oligodendrocytes (glial cells involved in the pratlan and maintenance of myelin) in
the WM of the superior frontal gyrus in patientshwschizophrenigost morten{Hof et
al., 2003). Finally, a recent genetic study usim¢ADmicroarray analysis has reported
five genes implicated in the formation and maintex@aof myelin sheaths to be down-
regulated in patients with schizophrenia relatovéealthy controls (Hakak et al., 2001).
Thus while there is evidence indicating that abraditnes in synaptic pruning underlie
the GM abnormalities at baseline, there is alsdeswie indicating that an independent

irregularity in axonal myelination underlies thesebved WM abnormalities.

7.3.2 Neuroanatomical abnormalities and schizophrea symptomatology

In Section 7.3.1, | argued that the GM abnormalitibserved in the FES patients at
baseline were due primarily to a reduction in syigapfrastructure (i.e. dendrites and
axon terminals), caused by a dysfunction in thenative period of adolescent brain
maturation. In contrast to this, | argued thatliheeline WM abnormalities primarily
resulted from an independent dysfunction in thegsses of axonal myelination. The
purpose of this current section is to considemtieehanism by which these

neuroanatomical abnormalities result in the symgtofrschizophrenia.

It seems reasonable to assume that an abnornratitye inormative process of synaptic

pruning during adolescence would result in:
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1. The elimination of synapses that would normallyénbeen preserved —
reflected in the regions of GM reduction at baselmthe FES patients.
2. The preservation of synapses that would normaheieeen eliminated

— reflected in the regions of GM increase at basah the FES patients.

It is easy to imagine how such an abnormality imeggic pruning could cause
disturbances in inter-cellular communication, arsibsequent disintegration of
neural activity. Such a disintegration of neurdhaty would likely be exacerbated
by concurrent abnormalities in axonal myelinatigiren the role myelin plays in the
regulation of neural timing, via its role in modtitey the conduction velocities of

action potentials along axons.

It is possible that a clinical consequence of tigéntegrated neural activity would be the
formation of abnormal associations between dispaansations and cognitions, which is
the characteristic feature of Disorganization. Amtine with Frith’s (1992) theory
(Section 1.5.6), such a disintegration of neursivag could also underlie the symptoms
of Reality Distortion, if it resulted in an uncoup) of the neural discharges instigating
willed actions (such as movement, thought and $pesad the ‘corollary discharges’

underlying patients’ awareness of their intentioma¢t.

| have suggested, however, that the formation nbabal sensory and cognitive

associations could only occur up to a point ingtl@izophrenic brain. That is, above a

certain level of neural disintegration, the braiowd simply be unable to bind together
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even inappropriate thoughts or perceptions, sudtaadeen proposed to underlie the
symptoms of Disorganization and Reality Distortibnthis event, the brain might simply
‘shut down’, ‘much as a computer locks up when it cannot matghats sent at an
incorrect rate or to an incorrect platén the words of Nancy Andreasen (Andreasen,

1999, p.785).

Such an occurrence would be expected to be assdaiath:

1) a decrease in patients’ level of Disorganizatiot Beality Distortion, and,

2) anincrease in their levels of Psychomotor Poverty.

The first prediction is supported by the result€bhpter 5, in which patients with severe
Reality Distortion exhibited comparatively less Gitlophy than their counterparts who
were not suffering from severe Reality Distortidmd although a significant correlation
between patients’ levels of Psychomotor Povertytaed degree of GM atrophy was not
observed in Chapter 5, a number of previous stuthgs reported this association in
patients with schizophrenia (Baare et al., 1999aCét al., 1997; Gur et al., 2000).
Furthermore, if there was found to be progressrabatrophy over the course of
schizophrenia (a possibility that has some (Calal. e2002b) if not unanimous (DeLisi
et al., 2005) support), then it would be predidteat patients with a long duration of
illness would suffer from increased levels of Poyabtor Poverty. The fact that
chronically ill patients have been shown consisyeiotexhibit a more ‘negative’ clinical

profile than patients with FES (McGlashan, 1998)safiirther support to the hypothesis.

206



7.3.3 Progressive brain atrophy in first-episode $tzophrenia

In Section 7.3.2, | discussed the mechanisms wyidgrthe structural brain abnormalities
exhibited by the FES patients at baseline. Thegrepf this section is to examine the
mechanisms underlying the abnormal degree of ladgial brain atrophy exhibited by

the FES patients over the 2-3 year follow-up irdérv

In the study described in Chapter 3, FES patiest®wbserved to lose a significantly
greater volume of GM over the first 2-3 years ifaks than did a matched group of
healthy control subjects over the same intervaé fHgions affected by this abnormal,
longitudinal GM atrophy were widespread, and encasspd much of the parietal and
temporal lobes (Figure 3-3). An interesting pattemmerged, however, when these
regions of longitudinal GM atrophy were comparedh® regions of longitudinal WM
atrophy. While the regions of longitudinal WM athypwere far more circumscribed than
the regions of GM atrophy, and occupied only a spwation of the temporal lobe
(Figure 4-3), they were observed to occur immedtjiatesdial to the largest and most
statistically significant region of longitudinal GMss, that is, in the temporal and
parietal lobes bilaterally (Figure 4-4). The spat@respondence of these regions of

longitudinal grey and white matter atrophy suggé#ss they may be related.

In Section 7.3.1, | argued that the GM atrophy ertdn the FES patients at baseline

primarily reflected the elimination of synapticiastructure, resulting from a
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pathological reduction in the amount of availalkdeimtrophins. However, as previously
discussed, there is evidence to suggest thateftieon fails to obtain a certain critical
amount of neurotrophin from all its synapses corathjrihen the neuron itself (i.e. not
merely its synaptic infrastructure) will die (Pusyd998), probably through apoptosis

(Henderson, 1996).

Therefore, | suggest that while the majority of @l atrophy observed over the follow-
up interval in the FES patients was due to theialtion of synaptic infrastructure
resulting from relatively mild shortages in the ambof available neurotrophin, the
development of a critical shortage in the amountefrotrophin available to the
temporal lobe neurons some time over the followntgrval resulted in the death of
these neurons. The death of these cells wouldtresalreduction in both GM volume
and WM volume, as the myelinated axons of the neuiveould be dismantled, and
consumed by phagocytes (Kandel et al., 2000). @bitlhat the majority of cortical
neurons are pyramidal neurons (Braitenberg, 198ich project their axons
perpendicular to the surface of the cortex (i.eeadly medial for temporal lobe neurons)
means that the longitudinal GM reductions in thegeral lobe exhibited by the FES
patients in Chapter 3 would be expected to reslYM reductions similar to those

observed in Chapter 4 if the GM reductions weretdube elimination of these neurons.

In summary, | suggest that a peripubescent reductimeurotrophins results in the

elimination of synaptic infrastructure in the FE&ipnts, and that this accounts for the

majority of the GM abnormalities observed at bamelind over the follow-up interval.
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Further neurotrophin reductions to below a critieakl in certain temporal lobe neurons

would result in the death of these neurons an@lih@nation of their myelinated axons.

7.3.4 The relationship between neuroanatomy and egophysiology in

patients with FES

In Chapter 2, | explored the relationship betweeanges in cortical GM and changes in
absolute EEG power in healthy adolescents/ younfisad observed a strong linear
relationship between the two measures, that i§Ms/olume decreased so did absolute
EEG power in the corresponding cortical regionseXplain this result | proposed a
basic model of absolute EEG power which arguedEl#® power could be considered a

function of:

1) the number of active cortical synapses — with nsgreapses resulting in higher
EEG amplitudes and therefore higher power, and
2) the synchronicity of the synaptic activity — witlgher synchrony resulting in

higher EEG amplitudes and therefore higher power.

In Chapter 6, however, the longitudinal GM redusti@xperienced by the FES patients
were not observed to be associated with a correspgulecrease in EEG power in the
corresponding cortical regions. Instead, absoliE& power remained constant or even
increased (in the case of the frontal and parietsd beta power (Figure 6-4)) in these

patients over the follow-up interval. Regardlessvb&ther the longitudinal GM atrophy
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exhibited by the FES patients resulted from theni@lation of neurons, dendrites, axon
terminals or a combination of them all, it wouldhetheless be associated with a
reduction in the number of cortical synapses. Heiitee basic model of EEG power
proposed above is correct, then a reduction imtimber of cortical synapses in the FES
patients, combined with a preservation of theiroéldie EEG power, would indicate an
elevationin the synchronicity of the synaptic activity imese patients. In light of the
increasingly popular theories which argue that aksynchrony is the mechanism by
which the brain binds together sensory and/or cognstimuli (Engel et al., 1997;
Milner, 1974; Bressler, 1995), it is possible tecpate that FES patients with
abnormally elevated neural synchrony could binettlogr inappropriate thoughts or
perceptions, which could underlie the symptoms isbiyanization, Reality Distortion

and, ultimately, Psychomotor Poverty (Section 3.3.2

Thus, | suggest that people who go on to develbgsphrenia exhibit abnormalities in
synaptic pruning and axonal myelination in adolasee These neuroanatomical
irregularities ultimately result in an abnormahelgon in the synchronicity of their
neural activity. This abnormally elevated neural@yony leads to the symptoms of

schizophrenia, via the mechanisms of neural digrateon discussed in Section 7.3.2.
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7.4 LIMITATIONS OF THE THESIS

While attempting to be as thorough and rigorougassible with respect to the
methodologies employed for subject recruitmenta @guisition and data analysis, there
are three main methodological limitations of ttedis. Addressing these limitations in
future research would be of great value in confgrthe validity of the empirical
observations made in this thesis and validatingréhr®us facets of the model proposed

in Section 7.3.

The first, and | would argue most severe, limitatod this thesis relates to the fact that
the longitudinal brain atrophy exhibited by the F&8ients in Chapters 3 and 4 was
inferred on the basis of only two MRI scans. Bywdqg only two MRI scans, it was
impossible to determine exactly when, in the foHopvinterval, the longitudinal brain
atrophy actually occurred. Furthermore, it was aigpossible to determine whether the
longitudinal brain atrophy occurred in a singlestdective period and did not progress
further beyond this point, or whether it progresgeatiually and smoothly over the
follow-up interval. Furthermore, it was also impibés to determine whether the
longitudinal brain atrophy would have continuegtogress after the follow-up scan.
The upshot of this methodological limitation isttitavas not possible to determine
whether schizophrenia is a ‘neurodegenerative’asiseén the sense of exhibiting a

progressive deterioration in brain structure.
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Consider, for example, the possibility that the @bdhormalities exhibited by the FES
patients at baseline was, in fact, caused by audgsibn in the normative period of
synaptic pruning during adolescence. Given thatpleriod of synaptic pruning only lasts
for a couple of years in healthy people, it seemasonable to assume that the GM
abnormalities associated with a dysfunction in ggcess would only continue to
progress for a couple of years also. If, for examffle GM abnormalities began to
present approximately 12 months prior to the onsgsychosis in the FES patients (as is
consistent with the results of Pantelis et al.,30then this would mean that in this
scenario, the longitudinal GM atrophy would havewced in its entirety after, say, one

year of the 2-3 year follow-up interval.

Compare this to the contrasting scenario in whinehlbngitudinal GM atrophy exhibited
by the FES patients resulted from a gradual, pssive process of neurodegeneration
over the entire follow-up interval, and quite ptdgbeyond. Using the methodology
employed in this study, it was impossible to digtiish between the validity of these two
scenarios. Furthermore, while the acquisition & onmore additional MRI scans within
the 2-3 year follow-up interval (e.g. a scan aielias, and a scan at 1 year post, 2 years
post and 3 years post baseline) would be an obwiaysto overcome this issue, it would
not provide any insight into the progression (@kl¢ghereof) of structural brain
abnormality over the course of the disease, whachle 50 or more years for many
patients. In order to investigate this more genissle, and hence elucidate whether or
not schizophrenia is truly a ‘neurodegenerativeedse, it would be necessary to acquire

MRI scans regularly over the course of the illnéssd while extending the period of
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longitudinal investigation beyond 2-3 years wasiobsly not possible in the context of a
PhD thesis, it would be an enormously valuable taskuture research, as it would
provide an unparalleled insight into the nature emakrse of the neuroanatomical

abnormalities that underpin schizophrenia.

The second limitation of this thesis relates todize of subject samples investigated in
Chapters 3 to 6. The sample sizes for these studieslimited by the difficulties
inherent in recruiting patients within three montisheir first presentation to mental
health services with psychotic symptoms. Nevergglthe sample sizes of between 30
and 40 for baseline studies and between 20 andrabd longitudinal studies were close
to the minimum size recommended to ensure robasststal analyses for studies of this

sort (Aron & Aron, 1994).

The results of studies with small sample sizes dateithe imaging literature in
psychiatry, and may account for some of the nuneeconflicting findings. In general,
all things being equal, far more confidence caplbeed on the results of studies with
large sample sizes (Gordon, Cooper, Rennie, HerngeWéilliams, 2005). Replicating
the results of this thesis in future studies wattger subject numbers would provide
convincing evidence as to the validity of the resund would add weight to the

conclusions that were drawn from them.

The third limitation of this thesis relates tofidure to include an index of neural

synchrony in the analysis of the EEG data. In $acti.3, | suggested that a
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disintegration of neural activity, resulting frorbreormalities in synaptic pruning, and the
myelin-regulated timing of neural activity, wasioiately responsible for the symptoms
of schizophrenia. | also argued that a result sfdisintegrated neural activity was an
abnormaincreasein the synchrony of the neural activity exhibited FES patients. In
light of the increasingly popular theory which aegudor neural synchrony as being the
mechanism by which the brain binds together disgoetceptual and/or cognitive stimuli
(Engel et al., 1997; Milner, 1974; Bressler, 1995peculated that FES patients with
abnormally high levels of neural synchrony mightbtogether inappropriate thoughts or
perceptions, which could feasibly result in Disargation, Reality Distortion and,

ultimately, Psychomotor Poverty.

This hypothesis, however, is highly speculative aodld require the direct observation
of increased neural synchrony in FES patients eafarvould be possible to be confident
as to its validity. Calculating the synchrony of&Hata is a complex and specialized
task, and one that only a handful of laboratorresiiad the world have the capacity to
accomplish. Furthermore, the vast majority of poegi studies into neural synchrony in
schizophrenia have focused on the gamma (approgiynd®Hz) frequency band, while |
have specifically predicted increased synchrompélower frequency bands (i.e. alpha,
beta and slow-wave). Investigating the empiricadlence for increased neural synchrony
in all the EEG frequency bands in patients with F&sld, | believe, be an enormously
fertile area for future research, and would enaldeeper understanding of the
mechanisms underlying the functional brain abnoitrealcharacteristic of

schizophrenia.
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7.5 RELATED ISSUES AND FUTURE RESEARCH

| suggest that the first goal of any future reskegmogram stemming from this thesis
should be to address the methodological limitataissussed in Section 7.4. In spite of
this, however, there were a number of other relet®aes that could potentially provide a

fertile ground for future empirical investigations.

Given that this thesis investigated the clinical atectrophysiological correlates of the
neuroanatomical abnormalities observed in pateiits FES, one issue begging further
investigation is th@europsychologicatorrelates of the observed structural brain
abnormalities. It has been well documented thazephrenia is associated with a
cognitive decline over the first few years of ilisg(Saykin et al., 1994), particularly in
terms of executive functioning, memory, attentiond gheory-of-mind. This cognitive
decline is a particularly destructive feature @& thsease, which is responsible for some
of its most debilitating and stigmatising effea€ls as the difficulties typically
experienced by patients in obtaining and maintgisteady employment. The nature of
the relationship between the progressive struchgatopathology and cognitive decline
exhibited by patients with FES remains poorly ustiayd, with only a few studies
reported in the literature (e.g. Ho et al., 2008fftét al., 1999) Elucidating the nature of
this relationship could potentially provide usefifbormation as to how the cognitive

deficits typical of FES could be targeted pharmagially.
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The relationship between longitudinal neuropathyplagd cognitive decline was
investigated in a study of which | was a major dtwtor (see Appendix 1). In this study,
we calculated the volumes of the frontal and teralplobes at baseline and at 2-3 year
follow-up, for 20 patients with FES. Using a simitaasking methodology to the one
employed in Chapters 2, 5 and 6 of this thesisyti@mes of these two lobes were
calculated by automatically applying manually-drawasks in MNI space to patients’
spatially normalized brain images. We investigdtedrelationship between progressive
brain atrophy and progressive cognitive declinedyelating patients’ longitudinal
changes in frontal and temporal lobe volume withirtbhanges on a comprehensive
battery of neuropsychological tests that was desldo assess a wide range of cognitive

functions.

While we observed a significant reduction in FE8quas’ frontal lobes volumes, visual
memory scores and estimated 1Q over the followntgrval, we also observed a
significant correlation between patients’ longituali reductions in frontal lobe volume
and their longitudinal reductions in verbal leaghamd memory scores. The results of
this study suggest that verbal learning and memmay be particularly sensitive indices
of frontal lobe atrophy in patients with FES. Intemf this, however, the structural
underpinnings of the other cognitive deficits ass@d with schizophrenia remained
elusive in this study, and might be better inveged through the use of high-resolution
functional imaging techniques such as functionall(fRRI) and

magnetoencephelography (MEG).
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A second unaddressed issue relevant to the findihtiss thesis relates to the specificity
of the observed neuroanatomical abnormalitiesenRBS patients. This issue has
important theoretical implications for the distiioct that the discipline of psychiatry has
traditionally made between the diseases of schizsph and the other major psychotic
illness of bipolar disorder (for example, see DSK-American Psychiatric Association,
1994). Tim Crow (1995) has argued that in spitéhefr dissimilar clinical presentations
(with the characteristic oscillations between maamd depression in bipolar disorder
being the most obvious example), schizophreniabgpalar disorder should not be
considered as distinct diseases, but rather adysilfferent manifestations of a single
pathological entity of ‘psychosis’. In particul&@row (1995) has argued that these ‘two’
diseases share the same aetiologies and, impgriankie context of this thesis, exhibit a
“homogeneity of structural brain chanf€p.139). Crow’s (1995) ‘unified psychosis
theory’, if correct, would have important implicais for psychiatry’s conceptualisations
of schizophrenia and bipolar disorder, and theitneat protocols that are used to
manage them. In the context of this thesis, Crqde®95) theory would imply that the
model proposed in Section 7.3 to explain the nadanckaetiology of schizophrenia would

also be applicable to bipolar disorder.

The specific issue of whether the neuroanatomisabaemalities reported in this thesis
were specific to patients with FES, or whether taklsp occurred in patients with first-
episode bipolar disorder (FEBD) was investigated study of which, again, | was a
major contributor (see Appendix 2, and Farrow e{2005)). In this study, we used

voxel-based morphometry to assess the regions ichvid2 patients with FES and 8
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patients with FEBD exhibited differences in greyl avhite matter volumes, both at
baseline and over a 2-year follow-up interval. Tésults of the study clearly indicated
that the FES and FEBD patients exhibited markedfgrént neuroanatomical substrates,
with the FES patients exhibiting reduced GM at basen the inferior frontal cortex,

and experiencing a greater degree of longitudirla®&ophy over the follow-up interval
in large proportion of the temporal and parietatices, relative to the FEBD patients.
Thus rather than indicating &admogeneity of structural brain chan@eas postulated by
Crow (1995), the results of this study suggest pladients with FES exhibit, for the most
part, more severe neuroanatomical abnormalitiesivelto patients with FEBD, both at
the time of their presentation to mental healtiwvises and over the first two years of

illness.

There is one final issue that was not addressedtdirin the thesis, but is highly relevant
to the general conclusions that | have drawn. l#tes to the genetic underpinnings of
schizophrenia. As discussed in Section 1.5.6, sphienia undoubtedly has a strong
genetic component, with previous studies indicativeg the monozygotic twins of
schizophrenic patients have a greater than 40%cehaindeveloping the disease
themselves, at a rate 40 times higher than therglepepulation (Gottesman et al., 1987).
While no single gene has been identified as beshghly abnormal in patients with
schizophrenia, a number of genes have been impticatluding COMT (Egan et al.,
2001) and DISC1 (Zhang et al., 2006). However,henltasis of the model of

schizophrenia proposed in Section 7.3, there magdson to suspect that abnormalities
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in genes involved in the production and regulabbneurotrophins might play a role in

the aetiology of schizophrenia.

In Section 7.3, it was suggested that schizophm&sialts from an abnormality in the
normative period of peripubescent synaptic pruningthermore, it was argued that this
abnormality in synaptic pruning was ultimately cadiby the expression, in adolescence,
of a gene (or genes) involved in the intra-cellgeoduction of some type (or types) of
neurotrophin, combined with an exposure to a pretipg diathesis. Attempting to
identify this abnormal gene (or genes) would, idad, be a fertile area for future
research, as it would have the potential to eldeittze origins of schizophrenia at the
most fundamental level. Of the ten or more trogaators that are thought to be
produced in the human brain, there is only a sedlket for which the candidate genes
are known. For example, the gene coding for BDN$-lbeeen located at chromosome
11p13in humans, while the gene coding for NGFleses located at chromosome 1p21-
p22.1 (Shoval & Weizman, 2005). Of the few previstidies that have looked for
evidence of abnormal polymorphisms in genes coftingeurotrophins in patients, at
least two have reported results that are consistghtthe aforementioned hypothesis.

For example, while Neves-Pereira et al. (2005) neplopatients with schizophrenia to
exhibit an abnormally increased tendency to exltg@tvaline (as opposed to methionine)
amino acid at codon 66 of the BDNF gene, Szekdrak €£003) reported that a single
nucleotide substitution (cytosine to thymine) al@o 270 in the BDNF gene was
associated with an increased susceptibility forzaghrenia. Hence there is already some

evidence suggesting that certain polymorphisme@®@BDNF gene are a predisposing
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factor for the development of schizophrenia, pdgsita a mechanism such as that
described in Section 7.3. Concretely identifying genetic precursors of schizophrenia
would raise the possibility of ultimately being altb prevent subjects with a high genetic
risk for schizophrenia from developing the disefseshielding them from some of the

environmental stressors that have been arguecttipitate the onset of schizophrenia.

7.6 CONCLUDING COMMENTS

Schizophrenia is one of the most devastating desetmsaffect humanity. Understanding
the origins and nature of schizophrenia is onénefmhost important challenges facing
modern medical science, as it underpins the extemhich the disease can be
successfully treated. To this end, this thesisati@snpted to elucidate the
neuroanatomical abnormalities exhibited by patisotgering from their first episode of
schizophrenia, both at the time of their first grestion to mental health services, and
over their first few years of illness. Furthermadtes thesis has also attempted to
elucidate the clinical and electrophysiologicalretates of these neuroanatomical
abnormalities, and to provide a speculative moflgt® origins and nature of
schizophrenia, based on an integration of the #tmat framework provided in the
literature, and the empirical observations madéismthesis and elsewhere. My hope is
that the ideas and observations presented hergavibme way towards solving the
tragic riddle that is schizophrenia, and providmedasis for future research into the

disease.
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