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Summary

In this thesis kexploral cognition, psychopathology and the role of Catechol
Methyltransferase (COMT) in children at increased risk of schizophrenia with the aim of
making a contribution to our understanding of the processes that take place early in the
development opsychosisTwo samples were studie@he first sample came from the
populationbased Avon Longitudinal Study of Parents anddzén (ALSPAC) where |

examingl the relationships betweenpriori selected cognitive domains and psychotic
experiences (PEs). €hresuls indicatel thatimpairedprocessing speed and attentivere

related to greater risk of PEs in children, with processing speed being a key cognitive feature.
Moreover, the relationships between cogmitand later occurrence of Pisre similar to

those that have previously been reported between cognition and schizophedsia.

examin& whether genetic variation @OMT was associated with PEs indirectly through
cognition and anxiety disorderBhe findings showdthat COMT was indirectly assaated

with PEs through processing speed, IQ and attenfiba.second sample comprised children
with 22g11.2 Deletion Syndrome (22q11.2DS). | exahitve nature and prevalence of
psychopathologyrad cognitive dysfunction in theample and their siblingsd to what
extentt he chil drendés intellectual i mpair ment
as®ciated with the deletion. Theveere high rates of psychopathology and cognitive
impairments in children with 22q11.2DBowever,| found no eviegnce for an indirect
association between the deletion and the risk of psychopathologgkhcognition. Finally,
there wa no evidence th&OMT s related to theusceptibility of children with 22q11.2DS

to cognitive and psychiatric pbéems

These findhgs have potentially important implications for our understanding of the
development of psychosis dugichildhood and they also shdhat using different research
designs to investigate specific aimssamples at increased risk enables the researcher to

widen their scope of interpretation.
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SECTION | GENERAL INTRODUCTION

Chapter 1 Overview of schizophrenia

Schizophrenia is severemental disorder with an incidence of-28 cases per 100000 per
year, a lifetime prevalence 6£3-0.7% and a lifetime risk of approximately 6079%. Onset
is usually in early adulthood with peak onset of22Dyears in men and 22D years in
women.The disordehas a male preponderance (male to female ratio; (vah)Os and

Kapur 2009.

Schizophrenia is characterized by positive, negative and cognitive symptoms. Positive
symptoms include delusiorfstrongly held irrational ideas or beliefs thatsr despite the
absence of supportinevidencg hallucinations (perceptions of experiences without an
externalstimulus) and thought disorder. Negative symptoms refer to a reduction in social and
occupational functioning and include social withdrawaheatonia, loss of motivation and
blunted affect. It is noteworthy that many of these symptoms also appear in other psychotic
disordersAnother core symptom of schizophrenia is impaired cognitive functioning which

was recognised as such sinceiitst diagnostic conception

According to a survey by the World Health Organization, schizophrenia is among the top ten
disorders that contribute to the global burden of dis@a%¢O 2009 anda leading cause of
suffering for patients antheir family membergArango and Carpenter 2011The financial
burdenof this devastating disordé& enormousand wideranging due tahe frequent
requirements for hospitaligah and longterm psychiatric care, tHest productivity, the

costs of treatmerdnd the increased mortality eatthatareassociated with the disorder

(Knapp, Mangalore et al. 20p4Current therapeutic interventions provide only lirdite



treatment of th@ositives y mpt oms and often do not i mprove

Addressing the cognitive impairments of this dgsncould potentially improve the

morbidity ofthis condition and enhance the quality of life of the patients.

1.1 A brief historical perspective

The historical roots of schizophrenia are poorly defi(fdityanjee, Aderibigbe et al. 1999
There is evidence that schizophrenia has existed00 or more year®ark 1985 Bark
1989, but there are also thoseno believe thaKraepelin was the fitsdo describelementia
praecoxbecause the iliness increased in frequency around thesg Gao@ser and Sartorius

1977 Hare 1988

It seems thathe firstconcisedescription of schizophrenia was given by Pinel, in 1&01

France He used the terth ® m e (toss ®f mind) to describe thedinein cognitive

functioning of chronically ill, hospitalised pants(Pinel 1962.This term had already been
used in the Frencliterature since 1381 to characterise mental de¢Beerios 1987. Fifty

years later, Morglalsoin Francé was the first tacointhe termd ® me n ¢ e topes®ibeo c e
young patients with premature demerfiidender 1963 During the sameperiod Kahlbaum

and Hecker in Germangeveloped the conceptatatoniaandhebephrenigmeanng

youthful insanity, derived from the Greek goddess of ybighe, respectivelyPalha and

Esteves 1997

The integrationhowever of these variable clinical syndromiego a single nosological entity
was realised ypKraepelin whoconceptualizedvhat subsequently became known as
schizophreniasdementia praeax (Kraepelin 1919 The terndementiavas given to
describe the chronic and debilitating cauds the disorder and the tepraecoxto

emphasize the early onset of the disdaselreasen 2001 Kraepelin recognised the



diversity of the clinicabyndromesssociated withlementia praec@»andstressedhe
underlyingfundamentatlisordersassociatedavith it. These weréhe general decay of mental
efficiency(i.e., cognitive ceficits) andloss of mastery over volitional actigne., executive

dysfunction)(Jablensky 2010

In the early twentieth centy Bleulerintroduced the terrachizophrenigsplitting of mind)
and widened the concept to include disorders that do not necessarily lead to severe
deteriorationBleuler 195(. He also stated that schizophrenia is a group of diseaskes
distinguisheetweerbasic and supplementary sympia Tle basic sgpnptoms aratthe
core of the disease and aiso known as the fous; loosenes of associationglunted
affect, ambivalence and autistic isolatignsel 2010. The supplementary symptordsvelop

due to the patient 6s mptomdBiletlari99). t o adapt

In the 1950s, Schraer furher developed these concepts by specifaiggoup of psychotic
symptomshe calledfirst-rank symptomée.g, audible thoughts, thought withdrawal) is
noteworthy that his approach was descriptatherthan aetiologicalS c hnei der 6 s
wereincluded in theearly and recent diagnostic systems sud@Biagnostic Statistical
Manual of Mental Disorders version IV (DSN) andthe International Classification of
Diseases version 10 (ICDO) (Adityanjee, Aderibigbe et al. 1999Another, less influential,
but moredetailedclassification of psychoses was introduced by Leontmanis endogenous
psychoses theory whiajroupedpsychotic disorders based on @srmed localised cerebral

dysfunction(Jablensky 2010

Later, in the 198§ Crowfurther characteriseschizophrenidasedon the presence of
positive (hallucinations, delusions and formal thought derand negative (social
withdrawal,avolition, affective flattening and poverty of speech) sympt¢@rew 1980, a

distinctionstill forming the basis focurrent diagnostic systeni8dityanjee, Aderibigpe et al.

to t

Sy mp



1999. Another related concept, whittasnot been formalised in diagnostic criteria, was
introduced by Carpentend collaboratorsi.e.,the deficit schizophreniga concept referring

to enduring negativeymptoms$ (Carpenter, Heinrichs et al. 1938

It should be noted thaliagnostic systemsuch afResearch Diagnostic CriterfRDC),
DSM-11l and DSMHV are still relying on Kraepelinian principlg¢dablensky, Hugler et al.
1993 Hegarty, Baldessarini et al. 199&raepelin himselfhowever did expressioubts
about the dichotomisation dementia praecoandmanic depressive insanity (equivalent to
bipolar disorderjnd the controversial validity of this distinction is still beaqugestioned

today(Craddock and Owen 2010wen 201).

Another wayto conceptualise schizophrenia is the dimensional apprd&eobservation of
attenuated psychotic symptomsbiological relatives of patients with schizophrenia
(Kendler, McGuire et al. 1993gave rise taheories supporting contiruum of
psychosis/schizophremifor a review sedlinscott and van Os 20))3 Subclinical levels

are often referred tas psychosis proneness, psychbkie experiences, schizotypy or-ask
mental stags(Chapman, Chapman et al. 199%rdoux, van Os et al. 1998tefanis,
Hanssen et al. 2003iever and Davis 2004nd are assumed $hare etiological factors with
schizophrenigvan Os and Linscott 20L2The etiological and biological validity diese
psychotic symptoms however, is not yet cl@aawrie, Hall et al. 201)0(also see Chapter
6.1)and the question of whether schizophrasiaetter described categorically or

dimensionally remains to lresolved(Jablensky 2010

In view of the concernsegardingboth the categorical and dimensional approachesnts
recent psychiatric ctsification revision (DSMV) systems seem to keep ttetegorisation
intact, but alsoemphasis¢he importance of dimensional approacteserican Psychiatric

Association 2011l Cognition didemerge as a dimensionthms revised diagnostic system



(Heckers, Barch et al. 20L3A recent development in support of the dimensional approach is
theNIMH's Research Domain Criteria (RDoC) proje@h experimental approaahose

focus is toincorporate multiple dimensions instkaf diagnoses that are based on behaviour,
genetics, cognition and neurobiology providing a more effective framework for research and

in the long term in clinical practice

1.2 Aetiology of schizophrenia

Despitealarge amount of researclnet complexity ®human behavioucomplicatesour
understanding of the aetiology and the underlying pathological mechanisms that operate in
schizophrenialt seems thatchizophrenia is a complex and mtfictorial disorder that is the

consequence of the action of bo#ingtic and environmental factors.

There is considerable evidence thahizophrenidas a strong genetic componésee
Chapter 3 with heritability estimatesangng from 60 to 90%(McGuffin, Farmer et al.

1984 Cardno, Marshall et al. 1998endler 2002.

The neurodevelopmental hypothesis of sopirenia has begroposed by many researchers
for more than twalecadesindprovides a framework founderstanding the pathogenic
mechanismef schizophrenia by focussing on antecedents involved in early brain
developmenfOwe n, OO0 Do n o Y. kaiso leas im@idations2o0 guldlic health as it

supports early prevention and interventaamultiple agegWeinberger and Levitt 20)1

According to this modelpathogenesis is due aocombination of genetic and environmental
abnormalities in brain developme(urray 1987 Weinberger 198) Indeed there is
considerable evidence thadlultonset schizophrenia associated witabnormalities in brain

development as well atelaysand impairments isognitive, emotionalmotor and social



developmentFish, Marcus et al. 199dones, Rodgers et al. 1992annon, Bearden et al.
200Q Rosso, Bearden et al. 20Q@&wrie and Pantelis 201MeyerLindenberg and

Bullmore 201). Premorbidpsychopathology, including attention deficit hyperactivity
disorder (ADHD), conduct disorder, depression and anxiety as well as the presence of
psychotic experiences in ctiflood and adolescence have frequently been observed in
individuals who later develop schizophre(figchaeffer and Ross 2002m-Cohen, Caspi et
al. 2003. With regards to environmental effects, these can be at different stages of
development, from complications during foetal developn@€annon, Jones et al. 2002
through to cannabis use in adolescef@@@mmit 2004. Other environmental factors that have
been related to increased risk of schizophrenia are urbaficapbendam and van Os 2005

and migrationVeling, Susser et al. 20D8

Nevertheless, it is igyet known whether these premorbid impairmesatsseschizophrenia
or whether they are nespecific markers of an underlyinghological process that may
causeboththe premorbid impairments and psychosis. If tiaegon the causal pathway, then
modifying the cognitive or social factors could reduce the risk of developing the disorder

(Hollis and Rapoport 20)1

1.3 Clinical course and treatment

With regards to the clinical course of schizophreheaet is great unexplained inter
individual variabilityand itcan range from shqracute episodes of illness to chronic

disabling conditions.

Patients with schizophrenia typically experience a prendostate.

Bleuler (as cited iReichenberg 20Qbwrote in 1911



6. . t h arly eéharactereanomalies which can be demonstrated by careful case histories in
more than half the individuals who later become schizophrenic: the tendency to seclusion,

withdrawal, together with moderate or severe

There is evidece that the time between developthg first psychotic symptomnd
receiving treatmens associated with longerm functional outcomé@Marshall, Lewis et la
2005 Perkins, Gu et al. 2005Early intervention services have been addjehe UK and
other countrieshat aim to identify, engage and treat those at high risk of developing
psychosis. Thee interventions seem to improve outcome andiaacially beneficial
though their longerm effectiveness remains questiongldafoor, Nitsch et al. 2010

McCrone, Craig et al. 200

Antipsychotic drugs, especially those that block dopamine D2 recgfmonsthemainstay
of pharmacologicaireatmeniKapur and Mamo 20Q3Despite the advances and the
development of newer atypical antipsychotagproximately one third of patients remain
symptomatic and th majority are unable to attaianctioning goals such aaking up
employmentvan Os and Kapur 2009Moreover,cognitive impairmentsamot yet be
adequately treatg@Reichenberg, Harvey et al. 2Q0@\lternative approaches include the
development of nopharmacological interventions thegek to reduce the effects of the
cognitive impairmentsCognitive remedidbn is an examig of such an approachhére is
evidence ofsmall to moderateffectwhich couldamelioratethe cognitive impairmers
seen in schizophren{@ykes, Huddy et al. 20}1Developing treatments that can address
the cognitive symptomis important, especially given their relatiorldog-term patient

outcome.



Chapter 2 Cognition in schizophrenia

As demonstrated in Chapter hetrole of cognition in schizophrenia has been recognized
from the very earlfformulation of the disorderconcept Moreover, mpaired cognition has

often been regarded as a core feature of psychosis and a critical feature of schizophrenia
(Seidman 1983Green 1998 Indeed, he average cognitive impairment tlimats beemelated

to schizophrenia is 1 standard deviation (SD) below that of healthy comparison subjects
(Dickinson, Ramsey et al. 200Much data derives from 1Q testing and shows that persons
who later developed schizophremige characterizedby an IQ decline during developmental
years and stabilization at a lower level than that predicted from parentaldgmagraphic
variables(Seidman, Giulianceet al. 2006 Woodberry, Giuliano et al. 20p8Yet, given that
schizophrenia is a highly heterogeneous disorder, it also follows that not all patients with
schizophrenia have cognitive deficitépproximately 15% to 30% of patients with
schizophrenia have neuropsychological profiles in the normal rgrgenen, Seidman et al.

200Q Allen, Goldstein et al. 2002 eung, Bowie et al. 2008

Furthermore, dficits in cognitive function underime treatment response and letegm
patient outcome as Weas the ability to function in the community and acquire social skills
(Green, Kern et al. 2000The resurgence of interest over the last decade in cognition has led
some to ask for thenclusion of such symptoms in the schizophrenia diagngsefe and
Fenton 2007Keefe 2008. However,the lack of consistent evidence for a specific cognitive

impairment in schizophrenia might prevent this from happefBhgr a, Y¢cg9.l et al

2.1 Core cognitive deficits in schizophrenia

Over the last decades, many prominent investigators have focused on identifying fundamental

cognitive mechanisms that are associated with schizophrenieatinaarify the underlying



neuropathology of the disorder as wellkcasitribute todeveloping treatments and effective

rehabilitation programme#ndreasen 199Palmer, Dawes et al. 2009

Several domains have been suggested as O6core
described belowlt should also be mentioned that the following cognitive domains have also
received support for using them as endophenotypes in schizophren@phenotype thais

on the pathway between gésand diseasand may provide a more diregssociatiorwith

the gene(s) than a psychiatric phenotype further removed fr@orihblatt and Malhotra

2001, Gottesman and Gould 2008/alters and Owen 200.7

2.1.1 Processing speed

Processing speasd defined as the time that is required to complete a task or the amount of
work that can be completed in a specific amount of aimeis consideredo beone of the

most important processe$the human mingit is necessary for efficient neural and cognitive
cortical functioning and in everyday life functio(@elLuca 2008 It was first studied by

Galton, Wundt and Cattell in the late 1800s and was initially defined as reaction time.
Processing speed was thought to be at the heart of individual differences in intelligence. This
notion, however, waned ithe early 1900as the speed with which mental operations

function was not considered as important as obtaining an understanding of the fundamental
operations of the mind itself. Therefothe study of processing speeds abandonefir the

next 40 to B years only to be rediscovered again in the last 30 y@dBsien and Tulsky

2008. Despite the growing interest in studyitinis concept, alinically andcognitively

accepted model of processing speed does not yet(Bektica 2008

Evidencein support of processing speedassendopbnotypefor schizophreniancludesthat

impairments in processing spekdappear more often in individuals widschizophreia



diagnosighan in the general populatigNiendam, Bearden et al. 20a3ickinson, Ramsey
et al. D07, Leeson, Barnes et al. 201@) areheritable(Byrne, Clafferty et al. 20Q3
Niendam, Bearden et al. 20@3awkins, Addington et al. 200&lahn, Almasy et al. 2007
Wang, Chan et al. 200;73) share genetic risk factovgth schizophreni@asdocumented by
twin studiegMcClearn, Johanss et al. 1997Swan and Carmelli 2002nd 4) donct
depend on the stage, durationsewerityof the illnessnor on medicationresponsgVerdoux,
Magnin et al. 1995Hill, Schuepbach et al. 200Bickinson, Ramsey et al. 200Glahn,
Almasy et al. 200,/Reichenberg, Caspi et al. 2Q16inally, processing speed impairments
also helpdifferentiatepatients from relatives and thewshoare premorbid buwill later

develop the illnes@Niendam, Bearden et al0@3).

Even though processing speed has been documented as the singledagiéise
impairment in schizophrenia patients, rié a recognised dearthsitidesinto the construct
(Goldberg, David et al. 20)1There are several reasdos this, whichmainly have to do
with theloose definitionof the conceptFor exampleprocessing speed has long been
considered a unitary concepgwever there is now evidende may in fact be
multidimensionalDelLuca 2008 Based orthe statistical tool ofactor analysis
Chiaravallotiand colleagueglentifiedtwo underlyingcomponents of processing speed
simple and complex processing speed that seecadtureseparateognitive processes
(Chiaravalloti, Christodoulou et.&2003. However this research group is still working
towards the best definition f@omplex processing spe€delLuca 2008 Another
complication is thaprocessing speed $srongly related tother cognitive processes such as
working memory and attention. As a restittese terms havaften been used

interchangeably.
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2.1.2 Attention

Attentionrefers tothe selectve processin@f environmental stimuli while ignoring others
(Eysenck and Kean 203t is one of the most examinedgnitive constructandreportedly
amongsthe mostseverelyaffecteddomairs in schizophrenipatientgBraff 1993 Cornblatt
and Keilp 1994Saykin, Shtasel et al. 1998ensits, Ragland et al. 199Nuechterlein,
Pashler et al. 20Q6Attentional deficits are present during psychd@ilisechterlein, Dawson
et al. 1992 as well as during remission in schizophregiWsiohlberg and Kornetsky 1973
Asarnow and MacCrimmon 19y.8urthermore, impairments in attention occur in first
degree relatives of schizophrenia patiemdgicatingtheyarelikely to be parof the genetic
susceptibility to schizophren{&€annon, Zorrilla et al. 1994araone, S et al. 199Asarnow,
Nuechterlein et al. 200X uechterlein, Pashler et al. 2Q0@espite the importance and
severity ofattentionaldeficits in schizophrenia patients, the processesutiderle the
impairments in attention in schizophrenia remain unknfMuechterlein, Pashler et al.
2006. As withprocessing speethis ismainly due to thdact thatthe conceptof attention
has not been clearly defineabr, as a resulgptimally measureqGoldberg, David et al.

2011).

2.1.3 Working and episodic memory
Memory refers to the encoding, storage and retrieval of information. Working and episodic
memory have received most research attention ischzophrenia literaturand particularly

soduringthe last two decades.

Working memory is typically operationalized as the processes that maintain and manipulate
information for a limited amount of tim@addeley 1992 Working memorympairmenthas

been suggested as one of the core featuresialogjioal markers of schizophrenia

11



(GoldmanRakic 1994 Cannon, Huttunen et al. 200@Working memory deficits have been
found in relatives of patients with schizophre(iark, Holzman et al. 1998MacDonald lii,

PogueGeile et al. 2008 in individuals with schizotypal personality disordBark, Holzman
et al. 1995Tallent and Gooding 199%s well as in adolescents at higsk of schinphrenia

(Smith, Park et al. 2006

Episodic memory refers to the memory of evdiitsving 2003. Several metanalytic
studies have shown that defert episodic memorgreamongst the cognitive impairments
with the largest effect sizes individuals with schizophrenigAleman, Hijman et al. 1999
Dickinson, Ramsey et al. 20DMoreover this cognitive concept has direct practical
applicability because @vidence that measures of episodic mgnare robustly correlated

with the functional outcom@Green 1995

Working and episodic memory share a number of similariies, they are not modality
specific,the severity of impairment is not affected by increasing the delay between the initial
learning and later examination and finally they both seem to implicate deficits in the
formationof representationsFor this reasorGoldberg and colleagues (2011\vbha

speculated that these systems are both affected by a more general mechanism that

compromises the formation of representati@@®sldberg, David et al. 20)1

2.1.4 Executive functioning

According to traditional cognitive or neuropsychologicatgpectives, executive functia
an umbrella ternfGeurts, Corbett et al. 20Pfhat includes a set of sapée cognitive
domains that involve vigilance or sustained attenfiennington and Ozonoff 1998mith
and Jonides 1999inhibition (Jonides and Nee 200buna, Padmanabhan et al. 2)1€et

shifting (Ravizza and Carter 20p&lanning(Smith and Jonides 1998nd working memory

12



(GoldmanRakic 1999. It has been argued that, becaakdhesevarious separate functions

the concepis too general to be used in scientific the@iyake, Friedman et al. 2000

Early brainlesion studiesn animal(Jacobsen 193@&nd neuroimagingtudies of brain
lesiors in humars (Milner 1982 Shallice 1982Leimkuhler and Mesulam 198®wen,
Downes et al. 199thaveindicated the involvement ofie prefrontal cortexn successful
performancen taskgapping intoexecutive function. Researaftentioninto executive
functionin patients with schizophrenia stemmed initially from the phenomenological
similaritiesthat were observeldetweematientswith schizophrenia anthose withfrontal
lobe syndromeéWobrock, Ecker et al. 2009This wassubsequentlgupported by
behavioura{Chan, Chen et al. 20p6osychophysiologicgWeisbrod, Kiefer et al. 200@nd
functional imaging findinggHolmes, MacDonald et al. 20p3Moreover, evidence from
metaanalysesas indicatedarge effect sizedemonstrating considerable differences in
performancen measures of executive functionibgtweerschizophrenia patientnd

normal controls(Dickinson, Ramsey et al. 2007

2.2 Generalized versus specific cognitive  deficits in

schizophrenia

There is considerablecontroversy concerning whether the cognitive impairments in
schizophrenia represent a generalized deficit or comparatively indiepeor different
deficits in distinct cognitive processé®ickinson, lannone et al. 200&reen, Hoan et al.

2013.

During the 1980s and in light of evidence that schizophrenia affects brain structure and
function, clinical neuropsycholoigal assessmentwere introduced to the field in order to

detect localized brain lesions. As a result, most of rdmearch focused on examining
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executive and episodic memory performance tlasse were thought to correspond to
prefrontal and temporbippocampal brain regions thhtd beendentified as impaired in
schizophrenia ithe neuroimaging literatur@&oldberg, David et al. 20)1However, in light

of accumudited evidence and following the seminal matalysis of Heinrichs and Zakzanis
(1998), thee localizationist views were challengdgéieinrichs and Zakzanis 1998This
metaanalysis demonstrated that patients with schizophreniaeshswbstantial impairments
on all cognitive assessmemntA later metaanalysis by Dickinson and colleagues (2007)
provided further supportfor a generalized cognitive deficin schizophreniaby indicating
that processing speed well asoverall1Q, two measures that caot be pinnedo a specific

brain regionhad the largest effect siz@8ickinson, Ramsey et £2007).

Further evidencecamefrom studies showing that trechizophrenigp at i ent s6 per f o
across assessments that are thought to measure relatively independent cognitive processes are
moderately to highly correlatg@®ickinson, Ramsey et al. 200Also, several factoanalysis

studies have shown the existence of a robust flwgor on whichalmost all thecognitive

measure$oad (Gladsjo, McAdams et al. 200Keefe, Bilder etal. 200§.

However, these findingslo not necessarily rule out the existence of different and/or
independent substantial deficiGoldberg, David et al. 20)1There are investigatossho
emphasizeéhe factthat there is a considerable portion of variance that remains unexplained
by such ageneralcognitive factoras well as the fadhat there are assessments and domains
that are relatively independen{Stankov and Roberts 199Green, Horan et al. 20}3
Another argument comes from the cognitive experimental paradigms that irtieiatertain
cognitive mechanisms, such astentional controln the context oWvisual working memory
encoding remain relatively intactin schizophraia (Gold, Fuller et al. 2006 Whereas
neuropsychimgical tests require the effective contribution andoperation of several

cognitive processeand have been criticized for failing to measure separate and distinct
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cognitive functions these paradigms$iave beendesigned to isolate specific cognitive
functions(MacDonald lii and Carter 200donides and Nee 20D5As a possible explanation

of these contradictory findings, Goldberg and colleagues (20idye suggestedhat
cognitive deficis in schizophrenia could lie mainly in the reduced capacity to coordinate
different widespread networks in the brain ahet it is this deficiency thaigeneralzed
neuropsychological tests, but regecificexperimental paradigmsapture(Goldberg, David

et al. 201}

2.3 Premorbid cognitive deficits in schizophrenia and course of

impairment

It has been repeatedly and robustly shown that cognitive deficits are manifest in individuals
during their first episode foschizophrenia(MesholamGately, Giuliano et al. 2009 in
prodromal patients with psychoglsencz, Smith et al. 2006during the early developmental
stages of psychosidsohanni, Jones et al. 200Cannon, Caspi et al. 200Ang and Tan

2004 MacCabe, Lambe et al. 200&nd alsan individuals well beforeany evidence oény

psychoticsymptomatologyReichenbergWeiser et al. 2006

Research in young people specifically indicates that development of schizophrenia in
adulthood is preceded by impaired cognitive performance in relation to normal peers (for a
review see (MacCabe 2008. Cognitive deficits include low 1Qandimpairments in verbal
memory, attentionandreceptive languag@lones, Rodgers et al. 19®lenmeyetKimling,

Rock et al. 2000Cannon, Caspi et al. 200Reichenberg A 202, Zammit, Allebeck et al.

2004. These premorbid cognitive deficits provide further support for the
neundevelopmental hypothesis of satphrenia(Murray 1987 Weinberger 1987Cornblatt,

Lencz et al. 20030we n, O 6 Do n o v)aTheses impaiankents in2cOnjudtion with
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genetic, epigenetic and environmental factors are considered to lie on the risk pathway to

psychosigPolanczyk, Moffitt et al. 2010

Much remains unclear, however, including for example, when these cognitive impairments
present themselves durirghildhood; whether they remain stable or change over tifhe
specifc cognitivefunctionsfollow different developmental patternsr whether they are due
to deeriorationof brain function environmentalisk factorsor both(Seidman, Giuliano et

al. 2009.

With regards to theevelopmentatourse of cognitive impairmentsnamber of studies have
shown that general intellectual ability (IQ) declines between premorbid to postmorbid
examination(Sheitman, Murray et al. 200@eidman, Buka et al. 20p60thers, however,

have foundho evidence oflecline(Russell, Munro et al. 199Cannon, Bearden et al. 2000

Studieshavealso found esidencethat decline during school yes in academic achievement
scores(Bilder, Reiter et al. 2006 relative deterioration between childhood and midlife in
receptive vocabulargKremen, Vinogradov et al. 201@nddecline in language between the
ages of 8 and 1Was associated with schizophrenia in adulth@edller, Nopoulos et al.
2002. Also, developmentdhg in working memory ages 7, 9, 11, andw&s found to be
associated witlschizophreniform disorden adulthood Reichenberg, Caspi et al. 201The

course of cognitive impairment during the early and later stages of schizophrenia, even in
patients receiving psychotropic medication, seems to be gtabldberg, Hyde et al. 1993
Bilder, Goldman et al. 200Buchanan, Ball et aR009. In later life, however, there is a
minority of patientswho show pronounced cognitive decline that is more excessive in

relation to healthy control@Bowie, Reichenberg et al. 2006
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2.4 The relation between cognition and schizophrenia

The xamimation ofthe association between cognition and schizophremmapisrtantin order
to gain a better understanding of the nature of the disease as well as foeibprdent of

therapeutic strategi€Bark, Revheim et al. 2003
Two possible models have been proposed (figure 1).

Figure 1 Proposed models of the relation between cognition and schizophrehia

Maodel A Intellectual

impairment

Neurodevelopmental

disruption(s)
Psychopathology
Model B
Neurodevelopmental Intellectual J Psychopathology
disruption(s) impairment

According to the first model (figure Model A), the cognitive and psychotic characteristics
of the iliness areorrelated ttough neurodevelopmental disruptioBeveral studies support
this modelCuesta and Peralta 19%uslav, Junghanns et al. 1998'Leary, Flaum et al.

200Q Nieuwenstein, Aleman et al. 200Moreover, the differential impact of medication

! According to Model A, the cognitive and psychiatric characteristics of the illness are correlated
through neurodevelopmental disruption. According to Model B, the cognitive impairthents
cognitive impairments lien the pathway between neurodevelopmental disruption and
psychopathology and are the underlying cause of the psychiatric characteristics of the illness.
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schizophrenia and cognitiqMeltzer and McGurk 199%uggests distinctive underlying
pathological mechanisms. The fact that the course of cognition is stable, even after the first
episode of psychosis, whereas the sewof psychosis is ngan der Heiden and Hafner 2011

further supports this model.

This model does not exclude possible interactlmetsveen the cognitive and psychiatric

symptoms of the illness. Psychosis, for example, can affect cognition, since it often appears at

a period when the personods | eadsrtoracadegionder yl e i s
achievement as well as deased motivation to learn and thus less efficient cognitive

functioning. Impaired cognition, on the other hand, can function as an additional stressor by
making social and independent functioning more difficult and therefore aggravating the
psychoticsympgoms(Green 1998 The fact that individuals with youtbinset schizophrenia

have wase cognitive deficits in relation to those with lateset is also in favour of this

model(Rajji, Ismail et al. 2000 Although, it is also possible that §aonsetschizophrenia

represents a more severe and possibly more genetic form of schizo§Nienison and

Rapoport 1999

Other researchersupportthe viewthat the underlying cognitive abnormalities are on the
causal pathwagf schizophrenidfigure 1, Model B)Fletcher and Rth 2009. This is
supported bgtudies that have found associations between cognition and psychiatric
symptomatologyBuchanan, Strauss et al. 1984ahurin, Velligan et al. 1998/erdoux,

Liraud et al. 1999Milev, Ho et al. 2005Carlsson, Nyman et al. 2006

To summarize, even though the relation between cognition and schizophrenia has been
thoroughly studied, results are inconsist@ijnenborg, van Beilen et al. 2003oldberg,
David et al. 201)L A reason for these inconsistencies could be the fact that studies differ wi

regards to the clinical state of the patiemtsler studyNieuwenstein, Aleman et al. 2001
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Some studiebave included aculkgschizophrerd patients(Addington, Addington et al.
1991), whereas others have includedyochronic patientgLiddle and Morris 19911
Associations might differ for patients in different phases of the ill{@aster and Liddle
1998. Methodological differences across the studmey also contribute to the
inconsistencieDifferences insymptom scalewould resultin differencesin the correlations
between cognition and psychotic symptomatolagg this includesdifferenceghat can arise
from studiesusingindividual cognitive measure®mpared to thosaerived fromclusters of

symptomsbased oriactoranalysig(Nieuwenstein, Aleman et al. 2001

Chapter 3 Genetic studies of schizophrenia

Thebestestablished etiological factos schizophrenia are genetlaitial efforts from

genetic linkage and association studies met with limited suddésist, recent advances in
genetic technology have provided useful insigtite understanding of the mode of
transmission of schizophrenmhampered by the great complexity of the disorder.
Nevertheless, there is optimism that the collaborative efforts of schizophrenia reseagpsh g
around the worldthe actualiation of highly powered genome wide association stuates

the study of rare risk allele®uld potentiallyelucidatethe pathophysiological mechanisms

that underlie the disease.

This chapter will give a brief overvieof the field of the genetic study of schizophrenia. In

conclusion] will discuss the findings and the future directions.
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3.1 Genetic epidemiology of schizophrenia

The question genetic epidemiology aims to answer is whether relatives of patients with
schiophrenia are at greater risk of developing schizophrenia in relation to the population
baseline and if this #he casewhether this risk is due to genetic or environmental factors or
both. A large amount of data from family, twin and adoption studiesdmasstently shown

that there is a large genetic componentability to schizophrenia.

Genetic epidemiological studie$ schizophrenidaveshown that (a) the genes contributing
to schizophrenia risk act in aggregdt® schizophrenia is a multifamtal disease with both
genetic and environmental factors contributing to; isk the pattern of inheritance is
complex and therefore not Mendeljatsq (d) schizophrenia is a complex trait that is
influenced by a large number of risk factorgnyof which seem more likely to be within
the range of normal humannation andeachproduceonly smallincreases in riskRiley and

Kendler 201).

3.1.1 Family, twin and adoption studies of schizophrenia

There is compelling evidence from family studies that the risk of schizophsemgher for
relatives of patients with schizophrenia than the gepergulation. Gottesman and Shields
(1991) combined results of approximately 40 family and twin European studies published
between 1921 and 198Gottesman 1991 The lifetime morbid risk in the siblings of
patients with schizophrenigas found to balmost 10 times higiné¢han in the general
population. Smaller but consistent increases in risk were seen in seconithird degree
relatives. Similar results were obtained from more recent and methodologically stronger

studieg(Lichtenstein, Yip et al. 200%ottesman, Laursen et al. 2010
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Twin studies help to estimate the relative contribution of genetic ancbamental factors to
risk. This is mainly done by comparing concorddramerelation or shared variantor
schizophrenia between monozygotic (MZ) twin pairs and dizygotic (DZ) pairs. Since DZ
twins shareon averag®0% of their genetic material in relati to MZ twins who are
assumed to be entireigentical, greater MZ concordancanbe ascribed to genetic
influence. The necessary assumption for this inference ishia&nvironments d¥1Z and

DZ twinsare comparable, i.e., that MZ twins are not tréai®re similarly than DZ twins
because of their greater likendsgual/stablenvironment assumptioflbonovan and Susser

2019).

Twin studies of schizophrenia, though thewe tended temploy different methodologies
and diagnostienethodshave consistentlindicatal a genetic effect witla higher
concordance in MZ (358%) than DZ (27%) twins. Recent reviews and meisalyses
estimate the heritability of schizophrenia at around 8¢pportingthe reasoning behind
looking for genetic and common environmental etiological faqi@esdno and Gottesman

200Q Sullivan, Kendler et al. 2003

The question adoption studies seek to address is whether the increasedbiokgafal
relatives of patients with schizophrenia is equal if these relanegaised in different
environments. Qasistent with the twin studies, adoption studiagsefound that the rates of
schizophrenia are not differefar people raiseth the adoptive familiesompared to those
raised inther biological families(Tienari 1991 Prescott and Gottesman 19%&ty, Wender

et al. 1994. It should be noted, howeg; that because the risk of a MZ twin of a patient with
schizophrenia is less than 100%, what is inherited is not the certainty of the condition but

rather a predisposition or liability to develop the diso{@w~en, O'Donovan et al. 2002
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3.2 Molecular genetics o f schizophrenia

3.2.1 Linkage studies

Genetic linkage analyses are mainly used with Mendelian or genetic illnesses that are caused
by mutations in a single gene that is located at a single place on a chromosome. Given the
rarity of these disorders, these raisk alleles segregate within families, from parents with a
family history to their affected child or might arise as an even rarer de novo mutation. The
risk allele carthereforebe identified following the segregation of the allele from the affected
parens and grandparents to the affected offspring. This phenomenon of segregation of the

risk allele within multiple families is called linkagRiley and Kendler 2011

During the late 1980s and the early 1990é&age studies were the main tool for conducting
systematic molecular genetic analysis of schizophré@aen, O'Donovan et al. 2002
However resultswere not very promising. Thisnay be becauséinkage analyses anaost
powerful in Mendelian disorders, where a relatively small number of families can often
provide strong evidence for linkage to a small chromosomal re¢@wen 2005.
Schizophrenia iffers from Mendelian disorders in many ways; a) risk dgeserallynot
seem to be explained by the action of a few rare highly penetrant ;alptbgre seems to be
locus and allelic heterogeneity) environmerdl factors seem to play a rake the olserved
patterns of riskd) diagnostic boundaries are unclear ;ag)dmanyrisk variants seem to be
common rather than rar@iley and Kendler 2011 It should also be noted that linkage

studies only identify regions and not actual gdgi@sen 200%.

Despite these difficultiedjinkage studies have identifiesbme candidate regions. Results
from two netaanalyses of genome scan linkage d@adner and Gershon 200Rewis,

Levinson et al. 2003ound tenative evidence for schizophrenia susceptibility regidiese
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studies used different statistical approaches and found evidence mumber ofnon
overlapping regiong13q, 3p, 11q, 6p, 1q, 20q, 2g and 14p (for a review @y and

Kendler 201)). For two regions, hwever,both metaanalyses provided suppo8p and 22q.

The 8p region harhos the candidate gemeuregulin 1 (NRG1jsee below), while th2q

region has received considerable research attention because deletions in 22g11.2 cause a

syndrome with high risk for deNlopment of schizophrenia (se@dpter8).

3.2.2 Association studies

Association studies examinghether affected individualare more likely to possessk
variantsthan unaffected individuals. These studies hgneaterpower for identifying genes
of small effect, but theesearcher needs to haveaapriori hypothesis ahat the involvement
of the specificgenein the diseas€Risch and Merikangas 1996This hypothesis caibe
biased, especially given the number of genes in the humdreihuman genome (around
40,000) and thelimited understanding of the underlyingiological mechanisms of

schizghrenia.

There are two additional issues that should be borne in mind before examining the evidence
for specific genesFirst, given the polygenic nature of schizophrenia, each sample examined
is likely to vary in the extent to which specif@vironmenthrisk factos may bepresentFor
example, it could be that certain highk variants become expressed when environmental
risk factors are presenMoreover, here isa variety of methodological reasons why
association might be unrelated to disease ajiplOne ispopulation stratificationyhich

refers to situationsvhere the cases and controls come from different population groups or
subgroups, and the associatien actually the result ofbackground genetipopulation

differences between the two grogpather than the diseaéiRiley and Kendler 2091 Second
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many studies conducted in the gst have beemundepoweled for the identificationor

confirmation ofalleles of smaleffea (Owen, O'Donovan et al. 2002

3.2.2.1 Positional candidate studies
Positional candidate studies aim to identify schizophrenia susceptibility genes by mapping
positional candiate genes based on thelromosomal location aslentified by linkage

analysis.

There is support for several positional candidate genes in schizophrenia. These include
regulator of Gprotein signaling 4RGS4 (Chowdari, Mirnics et al. 20Q2fibroblast growth
factor receptor 2(FGFR2) (O'Donovan, Norton et al2009, Protein Kinase C, alpha
(PRKCA) (Carroll, Williams et al. 2010 and disrupted in schizophrenia IDISC1)

(Schumacher, Laje et al. 2009 he genes that have received most sugpattteare

1. neuegulin 1(NRG1),
2. dystrobrevin binding protein @r dysbindin(DTNBP1),

3. D-amino acid oxidase activat¢DAOA).

NRG1was first identified after linkagéndings pointedto the chromosome 8pegionin a
very large sample dtelandic familiegStefansson, Sigurdsson et al. 2DQ2urther support
for this locus wasubsequentlprovidedby casecontrol studies on samples fro®cotland
(Stefansson, Sarginson et al. 2P@8&d IrelandCorvin, Morris et al. 2004 NRG1is known
to interact with thereceptor tyrosingrotein kinase erbBl (ERBB4) gene, which has als
beenrelated to risk ofschizophrenigNorton, Moskvina et al. 2006 Replications for this

association have been obtained by several independent stndresltiple populations
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althoughnegative findingshave been reportefor a review see(Tosato, Dazzan et al.

2009). Thereforethe link of NRG1with schizophrenia remains questionable.

Furthermore, the wayNRG1 might lead to schizophrenizemains unknown (Kirov,
O'Donovan et al. 2005 NRG1 is thought to encode approximately 15 proteins with a
variable range of developmental functions in the brain, including neuronal migration,
synaptogenesis dnneurotransmission. Any of these could confer risk to schizophrenia

(Corfas, Roy et al. 2004

Evidence thaDTNBP1(chromosome 6pijs associated with sk of schizophrenia was first
provided bya study inan Irish sampldStraub, Jiang et al. 20p2Subsequent studies have
confirmed this association in sampksm diverse ethnic backgrounds (e.@irov, Ivanov
et al. 2004 and(Tochigi, Zhang et al. 200§ but as was the case wiNRG]J, not all studies
have replicated thesessociationge.g, (Sanders, Duan et al. 2008nd (Holliday, Handoko

et al. 2009).

The function ofthe DTNBP1 protein in the brainremainslargely unknown(Riley and
Kendler 201). There is evidenceéhat reducedDTNBP1 expression in cultured neurons
results in areduction in glutamate releag®lumakawa Yagasaki et al. 2004and one
hypothesis is that variation iDTNBP1 might lead to risk of schizophrenia by altering
presynaptic glutamate functidiirov, O'Donovan et al. 2005 There are also studies that
have found that the expression@TNTB1 in the hippocampus and cerebellum of patients
with schizophrenia iseduced at both the RNANeickert, Straub et al. 20D4and protein

levels(Talbot, Eidem et al. 2004

DAOA (chromosome 13q) was first implicatéal be involved with schizophrenia in 2002
(Chumakov, Blumenfeld et al. 200 Since then several studieshave replicated this

association (e.g(Addington, Gornick et al. 2004and (Korostishevsky, Kaganovich et al.
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2004) but also there is evidence of nmplication(Hall, Gogos et al. 2004and (Sanders,
Duan et al. 2008 Overall, three metanalysedave showrweak positive(Li and He 200y
to strong positivgDeteraWadleigh and McMahon 200&hi, Badner et al. 200&vidence

of an associatian

The function oDAOA protein remaingnostly unknown. Ithas been reported boteract with
D-amino acidoxidase, which may indirectly affect glutamate signaling by redutieg
concentration of Bserinein the brain, whichn turn can lead to decline in NMDA receptor

potentiation(Hashimotom, Fukushima et al. 2003

3.2.2.2 Functional candidate studies

Another way of looking for schizophrenia suschility genes is by examining genes that
might be involved in the pathogenesis of the dis€ssealled candidate gened)espite the
large amount of functional candidate studiekere areno dully convincing robustly
replicatedfindingsd  ( p (O'Bah@&van and Owen 20))1 Limited power the utilization of
variants that have small genetic effects that do noércthe common variation in genasd
the lack of understanding on the processes thahanéved in the disease constitute some of
the reasongor the inconsistent finding§O'Donovan and Owen 20L1Amongst the most
studied andidate genes are those involved in dopaminergied serotonergic

neurdransmission.

Dopamine genes

The COMT gene has long been considi&eepositional candidate gene for schizophrenia

based on linkage studies implicating region PRadner and Gershon 2002wis, Levinson
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et al. 2003, as well adecause oits positionin the deleted region of 22q11.2 Deletion
Syndrome which is associated with high rates of schizophrenia (see Chagieng)is also
an attractive functional candidate genedchizophrenidecause ots important role on
catabolizing dopamine in the prefrontal cor{é#einberger, Egan et al. 200The
involvement of prefrontal dopaminergic dysfunction in schizophrenia is well documented
(Howes Od and et al. 201L4t follows that genes related to dopamawivity in this brain

regionmight also be involved in the disordg@'Donovan and Owen 2011

COMT s one of the enzymes that degrades catecholamines such as dopamine, epinephrine

and norepinephrine aratcounts for >60% of the dopamidegradation in the prefrontal
cortex(PFC)(Karoum, Chrapusta et al. 1994 contains a functional polymorphism

(Vall08/158Met, rs4680) that affects thegnne 6 s t e mp er @fbchmae, sensi ti v
Papolos et al. 1996Homozygosity for the lovactivity Met allele is related to an adrst 4

times reduction o€EOMT enzyme activity in relation to the Val allele, presumably resulting

in lower dopamine catabolism and thus higher levels of dopamine particularly in the

prefrontal corteXLotta, Vidgren et al. 1995

COMT has been widelgtudiedwith resultsshowing both positive and negative findinger
example, some studiesport the Val allele being associated with schizophrgdiamori,
Shinkai et al. 1998 otler, Barak etal. 1999 while others report the Met alle{&im, Kim et
al. 2008 Gupta, Bhatnagar et al. 2Q@9oenicka, Garrido et al. 20LA recent metaanalysis
did not support the role @OMT Val/Met polymorphism in schizophrenia risk, although
there might be significant associatiaith anothertwo functional COMT polymorphisns
(rs737865and rs4818(Allen, Bagade et al. 2008Rs737865 has been reported to be in
linkage disequilibrium with rs2097607, a SNP tisdbcated within the P2 promoter region
and has also been implicated in schizophr@a&matier, Pakstis et al. 200&Rs4818 has

been reported to accauier more functional variation in COMT activity in relation to the
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Vall08/158Met(Nackley, Shabalina et al. 200@or a possible explanation of these positi

and negative findings c@OMT see Chapter 7)

Other approaches to identifig mechanisms by which variation@OMT might predigose
to the disordehave been studies génegene and gerenvironment interactionddany
studieshave been reported qossibleinteractions betwee@OMT and other genes,
includingRGS4 DAOA glutamate receptor, metabotropid BRM3) andDisrupted in
schizophrenia IDISC1) (Nicodemus, Kolachana et al. 20@& well as thelopamine

transporter(DAT1) (Talkowski, Kirov et al. 2008

COMT s alsoone of the first genes that wezramined in studies of gesgavironment

interaction.Although one study suggested tlatriers of the Val allelenay bemore Ikely to
develop psychosis if they use cannab@mpared tahose that areomozygous for the Met
allele (Caspi, Moffitt et al. 200p there have beeat leastseven studies that did naplicate

these findinggfor a review see(Zammit, Owen et al. 20}

In circumstances where extreme patterns of interactions agmneenvironment angene
gene interactions cgrovide insights in the pathogenesis of the disddswiever, such
extreme interactions are rare. There are substantial problems edéiganenment
interactions to date, including issues withltiple testing(O'Donovan and Owen 201Land
methodological problems associated with their interpretatidasimit, Owen et al. 2010

Zammit, Wiles et al. 2000

Finally, a number obther dopamingyic geneshavealsobeen exminedbased on the
premise that they represent dopamine receptor genes and are thus invdbeannine
neurdransmissior{i.e., DRD3 (Jonsson, Flyckt et 22003, DRD1, DRD4andDRD5 (Allen,
Bagade et al. 2008and furthermoré¢hetyrosine hydroxylas€lr'H) gene but there is no

consistent evidence for replicatio
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Serotonergic genes

Currentpharmacological treatments for schizophrenia also focus on the serotonergic system
(Waddington, O'Tuathaigh et al. 2Q1Two genes, theolute carrier family 6, member 4
(SLC6A4) and thé-hydroxytryptamine receptor 2fHTR2A) have received mosesearch
attention(O'Donovan and Owen 20}, Ibut thus far no consistent evidence for association

has beerfoundfor either(lkeda, lwata et al. 200§Allen, Bagade et al. 2008

3.2.2.3 Genome Wide Association Studies
The recent advent of Genome Wide Association Studies (GWASh&ds important
contributions tathe field of schizophrenia resear(iley and Kendler 2001 This method

has several advantegover the previous onggentioned above

(1) By allowing for genomevide coverage, the possible biaséselecting indsidual
candidate genes based on usually unclear disease processes are avoided

(2) The nonparametric techniques aksociation analysan be usedather than
parametridinkageanalysis methodthat assume an explicit mode of inheritance for
the disease;

(3) Issues arising from the large number of tests performed are avoided by applying
rigorous correction for multiple testifg<10");

(4) Multiple genescanbe simultaneously deteetl.

The first GWAS studies in schizophrer@hifman, Johannesson et al. 20R8ov,
Zaharieva et al. 2009vere based on DNA pooling, whereby DNA samples (both cases and

controls) aramixed together and allele frequencies are estimated. Results from case and
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controls are then comparethe main advantage of this method is its reduced cost in relation
to GWAS based on individual sample genotypi@ne important finding was that the gen
reelinwas associated with schizophrenia in fem@&sfman, Johannesson et al. 2008
Reelincould be a candidate gene for schizophrenia given itsmgleocesses such as

neuronal migration, formation of the cerebral cortex and neuroplasticity and its reduced
expression in schizophreni@hifman, Johannesset al. 2003. More research is needed

order forthe evidencéo become moreonclusive.

Pooled DNA comparisons, however, have some limitatimetuding the additional variation
that might be due to the pool construction (variation in DNA amouts among individuals
contributing to the pool) or due to the fact that both minor and major alleles might not be
amplified to the samextent and this could result lmiased cases versus controls comparisons
(Hoogendoorn, Norton et al. 2000 herefore, GWAS studies that are based on individual

sample genotypingrepreferable.

The first significant GWAS result based on individual sample genotyping shinaethe
strongest supported locus was at 2932.1, clogentofinger protein 804AZNF804A)
(O'Donovan, Craddock et al. 200&urthermore, results fromlarge metaanalysis showed
that this marker was also associated with bipolar disorder, sugggstiiassibé

involvement ina broader psychosis phenoty{illiams, Norton et al. 2011 Not much is
knownaboutthe biological functiorof ZNF804A thoughit might be a putative transcription

factor(Esslinger, Wher et al. 2009

Furthermore, a large metmalysis of datasets from three consortia, the Molecular Genetics
of SchizophrenigShi, Levinson et al. 20Q%the International Schizophrenia Consortium
(Purcell, Wray et al. 2009and SGENHKStefansson, Ophoff et al. 2009giving a total of

12945 cases and 34591 controls, identified the following loci as gemaaeesignificant:
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two that are included in a broad region of chromosome&lich encompasses the Human
Leucocyte Antigen (HLA) regionone that is close toeurogranin(NRGN) and the other is

an intron oftranscription factor 4 TCF 4)(Stefansson, Ophoff et.&2009.

The region of chromosome 6 that was implicated irfitteingsincludes a large number of
geneswvhose allelesire highly correlated and therefore it is not yet known which exact gene
or genes are implicated. With regard$NiRGN it is highly expressed in the hippocampus
(Huang, Huang et al. 20Dt encodes a protein that is implicated in the regulation of
calcium that in turn regulates NMDA receptctivation and therefore synaptic plasticity and
long-term potentiatiorfZhong, Cherry et al. 2009Finally, TCF4is involved in neuronal
developmentBlake, Forrest et al. 20)@nd it has been shown thaghly disruptive

mutations in this gene can cause-Plitipkins syndrome, a condition involving among other

characteristics learning disability, epilepsy and poor motor development.

Another GWAS study by the Schizophrenia Psychiatric GWAS Conso(@amnsortium

2011) including overall 51,695 individuals, identified five new loci that were found to be
associated with schizophrenia (1p21.3, 2932.3, 8p23.2, 8921.3q2w 32g24.33) and two
loci that have been implicated previously (6p23p22.1 and 18g21.2).hestrongest signal
was at rs1625579 at 1p21.3 which includes the gene MicroRNA MIRABY137has been
involved in neuronal maturatiqi®mrt, Sziwach et al. 201)0and therefore could have a role
in the brain abnormalities in schizophre(@onsortium 201l Amongst the previously
implicated lociwasTCF4 However, though there was a GWAS signal at 11924.2, this was

distant fromNRGNthat was previously reported.

Another important finding that arose from these GWAS studies is that there is a considerable
polygenic componenb the etiology of scizophrenia. Using a different method for

analyzing the GWAS datéhe International Schizophrenia Consortium observed that a
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summary score that included the top sets of thousands of alleleqweakly but

significantly) discriminate cases from contr¢Burcell, Wray et al. 20Q9It was alsdfound

that the same sets of alleles could also discriminate people with bipolar disorder from
controls. According téhe authors, these results show that a) there is a large number of loci of
small effect (OR<1.1) that contribute to risk of schizophrgnjidhat these together account

for at least 30% of the genetic and fgemetic variance in liability to the disordamd c) that
there seems to be a common genetic etiology between schizophrenia and bipolar disorder,
providing further supporfor the continuum hypothesis of schizophren&milar findings

were found with a different approach where the variation biliig to schizophrenia was
estimated from the average genewide similarity between all pairs of individuals using all
SNPs(Lee, DeCandia et al. 20.Z5enetic variationvas calculatd when pairs of cases and

pairs of controls are more similar that casestrols pairs across the genome.

3.2.3 Structura | genomic variation

There are many forms of structural genomic variation, including degtiuplicatiors,
inversiors and chromosomal translocat®meletions and duplications of chromosomal
segments (copy number variants or CNVSs), in particular, hesawedconsiderableesearch
focus and clinical attention. CNVs dog definitionat least 1000 bases in size and affect the
number of copies of a specific stretch of DNA sequence. Ch8tseem to account for a
major proportion of genomic variation beten individualsn the general populatiofPinto,

Marshall et al. 2007

The hypothesioof common disease/rare variant (imgmnction with the common
disease/common variant hypothesis that predicated GWAS studies) of genetic risks for

complex traits has been recently proposed in schizophfiéci@lellan, Susser et al. 2007

32



mainly based on the decrease in fertility observed in cases. TWar@©MNt strongly
implicated in schizophrenia is a deletion in the chromosomal region 22g11.2 that causes

220911.2 Deletion Syndrome (see Chapter 8).

One clear line of evidence for the involvement of CNVs in schizophrenia is that genome
wide, cases haveeenreported to hava greater load of lovfrequency CNVs than controls.
It seems, that the CNV burden in schizophrenia might be relatively €nBlbnovan and

Owen 201}

Results from large GWAS studies have implicated the followingftvaisk of
schizophreniadeletions mapping to 1g21.2, 2p16.3, 3929, 15q13.3, 22¢lévihson,

Duan et al. 201)1 17g12(MorenoDe-Luca, Mulle et al. 2010and duplications magng to

1921.2, 16p11.2 evinson, Duan et al. 201 and 7q36.3Levinson, Duan et al. 201Vacic,
McCarthy et al. 201)1 It should be noted that though these CNVs are rdvetim cases and
controls the associategklativerisk is cansiderable, with estiates ranging from 5 to 20

(Sullivan, Daly et al. 2012 The fact these CNVs are found in controls emphasizes they are
not sufficient to cause the disorder and they are also not necessarily specific to schizophrenia
(O'Donovan and Owen 201Kirov, Rees et al. 20)3Indeed, almost all are nonspecific

since they often confer risk for otheéisorders likeepilepsy, somatic dysmorphism and

autism spectrum disorder (for a review g&aillivan, Daly et al. 2012. Moreover, these

CNVs contribute to the pathogenesis of schizophrenia since they have also been found to be
enriched fo N-methytD-aspartate receptor (NMDAR), a synaptic protein complex that

affects synaptic plasticity and cogniti¢iirov, Pocklington et al. 2012
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3.3 Conclusi ons and future directions

Although theréhas been consideraldevancement in the genetic study of schizophrenia, our
understanding of the molecular mechanisms that underlie the disease remain Bhesrés
strong evidence of a large genetic compomesthizophrenia, that seems to also increase
liability to other psychiatric disorderbut due tothe complexity of the disorder the majority

of heritability in schizophrenig currently stillunaccounted for.

At this point, however, | would like to cament on the issue of unreplicability in genetic
associatiorstudies, which is part of broader concerns about replication in biomedicine
(loannidis 2005, psychology(Laws 2013 and neurosciend@utton, loannidis et al. 20).3
Several authors and empirical reviews have shown thatomiyority of associations has
been consistently replicated and this is mainlydavith the increased likelihooaf type |
errors arising from multiple stiatical comparisonand numerouanalytical strateggeand

the increased likelihood of type Il errors given the small effects observed from single markers
in multifactorial diseaseelated to small (underpowered) studi@talters 2012 For

example (Sullivan 2007 showed using simulations that false positive findings are very
highly likely to occur in candidate gene studies. The solutions sugdestedeveral athors
(e.g, (loannidis 200} involve specifieda priori and exploratory research hypotheses, full
and accurate information on the experiments performed and finally appropriggetion for
multiple testing. Moreover, it is necessary that replication is highly precise in order to
minimize thepropagation ba false positive findingl @mfurther commenting on the caveats

of genetic association studies in Chapter 7).

Nevertheles, several promising positional candidate genes have been found and it is unlikely
these will all turn out to béalse(Owen 2012 The overall conclusions from the genetic

studies of schizophrenia aas follows (1) what is inheritedeems to ba genetic
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predisposition rathethan certainty ofleveloping the disease; (2) genetic susceptibility
includes aconsiderableange of risk alleles; (3)sk allelescanrange from common to rare,
andeffect sizes from smatb large with eachcontributingonly a small proportion to
variationin the population(4) some ofisk genesnight interact with otherand/or the
environment; (5) in addition to schizophrenia, sppessibly many may also be associated

with increasd liability to other psychiatric disorders

Indeed, findings on the study of CNVs have shown a genetic overlap between schizophrenia
and a range of other neurodevelopmental de@,dsuch as autism, ADHEnd intellectual
disability (Purcell, Wray et al. 20QWilliams, Zaharieva et al. 2018molle, Craddock et

al. 2013. These findingsupport a continuum of neurodevelopmental caus@lityen 2012

and question the view that these disorders are unrelated diagnostic gDtiteas

O6 Do novan) lnviewaof my findliogs ih Chapter 8, | will be further discussing this

issue in the General Discussion.

In conclwsion, he developments in genetic technol@nd phenotyping are likely &hed
light onthe specific genes that predispose to schizophrenia. Moreoserasinglymore
highly powered genormide associationtadies, the advent of next generation sequeci
and thenecessary accompanyiagvancesn genetic statistics, might unambigudyubegin

to point atsusceptibility genefor schizophrenia.

Chapter 4 Genetic studies of cognition

Cognitive abilities vary greatly among individuals. These differences in cog(atism
referred taas intelligence, mentability and 1Q) arestrongly genetic (~80%(Deary,
Johnson et al. 200@ndhighly predictive of important life outcomes including income
(Strenze 200){ social mobility, quality of lifeas well ashealth outcomeand healtkrelated
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behaviourgBatty, Deary et al. 2007 Thestudy into thegenetic origins of cognitive abilities
can providamportantinsights into how the brain functions and hdisruptions in these

system<ould lead to mental health outconsesh aschizophrenia.

The purpose of this chapter is to provide a summary of the findings on the genetic and non

genetic components of cognition.

7

41 Basic heritability of 6gb

Studies have shn that approximately 40 to 50% of the variance in a wide spectrum of
cognitive abilities is accounted by a general cognitive factor (g). This factor was discovered
by Spearman in 1904 and sinwa@sbecomeone of the most replicated findings in psychology
(Deary, Spinath et al. 20Dp6There are also small amounts of varianeg #reattributableto
separableognitive domains, and there is also an important amount of variance that is unique

to highly specific cognitive abilitieDeary, Johnson et al. 200®onohoe, Deary et al. 2013

Gal t on, D-aousimj conglededharolurfd 150 years ago, that cognitive abilities are
substantially genetic in origin and transmitted dgieadly from one generation tine next and

these notions remain supported to d&emin, DeFries et al. 2008

To be more exact, studies that have been based on(Baaoshard, Lykken et al. 1990

adoptive and biological siblingScarr and Weinberg 19y, 7and parents and their adoptive

and biological offspringPlomin, Fulker et al. 199haveall shown a substantial genetic
component in the mm§®Bo6td8a% of stotaltvdriante. Sindlarge s f r o
findings have derived from studies examining broad cognitive abi{Piesthuma, de Geus et

al. 2001 Johnson, Bouchard Jr et al. 200®ith the exception of memory that seems to be

less genetically influence@rinkel, Pedersen et al. 199®hnson, Bouchard Jr et al. 2007
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Moreover, it is well established thidie heritability of g increases with age; from around 30%

in childhood to 80% in adulthoddicCartney, Harris et al. 1998pinath, Ronald et al. 2003
Edmonds, Isaacs et al. 2008he mechanism underlying this change is nouyelerstood

Two possible interpretations have been suggd&edry, Johnson et al. 200%ccording to

the first, given that several brain structures and functions are strongly genetically influenced
and undergo changes over developn{8&hiaw, Greenstein at. 2006, heritability of g might
increase with age because of g being related to similar genetic influernhesdihat

underlie some brain structures and functions (grgy and white matter volumes).

Anotherhypothesisnvolvesneuronal repaitthere must be some processes that protect the
brain from the accumulation of environmental insults that occur with increasing age and harm
the neurons. These individual differences in brain repair over time might influence the
cognitive phenotypes to tlextent that there is genetic variation of these processes that in

turn influence cognition. The association of the gene for apolipoprotein E with general
cognitive ability at age 79 but not age yilars provides some support for this argument

(Wilson, Schneider et al. 20p2

4.2 Molecular genetics of cognition

Althoughthere is a substantial genetic component involaezbgnition, there isack of
replicated madcular genetic findings and no genetic locus has unambiguously been

associated with it.

With regards to rare mutationthere have been at least 300 genes in which rare highly
penetrant mutations have been associated with mental retardation. Interestingfthese

300 genes, 20% are located on the X chromosome. Moreover, approximately 10% of patients
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with mental retardation have either deletions or duplications of likely pathogenic significance

(ShawSmith, Redon et al. 2004

Moreover, in common with other complex traits, like schizophrenia, many associated genetic
variants are expected to be commond¥®) and individudy contributewell below 1% ofthe

variance, which necessitates the examination of large sa(Rtesin, Kennedy et al. 2006

In the following section, | will provide an overview of the current findings and methods used

to identify specific genetic variants for normal range intelligence.

4.2.1 Candidate gene, linkage and association studies
Candidate gene studies have been conducted in small saampibe findings have not been
replicated.They suffer from many of the shortcomings associated with similar studies of

schizophrenia reviewed above.

One candidate gene that has received some supportApdtipoprotein EAPOE), which is
alsoimplicaed i n Al zhei mer s di seas eAPOHhasbeere mor e
found to have a small protective effect on cognitimutonly in old aggSmall, Rosick et al.

2009). The mechanisms, however, that underlie this effect are not yet understood. Other
candidate genes that seem to be related to intelligence, with small effect sizes, consistent with
a polygenic view of heritability of intelligence, arettholinergic muscarinin 2 receptor

(Comings, Wu et al. 2003cathepsin Payton, Holland et al. 2003thebrain-derived

neurotrophic factoBDNF) (Tsai, Hong et al. 2004nd theformin binding proteirl-like

(FNBP1L) (Benyamin, Pourcain et al. 201 3levertheless, a recent study that used a large
combined sample of almost 10000 individuals did not re@ieaty of theefindings

(Chabris, Hebert et al. 2012
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Another candidate gene @OMT (see Chapters, 3 and 8) Cognitive performance, in line

with the dopaminggic effects on behavior has been proposed to follow an inverted U shape,
with both deficient and excessive amounts of dopamine activity predicting poor performance
(Tunbridge, Harrison et al. 20p8ndeed, studies have shown that healthy individuéis

are homozygous for the Met allele have betterking memorymakeless perseverative

errors in the WsconsinCard Sorting Test (WCST)and have higher 1Q, followed by
individualswho are heterozygous fahis allele with the lowest scores on these measures for
individualswho are homozygous for the Vallele (Egan, Goldberg et al. 200Malhotra,

Kestler et al. 200X50ldberg, Egan et al. 200Biamond, Briand et al. 2004

Not all studies, however, have replicated these associgeoms(Stefanis, Van Os et al.

20049). Moreover, a large metanalysis on the influence GOMT on cognition suggested

that it may have a small effect on IQ, but this finding appeared to be unreliable given the

evidence for significant publication bi@Barnett, Jones et al. 2007

Several linkage studies of intelligence have been conducted that have suggested regions of
linkage harbouring potential candidagenes buthere is not much evidence of replication.
These studies have shown linkage in the following regions: 1941, 1q4323q3#13,

6p25p22, 793136, 8p12, 11p15, 112423, 11925, 14q11,14q24, 144631, 14932,

14923, 17g12and22q12 (for a review seéDeary, Johnson et al. 2009

Candidate genesaociation studies of intelimceare inconclusive due tack of replicated

results and amtherefore notlaborating on these studies

In general, results across candidate, linkage and association studies have been inconsistent
and none of thesindingshas accounted fanuch ofthe large geetic component of

intelligence.Similarly to the genetic associati@tudies of schizophrenia, the genetic studies
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of cognition face methodological problems including high rates of false positive findings and

unreplicated results.

4.2.2 Genome Wid e Association Studies
The first positive finding from a GWAS on cognitiogported thathe sodium channel,
voltagegated, type I, alpha suburf®8CN1A) gene was associated with skerm memory

(Papassotiropoulos, Henke et al. 2p11

The most recent GWAS, however, did not replicatefthding. There was itial evidence
for theformin-binding protein llike (FNBP1L) genebut this wasalsonot replicated
(Davies, Tenesa et al. 201Another interesting finding that arose from tlaiker study was
that a substantial proportion (approximately 40@&6% of variation in human intelligence
was associated with common SNPs that are in linkage disequilibrium (LDumktiown
causal variants. These resudtgggesthat a large part of the heritability of intelligenoay

bedue to common varias

In condusion, it seems that a possible reason whiyAS analyses of cognitiomave failed to
detectreplicablesignals might be because the effects of the common SNPs are too small to
pass the stringent genomade significance levels. Therefore, in line with gdphrenia
researchthis suggests that very large samples are needed to detecesysimall individual

effects.

4.3 Conclusions and future directions

In conclusionit seems that in cogniticas in schizophrenia both common and rare allele

variants play aole. A possible explanation for this is that a mutats®iection balance, or the
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accumulation of many mildly harmful mutations that natural selection has not yet wiped from
the population have led to this genetic variance in intelligéheake, Denissen et al. 2007

This also explains why highly penetrant alleles are rare in the population.

Hence, gamining relationshipbetweerspecificgene variants ancbgnitionand whether or
how theseare on the pathway to schizophrenia can provide important insights into our

understandin@f the mechanisms that operate in schizophrésga Chapters 7 and. 8)

Chapter 5 High-risk research in schizophrenia

5.1 Rationale

As statedn Chapter 1, gpport for the neurodevelopmental hypothesis of schizophrenia
according to which the pathogenesis of the disorder is due to abnormalities in brain
developmentMurray 1987 Weinberger 187) comes from several streams of evidence,
including epidemiological, neuroimaging and developmental stdssOs and Kapur

2009. For example, minor pisical anomalies (MPAgklight defects of the eyes, heaghrs,
mouth, hands and feet) that are thought to be attributed to an early brain insult during the first
or second trimester of foetal life, are more frequent in individuals with schizophrenia than
healthy control§Murphy and Owen 199&ompton and Walker 2009Furthermore,
neurological softigns(NSS) (neurological abnormalities that are not localized to a specific
brain region) also occur in excess in individuals with schizophrenia in relation to healthy
controls(Arango and Carpenter 201 Additionally, perinatal factors, such as obstetric
complicationsare associated with higher risk of development of schizophrenia in adulthood

(Cannon, Jones et al. 2Qkhashan, Abel et al. 2008nfections and malnutrition during
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pregnancy might also increase thémgr later developing schizophrern@rown and Susser

2002.

If schizophrenia is due to abnormal neurodevelopment, then wexpeaatthat this
abnormality in development will somehow be evident during childhood. Indeed, follow
back, cohort and conscript studies have shown that cog(ttreenen, Buka et al. 1998
Cannon, Bearden et al. 200@motionalWalker, Grimes et al. 1993motor(Jones, Rodgers
et al. 1994Rosso, Bearden et al. 200hd socia(Davidson, Reichenberg et al. 1999
developmental delays in childhood or adolescence are associgteatwitonset
schizophrenia. Nevertheledbere are also discrepanciesr Examplethere are studies that
did not find differences in school marks between children who later developed schizophrenia
and t ho s e(Ilsahanai, Jahelth rt@lt 1998annon, Jones et al. 19990 the
contrary, one of these found that males who later developed sctentphad higher school
marks in relation to those that did not develop a psychiatric dis@ieddranni, Jarvelin et al.

1999.

The chief weakness of these folldvack and conscript studies is thlate to schizophrenia
being a rare outcome, @erely on historical cohorts that have limited data of interest. For
example, the sources of information are indirect and not intended to be used in research

studies. Therefore, information is nregstematicjncomplete and nespecific.

To address these limitations study method has been devisedriachthe sampldor
individuals whohave greater risk dater develoment ofschizophrenia. This method is

called the HighRisk (HR) method.
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5.2 The High -Risk m ethod

The HighRisk (HR) methodiims to examinschizophrenia by studying individuals who are
considered to have a higher statistical risk of developing the disorder in relation to individuals
in the general populatiof©buchowski and Michael 1997There are numerous watygs

definerisk. For examplefactors such asaternal influenza or other prend postnatal

infections, brain injuries early in childhood or characteristics that occur later in development
such aspsychotic experiencesan be used to define individualsimtreasedisk (see

Chapters 6 and 7). Anothpossibilityis to study populations dtigh genetic risk. Some of

the work in this thesis uses this approach by studying individuals at rislgthpmssession

of a pathogenic CNM.e,, 22g11.2 Deletion (see Chapter 8).

The advantages of these studies compared to fddmsk or conscript studies are the

following: 1) the outcome is not as rare as schizophrenia; 2) information is prospectively
collected and can therefore be detailed and systematic; 3) they are useful in studying
cognitive functions because the functioning of persons who already have schizophrenia may

simply reflect epiphenomena related to the diso¢Nemi, Suvisaari et al. 2003

To date thanost frequenapproach in HR studies has been to studiddals with high
familial risk. HR studies have typically studied the offsprinda) affected parent(s),
because therisk of development of schizophrenia is approximately To¥bparedo 1%in

the general population amacreasingo almost 50% if both parentgve schizophrenia

The first HR studies started in the 182d were small, consisting of children of
psychiatically ill mothers. The first study to add a longitudinal folleyy to the study design
was the w York Infant Study, which began 1952(Fish 1992. The overall goal of these
studieswasto detect early indicators of schizophrenia, by examining the genetic and

environmental risk factors arteir interacton (Niemi, Suvisaari et al. 2003

43



Thesestudieshave shown that HR children have more developmental abnormalities than
controls. For example, offspring of parents with schizophrenia tpeager risk otleviations
in neuologic maturatior(Blennow and McNeil 1991Fish, Marcus et al. 199and
abnormalities in neuromotor delopment(Rieder and Nichols 1978 cNeil, Harty et al.
1993 as well adower 1Q compared ta@ontrok (e.g, (Byrne, Hodges et al. 199&oldstein,
Seidman et al. 200p There are, however, sorstidesthat did not find IQ differences
(Sohlberg and Yaniv 193%r even the oppositeffect (Worland, Weeks et al. 19820ther
reportedcognitive deficits includattentiondeficits (ErlenmeyetKimling and Cornblatt
1992, concentrationlifficulties (Sohlberg and Yaniv 1985andimpaired executive function
and memoryByrne, Hodges et al. 199BrlenmeyetKimling 2000. It is noteworthy thahot
all (i.e.,58%) of the HR offgring showingimpaired attention in childhood develop
schizophrenia in adulthogq&rlenmeyerKimling 2000. Other risk indicators include
instability of the rearing environme(€annon, Bearden et al. 2QQihd problems in social
adjustmentwith HR offspring havingnoredifficulties with peer relationsips and being
more likely toshowsocial withdrawaldisruptionandaggression while growing up

(Dworkin, Cornblatt et al. 1993ohnstone, Ebmeier et al. 2005

There arehowever some limitationsassociatedvith these findings. These developmental
abnormalities are not specific to offspriaghigh riskof schizophrenia. Indeed, findings of

HR offsprirg of other disorders show similar impairments. Also, the extent to which these
findings reflect risk for schizophrenia rather than being reared in a less stable environment is
unknown. Finallythe findings are plagued by lopositive predictive valueasonly 10% of

these HR children develop schizophreana small sample sizeBherefore, unless very large

effects are present, statistical power will be fairly low.

One way to overcome these issues is to examine other HR risk populations. For example, by

examining individuals with 22q11.2 Deletion Syndrgméioare at considerable higher risk
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of schizophrenia than HR offspring (25% instead &folQVioreover,given that this

syndrome mostlpccursde novarather than beingamilial, behaviour cannot be asceibto

being raised in &igherrisk environment to the same degreasathe case fothe offspring of
parents with schizophreniAnotheroptionis to examine childrewith psychotic experiences

in the general population. Children reporting psychotic egpeesare at increasedsk of

developing schizophrenia, aathough this risk is relatively small, examining processes

related to this risk capotentiallyprovide significant insights into the developmental
mechanismsaking place in schizophrenidloreover, children witlpsychotic experiences

can be studied in ongoing cohort studies that have used detailed and systematic assessments
Another additional advantage of examining general population samples is that they also

include individuals that mightaver appear to clinical servicégammit, Kounali et al. 2013

5.3 Summary of Introduction

Despite the large amount of reseaticht has taé&n placethe complexity of human behaviour
has made advances aur understanding of the aetiology and the underlying pathological
mechanisms that operate in schizophrenslow processlt is clearthat schizophrenia is a
complex and multfactorial diorder originating from the action of both genetic and

environmental factorsvith impaired cognition playing a fundamental role

One way that could assist in our gaining a better understanding of the nature of the disease is
examining the association beten cognition and schizophrenia. If cognitive impairmeants

a majorunderlying cause of the psychiatric characteristics of the illness, this could inform
intervention strategies, by focussing mame cognitive rehabilitation programmesshich

may be putn placeeven before the developments#vere psychiatric symptorasid which

45



could potentially be delivered through educational servicather than psychiatric) and

therefore be less stigmatising.

There is strong evidence of a large genetic componesthizophrenia, but despite the

advancement in genetiesearchourunderstanding of the underlying molecular mechanisms
remainselusive. Itis clearthat what is inherited is a genetic predisposition rather than
certainty ofdeveloping the disease. Siarily, cognition seems to have a substantial genetic

componenwith the underlying molecular mechanisbeingequally elusive.

Detecting specific variants that predispose to schizophrenianélble translational research
andthe development of personad drugs based on knowledge of the pathophysiology of
the diseaseKnowledge of howenvironmentabnd geneticisk factorsco-participat in
diseaseavill enhance our ability to identify highisk individuals and implement appropriate

prevention strategies.

Several streams of evidence have shown that schizophsemiaeurodevelopmental disorder
There are, however, some limitations with folldvack and conscript studies that have mainly

to do with sampling problems and neystematic information. The HigRisk method is

much more advantageous in that respect, because information is systematic and is collected

prospectively.

The overall aim of this thesis is to examine whether and how cognition is related to
psychopathology in children that are iatreasedrisk of schizophrenia, as well as the
possible roles in these relationships of specific genetic variants that have received evidence of
predisposing to schizophrenia.order to explore these questions, | am utilizing two different

samples.
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The first sanple comes from a large populatibased study where children that report
psychotic experiencesre compared to children that do nesychotic experiensan children
are associated with increasedkrisf development of psychosisherefore, | will be
examining whether there are specific cognitive deficits that may be associated wihsedr
risk of psychopathology (@&pter 6). Moreover, Will explore whetherCOMT hasan effect

on cognition and psychotic experiences in childrethis sampléChapter7).

The second sample comprises children with 22g11.2 Deletion Syndmoaigeir siblings.
22011.2DS represents one of the strongest risk factors for developing schizophrenia.
Therefore, given that cognitive and psychiatric deficits are predictors @bgtinenia in the

general population, examining these relationships in such arislgeample can improve our
understanding of the neurodevelopmental processes that occur in schizophrenia in the general
population as well as inform us on the way genasic influences the brain arlsehaviair. |

will discuss in apter8 to what extent we can assume that people with this deletion who
develop schizophrenia can be considered to be representative of patients with schizophrenia
without the 22g11.2 deletion.will also examinethe role of COMT, which lies within the

deletedregion (i.e., people with this sgrome are hemizygous f@OMT) (Chapter 8).
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SECTION Il EXPERIMENTAL CHAPTERS

Chapter 6 Cognition and non -clinical psychotic experiences in

children: longitudinal  analysis in a large birth cohort

6.1 Chapter Overview

Patients with psychosis have been reported to have deficits in a range of cognitive domains,
with processing speed representing a core deficit. However, it remains unclear to what extent
these deficits araffected by the presence of psychosis and bytipsychotropic

medication. It is also unknowmhether the pattern of cognitive deficits present in patients

with psychosis also exists in children with rdimical nonmedicated psychotic experiences
within the general populatioin this chapter, | describe th@ngitudinal analysesconducted

to examineghe relationships betweenpriori selected key cognitive domaiagad psychotic
experienced the large populatiobased Avon Longitudinal Study of Rats and Children
(ALSPAC).

The results providedvidencethat within this populatiorsimilar patterns between cognition
andlater occurrencef psychotic experiences existaghave beempreviouslyreported

between cognitiomnd psychosis ipatientswith schizophrenidt was also foundhat, taking

all cognitive domains into accoymtefective processing spesldowedthe largest

independent association Witater psychotic experiences. These findihggepotentially

important implications for our und&ianding of the development of psychosis during
childhood as well as the specific cognitive deficits that may be associatethiaith

development.

48



6.2 Introduction

6.2.1 Psychotic experiences (PEs) and the dimensional model of psychosis

Presence of psychotic experees (PES) is an integral part of a diagnosis for any psychotic
disorder. Recent studies have shown that PEs are not only experienced by patients with
psychiatric disorders but are also reported by approximatelyl®% of the general
population(Horwood, Salvi et al. 20Q&an Os, Linscott et al. 200Polanczyk, Moffitt et al.

201Q Kelleher and Cannon 201Linscott and van Os 20).3Estimates, however, can differ
substantially as aesult of different assessment methodologies, definitions of PEs, and

variation in the number of items asses@aglirens, Hodginst al. 2007.

Findings from largescale community studies provide support for the dimensional model of
psychosis according to which PEs are on a phenotypic continuum with disorders such as
schizophrenia lying at its extreme efwén Os, Hanssen et al. 2Q0This implies thatimilar
aetiological mechanisms may underlie the range of phenotypes on this continuum, including

cognitive and neural procesg@utta, Greene et al. 20D7

Support for this model comes from several streams ifeage that have been extensively
reviewed elsewhere (e.dMyin-Germeys, Krabbendam et al. 208&n Os, Linscott et al.
2009 Kelleher and Cannon 201Kaymaz, Drukker et al. 20]12inscott and van Os 20))3

A summary of the evidence is provided below.

PEs are related to increased risk of developing psychosis later in life
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It has been repted thatPEs in childhood increase the risk f@yphotic disorder later in life.

An influential study of the Dunedin Multidisciplinary Health and Development Study,
followed up children who had reported PEs at age 11 and assessed them at age 26. It was
shown that children who reported PEs at age 11 were at 5-tfolti6increased risk of
schiophreniform disorde{Poulton, Caspi et al. 20P0Similar results were obtained when

the same subjects were assessed at adEig®r, Caspi et al. 2013 An Australian study

also showed that ddren who selreported hallucinations at age 14 were at increased risk for
developing psychotic disorder at age(¥lelham, Scott et al. 20p9Similarly, a recent study

in the ALSPAC birth cohort demonstrated that the risk of psychosorder at age 18 was

increased to those that reported PEs at adédrdmit, Kounali et al. 2013

Furthermore, the Netherlands Mental lle&urvey and Incidence Study showed that there is

a dose response relationship between the levels of psychotic disorder in a population and the
levels of PEqvan Os, Hanssen et al. 200To be more exact, PEs and psychotic disorder
were assessed in 7076 individuals that were assigned to five groups on the basis of their place
of residence (i.e5 urbanicity levels). Results indicated that higher levels of urbanicity were
associated with higher risk of psychotic disorder and, accordingly, higher risk of PEs (van

Os, 2001).

PEs are familial and heritable

As stated in the Chapter, 3here is compéhg evidence that the risk of schizophrenia is
higher for relatives of patients with schizophrenia than the general population. Similar
findings have been reported with regards to PEs. For example, a twin study showed that PEs

are heritable, with greateoncordance in monozygotic than dizygotic twibataster, Tineke
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et al. 2009. Moreover, a study on 257 subjects from the general population showed

significant familiar clustering of PE$lanssen, Krabbendam et al. 2D06

PEs show similar cemorbid psychopathology with psychosis

Patients with psychotic disorders frequently meet criteria for qrhiatric disorders (for a
review seei(Buckley, Miller et al. 2009. Substance use, depression and anxietyrdiéss

are the most commonly diagnosed. Similar patterns of comorbidity have been reported for
people with PEgvan Os, Hanssen et al. 2Q0@®lanczyk, Moffitt et al. 2010 For instance, a
study on 2232 children, showed that children who reported PEs had more symptoms of
depression and anxiety and also exhibited an increase in antisocial behavielatiam rto
children who did not report PE#olanczyk, Moffitt et al. 2010 Moreover, the robust
associations that have been reported between cannalasdipsychosigZammit, Allebeck

et al. 2002Moore, Zammit et al. 2007 have been replicated in adalests and young adults

with PEs (Miettunen, Tormanen et al. 2008larley, Kelleher et al. 2030 Similarly,
associations betweetobacco dependence and PEs have also been fVires, Zammit et

al. 20089.

PEs share similar risk factors with psychosis

A number of risk factors have been associated with psychosis (also see Chapter 6.3.7). These
include demographic risk factors, adverse prenatal and perinatal circumstances as well as

traumatic childhood experiences.

With regards to the demographic risk factoughanicity, ethnic minority status and low

sociceconomic background have been associated with higher risk of psychosis (for a review
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see: (McGrath, Saha et al. 208 Similar associations have been reported with PEs

(Polanczyk, Moffitt et al. 201,&ammit, Kounali et al. 2013

Furthermore, a study in 6356, twelve y@dd children from the ALSPAC birth cohort
showed associations between PEs and maternal infection during pregnancy, maternal
diabetes, need for resuscitation anthih Apgar scorgZammit, Odd et al. 2009 Another

study in the same cohortsa showed associations with advanced paternal &gammit,
Horwood et al. 2008that has also been associated with schizophi(@aienmit, Allebeck et

al. 2003.

Finally, childhood abuse, bullying and victimization that have been associated with psychosis
have also been associated with higher risk of RBAsaster, van Os et al. 200Kelleher,

Harley et al. 2008

PEs share similar schizophrenia related cognitive deficits

Cognitive impairments constitute a core diefio schizophrera (also see Chapter and
similar associations between 1Q, social cognition and executive function with PEs have also
been observed (for a review see the following section). However, research is lacking with
regards to whether other cagve domains that appear to be impaired in patients with

schizophrenia are also associated with higher risk of PEs.

Strengths and weaknesses of this model

52



There has been considerable discussion with regards to the dimensional ajjysoals,
Linscott et al. 2009David 2010 Lawrie, Hall et al. 2010Sommer 2010Murray and Jones

2012.

The strengths and weaknesses of this model have been eloquently dedeamdd2010.

Among the strengths of this model is its consistence with tliecalemodel, since psychotic
symptoms are seen as more severe forms of commonly experienced phenomena. Another
strength is that this model expands research to healthy subjects that are more accessible than
patieris and it can also help redusegma by notss gni ng people in categ
and 06pat(bavid 20§0. Tha dindensional model could potentially be a fruitful and
productive alternative to the diagnostic categorizations whose validity has been widely

criticized (van Os, Linscott et al. 20D9

One limitation, however, is the potential thedological issues arising from the way PEs are
defined. Even though the dimensional model assumes a continuum, researchers still need to
decide on a threshold above which experiences can be characterized as p$etwidic

2010. Another limitation is that the complexity of the psychopathological pimema,
reduces our ability to set dimensiofi3avid 2010, a limitation that also applies to the

categorical approach.

The specificity of PEs to psychosis

It is noteworthy that the majority of PEs are benign and tranfi#anchard, Jacobson et al.
2010 and their emergence doest necessarily signifytha they are strongrecursors of
psychosigMurray and Jones 20).2Studies haveshowed thathe positive predictive value

for the increasing frequency ®Es predictig psychotic disorders isw (Poulton, Caspi et
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al. 2000 Welham, Scott et al. 2009However, this is expected given that schizophrenia is a

rare outcome.

PEs are also related to a range of other disorders like mood and swost@rdisorders,
suggesting they may be common psychological indicators of risk for a wide range of mental

disorderqScott, Martin et al. 20Q9/arghese, Scott et al. 201Aisher, Caspi et al. 2013

However, this does nomply that PEs cannot be informative. Especially whearg into
account the above evidence supporting the dimensional model of psychosis, studying the
development of PEs and the risk fastassociated with their development is of clinical and
theoretical importance. Clinically, it is useful to obtain a clear picture of the risks associated
with the emergence of PEs as well as whether there are particular features that warrant
treatment(Polanczyk, Moffitt et al. 2010 Theoretically, understanding more about the onset

of these experiences and their development throughout the life courséet@nour

understanding of schizophrenia and psychotic disorders.

6.2.2 Cognition and schizophrenia revisited

As stated in Chapter 2npaired cognition has frequently been regarded as a core feature of
schizophrenia and a risk factor for psycho@eidman 1983Green 1995 Deficits have

been repeatedly and robustly detected in several cognitive domains nigclatiention,
working memory and executive functigReichenberg, Harvey et al. 2Q0®rocessing speed

has been identified as the single largest impairment, though it has been suggested that this
observation may, at least iram, reflect the effects of psychotropic medicatigmowles,

David et al. 201D Research in young peoéso showghat development of schizophrenia
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in adulthood igpreceded by impaired cognitive performance in relation to normal peers (for a

review see(MacCabe 2008 (see Chapter 2 for more details)

6.2.3 Cognition and Psychotic Experiences

Therelationship between PEsdstage of cognitive development or change over tinmets
clearly established. Lareggrale populatiofased studies have focused on the relationships
between 1Q and PEs while the associations between other cognitive domains and PEs have

remained unexpled.

With regards to PEs and 1Q, results from the Dunedin birth cohort have shown that poor
performance on standardized intelligence tests at ages 3, 5, 7, 9 and 11 is associated with the
emergence oPEsat age 1(Cannon, Caspi et al. 200ZSimilar findings were found in the
Environmental Risk Longitudinal Twin Studi?olanczyk, Moffitt et al. 2000which reported

that low 1Q at age 5 was assateid withPEsat age 12. Results from the Avon Longitudinal
Study of Parents and Children (ALSPAC) birth cohort indicated that below average 1Q and to

a lesser degree, high IQ is associated with increased rates of PEs a(ldgentidd, Salvi et

al. 20089. However, it is noteworthy, that previous studies of IQ and PEs did not test no

linear relationships.

ConcerningPEs and other areas of cognitive functioning, findings from a longitudinal birth
cohort twin study indicated that impaired social cognition was related to increasedREBk of
but that there was only weak evidence fososation between executive function dPls

According to the authors, this could be because the children in this study were too young (age
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5) to exhibit executive function deficits in relation to psychd®elanczyk, Moffitt et al.
2010. Whether or how other cognitive domains impaired in psychosis are relaRisto

children has not yet been examined in a large populased study.

| am aware of oty two studies that have examined cognitive change in relation to
development of psychotic symptoms, both based on relatively smalrikiglsamples.
Kremen and colleagues (1998) studied a sample of 18 individuals with probable or definite
psychotic sympims and found that decline in IQ between ages 4 and 7 predicted psychotic
symptoms by age 2 remen, Buka et al. 1998Preliminary findings from the Edinburgh

High Risk study(Cosway, Byrne et al. 200@nvolving 78 high risk participants and 22 age

and sex matched healthy controlscahdicated that decline of I@nd memory between an

18th months to 2 years time period preceded the development of psychotic symptoms in

young adults.

Apart from the small sample sizes, another limitation of these two studies is the statistical
methodolgy they used to examine change over time. One of the issues that can arise when
one deals with multivariate data and complex structures is collinearity. Collinearity is the
phenomenon in which two or more of the predictors in a multiple regression atg high
correlated leading to regression coefficients that are difficult to inte(gigiwood and

Sterne 2008 This issue is very common in longitudinal designs given the dependencies
within the data arising from the longitudinal nature of the design fiegformance in the

same tests in different time points of the same people are very likely to be highly correlated)
as well as the multfiactorial nature of risk that is associated with complex diseasdsasu
schizophrenia. pproahes such as regressions andCAM\s that hae been used in the

previous studies do not take into account potential collinearity issues.
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6.2.4 Description of aims

| set out to address this gap in the literature, by exploring in a birth cohort the longitudinal
relationships betweelREsat age 12 and keygnitive domains at ages 8, 10 and 11, selected
a priori based on their association with psychosis and schizophinechterlein, Barch et

al. 2004.

This chapter study has two primary hypotheses:

1. Impaired performance in thesegnitive domains during childhood, would be related
to PEsin children aged 12;

2. Declinein these domains over time would be relateBEsin children aged 12.

6.3 Method

In this section | will firstprovide a general background on epidemiological methodology,
causal inferengemeasures of associatis and cohort studies. | will then proceed with
describingthe Avon Longitudinal Study of Parents and Children (ALSPAC) thedmae

specific methodology of the current study.
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6.3.1 Epidemiological methodology

According to Maxcy, an epidemiologist of th
medical science which is concerned with the relationship of various factors and conditions
which determine the frequencies and distributions of an infectious process, a disease, or a
physiologic state (1951, cited thy(Lilmrzed 1%78).nAmatheri mong 6
recentdefii t i on was g¢i Emgdemidiogy iskhe Btudy df thes distributéon and
determinants of heaktelatedstates or events in specified populations, and the application of
thisstug¢ t o contr ol (p#2(bastdad89y). Cenpatl totheseedefinitions is the
hypothesis that disease is not randomly distributed in populations. Hence, identifying the
causes of this nerandom distribution can provide importansights into the risk factors for

disease and the underlying biological mechani@detels 199%

6.3.1.1 Causal inference

Epideniology has been characterizedtahh e o6 ar t o Giveh tha soldsdestifidb | e 6 .
knowledge can only be derived from experimental stufieghman and Greenland 2005

the basis of this argument is that epidemiologists cannot control events or the environment as
can | aboratory scientists, t h e rewerf the enostr e nd e 1
influential idea that arose as a result of continuous and vigorous philosophical debates can be

summarized in the following quote by Hurfe3, (Hume 1740):

6The mind can always conceive any effort to

follow upon another: whatever we conceive is possible, at least in a metaphysical sense: but
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wherever a demonstration takes place, the contrary is impossible, and implies a

A

contradictiono.

Therefore, causeffect relations are only tentative and not certain. Lafooy experiments,

do involve a greater degree of observer control compared to what is possible in
epidemiology, but this only strengthens the inference and not the level of observation
(Rothman and Greenland 2Q05Nevertheless, the tentative nature of scientific work,
experimental or noexperimental does not prevent striking scientific discoveries from

happening.

Given this argumenand with regards$o the enquiry into causal phenomena Rothman and
Greenland (2005) have defined as causal the necessary event, characteristic or condition that
occurs before the manifestation of a disease. This event, by itself, however, is not sufficient

to affect the disease. Rat her, this event i s
The authors subsequent |,the comgleiercaushl mechanisr)iax i e nt
those minimal conditions and events that take place and actuadly t@eidisease. The word
Ominimaldé is used to imply that all of these
di sease. The onset of disease is the realiz
are not sufficient or necessary to caubhe disease but their removal can lead to the

prevention of a substantial portion of the disease(Rsgkhman and Greenland 2005

Furthermore, before making any inference about the etiological nature of an association, the

following explanations should be taken into accdiitdthman and Greenland 2005

(1) Chance: where the association occurs because of random variation;

(2) Bias: wherethe association occsibecause of bias, be it selection or information bias;
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(3) Confounding: where the observed association is the consesjoé another factor
which is associated with both exposure and outcome;

(4) Reverse causation: where the exposure occurs as a consequence of the outcome;

The degree to which any of these explanations are present instead of a true, causal
association, also gends on the study design and the quality and validity of the

measurements.

6.3.1.2 Measures of association

Various measures are used to examine the strength of an association between an exposure and

an out come. Usually, t he r @mpared withthosenin ad e X p 0 S
ounexposedd population. T bsispectedot® cause @ protactg h t k

against a disease.

Attributable risk(AR) is the difference between the disease rate in exposed persons and the

disease rate in unexposgersons.

AR = leT lu, where

AR=Attributable risk

le=Incidence in exposed

lu=Incidence in unexposed
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le is calculated by dividing the number of exposed people who get the disease by the total
number of the exposed people. Similarly, Iu is calculatediiging the number of people

who are not exposed and get the disease by the total number of unexposed Tgesple
measure of associatiotends to be used by policy makers in planning public health

interventiong Coggon, Barker et al. 20D3

The measure mosbften used by epidemiologists, however, is fRelative Risk(RR).
Relative risk is the ratio of the probability of the disease occurring in the exposed group

versus the unexposed grooner a specific period of time:

OEPBI AgbC OR @D

It is related to the AR by the formula:

AR= Ru X (RR-1)

Ru= rate of disease in unexposed persons

RR can be calculated for a wide range of study designs such as cohort argectiossl
studies and is therefore used more wideyyepidemiologists than the AR. It is, however,

informative with regards to public healtblated decision making.

Relevant to RR and equally used in epidemiology isottas ratio(OR) that | will be using
in my analysesThe odds of a disease are defiras the probability of the disease happening

divided by the disease not happening:
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The odds are calculated by:

()65 O,

L QQI 5 o 'Oé "Qé

O
Q

D= number of people who experience the disease
h=number of people who do not experience the disease

The OR is also known as the crgg®duct ratio and is estimated by:

0
, T AEGRZDI OABIAOD Q 0w
I AE®DT AobC ORA® o 0 »wQ

ORs are widely used in the statistical analyses of binary outcomes and therefore can be
calculated from caseontrol, as well as cohort and cresesctional studiegKirkwood and

Sterne 2008
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6.3.1.3  Applications of epidemiology: =~ Coho rt studies

Cohort or longitudinal studies follow groups or cohorts of individuals without the disease and
identify risk factors that are associated with the subsequent occurrence of the disease. The
major advantage of cohort studies in comparison with-cag&ol or crossectional studies

is that they can establish a temporal relationship between risk factors and diseases, and
therefore provide a direct measure of risk. On the other handcoat®l and crossectional

studies only compare exposure fneqcy between individuals who have the diseaskthese

who do not. Aother advantage of cohort studies is that they measure multiple outcomes of a
given risk factor and thus can be used to elucidate the spectrum of disease that can be the

consequence @& specific risk factofDetels 1999

Nevertheless, even though cohordiés establish risk of disease, they are still subjected to
measurement errors and selection biases. Therefore, several possible explanations need to be

considered before concluding the most likely interpretation may be causation.

6.3.2 The Avon Longitudinal Study of Parents and Children (ALSPAC)

The Avon Longitudinal Study of Parents and Children (ALSPAC) birth cohort, known to its
participants as htp@hwwlbristolanuk/aspacktatieel m 1D@L$902, (
when all pregnant women from a geographically defined re@loon) in the southwest of
England were recruited. The initial ALSPAC cohort consisted of 14,062 live births and
13,988 infants still alive at 12 montfBoyd, Golding et al. 201, Fraser, MacdonaliVallis

et al. 2012 Participants are now in early adulthood. There have been 68 asseg&nimts

between birth and 18 years of age. These include 34-abitgpleted questionnaires, 9
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clinical assessments and 25 questionnaires about the child completed by the mother or other

main caregive(Boyd, Golding et al. 2012

6.3.2.1 Representativeness of the ALSPAC

The representativeness of the sample was assessed by the ALSPAC study team by comparing
the sociedemographic characteristics of the mothers who parteipm ALSPAC with 1991

British censuslata frommothers irthe whole ofGreat Britainas well as irthe Avon area
specifically(seetablel as taken fronthe ALSPAC official website

(http://www.bristol.ac.uk/Bpac) (ALSPAC 2013).

Compared to wthersin the whole oBritain, mothersof infants living in Avon were slightly
more likely to occupy their own accommodation and dtir owncar and less likely to
have more than one person per room and beWibite. When comparing ALSPA@others

to mothers from Avon and Britain, tHermer are more likely to live in owneoccupied
accommodation, to owtheir owna car and be marriechd less likely to be newhite. On

the other handalthough the ALSPAC participants generally have slightly better socio
economic position in relation to the women in Avon and Britain, they seem to live in slightly
overcrowded conditions (more than onesgoer per room). It should be taken into account
that ~80% of the cohort completed then®nth postnatal questionnaire. Therefore, these
comparisonswill to some degree be influenced bgciodemographic differences resulting
from both incomplete enrolmentna lack of response to the questionna(feraser,

MacdonaldWallis et al.2012).
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Table 1 Comparison of socieeconomic characteristics of mothers living in Great
Britain, in the Avon area and those who participated in ALSPAC.

Socio -economic Whole of Great Avon area * ALSPAC
characteristic Britain partic ipants 2
Owner occupier 63.4% 68.7% 79.1%
1+person/room 30.8% 26.0% 33.5%
Car in household 75.6% 83.7% 90.8%
Married couple 71.8% 71.7% 79.4%
Non-white mother 7.6% 4.1% 2.2%

Notes: 'Mothers with infants <1 year of agé\ssessed bguestionnaire admisteredat &
months postnatal

The representativeness of the ALSPAC study was also assessed in a research article by
members of the ALSPAC tea(Boyd, Golding et al. 202). They presented comparisons of
demographic and standard school assessment data, taken at 16 years of age between a
national sample (ie.Nat i onal Pupi I D a tecoriosapsipl cedskseand St a g «
assessment data for all pupils in English schigol, t he ALSPAC (i.é.ghoseo!l | ed
children on whom data has been obtained at each and every assessmeanganakyiduals

with incompleteenrolment and participation histories. These comparisons showed that the
children in tlheed AdLa&SRPAICe 00 emawd hi gher educat.
the national average. Also, it seems that the difference in educational attainment increases
with increasing completeness of participation in the ALSPAC. Children who have not
recently participeed or are lost to followap due to attrition have lower educational
attainment than the national average. Al so,
more likely to bewhite and less likely to be eligible for free school meals. Nevertheless,

these differences could reflect regional differencder example in ethnicity or socio

economic statusAs shown in tablel, mothers from the Avorareaare more likely tobe

white in relation to mothers from tradl of British sample while furthermoreeconomeally
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the southwest of England ranks fourth highastongstthe 12 UK regiongMarais and

Schuster 2007.

In conclusion, there is an ovegpresentation of more affluent groups aad under
representation of newhite minority ethnic groups in the ALSPAC study in comparison with
the nationals well as local Avompopulation. These factors mightfluence findings based
on prevalence buwvhentaken into accouriby usingproper statistical methods, they should

not adversely influence the longitudinal res@Bsyd, Golding et al. 2012

6.3.2.2  Strengths and weaknesses of the ALSPAC

ALSPAC is considered one of the wor-babgdls | ar ¢
studies (Wise 200). The aim of the ALSPAC birth cohort is to examine the gene
environment relationshipsfluencing child health and development as well as paent
characteristic§Golding, Pembrey et al. 20p1Therefore, one additional advantage of the
study is the availability and variety of information fraemen beforebirth and throughout
developmentising a variety of sources. These sources include i) questionnaires authylet
the mothers, their partners andmage 5onwards the childrenii) medical, educational and
other recordsiii) measurements of the envitment, including noise and magnetic radiation
iv) in depthinterviews of particular sugroups(focus clinics)and v) biological samples
(Golding, Pembrey et al. 20D1The breadth and frequency of data collection, the duration of
the follow-up, the ongoing support and commitment from the study families aregadsu

strengths of the ALSRC (Boyd, Golding et al. 201, Zraser, MacdonalilVallis et al. 201p
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With regards to the weaknessé#® main limitation of the ALSPAC birth cohort, similar to
other cohort studies, is the loss to folloyy (Boyd, Golding et al. 2002 Nevertheless,
attrition canpoterially be addressed with relatively new statistical techniguesuding
multiple imputation techniquefRoyston 2001 Other weaknesses include issues with the
generalisability of the study given the biases ia tépresentativeness of the sanfideyd,
Golding et al. 2012Fraser, Macdonaiilvallis et al. 2012 Finally, despite the large sample
size, the ALSPAC cohort still does notovide adequate power to study rarer exposures and

outcomegBoyd, Golding et al. 2012

6.3.3 Current study sample size

6,784 individualsout of potentially 13,988completed the Psychodiske Symptoms
interview (PLIKSI) at age 12. The number of individuals with available information from
both the PLIKSi and various cognitive tests varies, as the latee completed by different

numbers of individuals.

6.3.4 Ethical approval

Et hi cal approval was obtained from the ALSPA
Research Ethics Committees. Parents who enrolled their children into ALSPAC provided
written informed consent at the time of the enrolment and they or their child are free to

withdraw at any time.

67



6.3.5 Cognitive assessments

6.3.5.1 Introducingt he MATRICS framework and its development

The Measurement and Treatment Research in Cognition in Schizophrenia (MATRHES)
was developed bthe US. National Institute of Mental Health (NIMHEflects thancreasing
recognitionthat cognitive deficits are part of the core pathology and likely determinants of

the functional outcome in schizophrei@n Os and Kapur 2009

The MATRICS initiative was based on the prentisat there wasack of agreement on the
best way to measure these cognitive impairments as well as thgnitean of the need to
develop treatments that can alleviate these cognitive de(i@ibédd 2004. Thaefore, the
NIMH aimed to establish a consensus battery with which these deficits would be best
assessed and against which cogniemhancing agents could be evaluated, paving the way
for approval of new medications by the U.S. Food and Drug Administré&bDA) (Marder

and Fenton 2004

Hence, the MATRICS group adopted a structured consdnslging process based on the
RAND panel methodFitch, Bernstein et al. 20Q1Initially, there wa a survey of 68 experts
which established the desirable features of the battery. Also, the MATRICS Neurocognition
Committee reviewed the results from all the available faat@alytic studies of cognition in
schizophrenia in order to derive separable ¢ogndomains. A conference was then held,
during which a panel including more than 130 scientists from academia, government and the

pharmaceutical industry agreed to focus on seven cognitive domains:
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(1) Speed of processing;

(2) Attention/vigilance;

(3) Working memay;

(4) Verbal learning;

(5) Visual learning;

(6) Reasoning and problem solving;

(7) Social cognition.

In addition, the panel agreed on the following five criteria necessary for test selection:

(1) High testretest reliability;

(2) Utility as a repeated measure;

(3) Demonstrated rationship to functional status;

(4) Potential changeability in response to pharmacological agents;

(5) Practicality for clinical trials and tolerability for patients.

After this conference, the MATRICS Neuropsychology Committee gathered 90 nominated
tests for edt of the above domains which met these criteria. They then selected a group of
experts from the academia and industry who formed a RAND panel. This group was sent all
the potential information that could be used for rating how each of these tests niéetlze c

The results of the ratings by the RAND panel were reviewed by the MATRICS
Neuropsychology Committee, who formed a beta version of the battery that incladedt?

for each cognitive domairigble2). The beta battery was then formally evaludated sample

of 176 outpatients with schizophrenia. The results from this assessment were then used to
rank the tests within the domains and after a final meeting, the MATRICS battery was
decided(Nuechterlein, Green et al. 2008This battery was subsequently-mormed and
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standardized following administration in a representative sample of 300 community controls

(Kern, Nuechterlein et al. 20D8

This battery is considered to bee gold standard cognitive assessment tool in schizophrenia
researctbecauset was derived using systematic methods that relied osartsus expeied
guidance Finally, it is noteworthy that although the MATRICS battery was originally
developed to assess the effects of cogn#inhancing agents in clinical trials, the lead
investigators state that it is their hope that the battellyalgo be used in broader settings

including observational and genetic resear¢Ruechterlein, Green et al. 2008

70



Table 2 Descriptions of tests that were selected for the MATRICS Beta Battery.

Cognitive domain

Test

Description of test

Speed of processing

Attention/Vigilance

Working Memory (verbal)

Working Memory (nonverbal)

Category fluency

Brief Assessment of Cognition in
Schizophreni a (BACS): Symbol -
coding

Wechsler Adult Intelligence Scale 3™
edition (WAIS-III): Digit Symbol-
Coding

Trail Making Test: Part A

Continuous Performance Test -
Identical Pairs (CPT -IP)

3-7 Continuous Performance Test (3-
7 CPT)

U. of Maryland Letter -Number Span

Wechsler Adult Intelligence Scale 3™
Edition (WAIS-III): Letter-Number
Sequencing

Brief Assessment of Cognition in
Schizophrenia (BACS): Digit
Sequencing

Wechsler Memory Scale -3" edition
(WMS-III): Spatial Span

Spatial Delayed Response Task

Subject has to name as many animals as they can in 1 minute
Digit symbol pairs are followed by a list of digits. The subject
needs to write under each digit the corresponding symbol as
quickly as possible.

Similar test to the one above.

Subject needs to draw a line to connect numbered circles that
are placed irregularly on a sheet of paper

A measure of sustained attention in which the subject has to
press a button each time they see matching numbers on the
computer screen.

Numbers appear on the computer screen and the subject
needs to press the button after the digit 7 of each 3-7
sequence.

The subject mentally reorders strings of numbers and letters
and repeats them to administrator.

A test requiring the reordering of an initially unordered set of
letters and numbers

Patients are presented with clusters of numbers of increasing
length and are asked to tell the administrator the numbers in
order, from lowest to highest.

Using a board on which 10 cubes are irregularly spaced,
respondent taps cubes in same (or reverse) sequence as test
administrator.

Subjects focus on a central fixation cross on a computer
screen. While fixated, a dot-shaped cue flashes in one of 32
possible locations at the screen. Then a delay period occurs
during which a series of shapes appear on the screen.
Subjects must press a button whenever a diamond shape
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Verbal Learning and Me mory

Visual Learning and Memory

Reasoning and Problem
Solving

Social Cognition

Hopkins Verbal Learning Test -
Revised (HVLT -R)

Neuropsychological Assessment
Battery (NAB)-Daily Living Memory
Brief Visuospatial Memory Test -
Revised (BVMT -R)
Neuropsychological Assessment
Battery (NAB)-Shape Learning
Neuropsychological Assessment
Battery (NAB) -Mazes

Wechsler Adult Intelligence Scale 3™
edition (WAIS-III) Block Design
BACS - Tower of London

Mayer Salo vey-Caruso Emotional
Intelligen ce (MSCEIT) i Managing
Emotions (D&H)

Mayer Salovey-Caruso Emotional
Intelligence (MSCEIT) i Perceiving
Emotions (A&E)

appears. After the delay, the fixation cross returns and the
subjects must point on the computer screen where they
remember seeing the dot cue.

During this test, a list of 12 words from three taxonomic
categories is presented and the subject is asked to recall as
many as possible after each of three learning trials.

The subject is asked to learn and remember medication
instructions and a name, address and phone number.

Test involving reproducing six geometric figures from memory.

Test involving three learning trials of nine target stimuli.

Test involving seven timed paper-and-pencil mazes of
increasing difficulty that measure foresight and planning
Subjects are asked to repeat lists of digits of increasing lengths
in reverse order.

Subjects are shown two pictures simultaneously. Each picture
shows 3 balls of different colours arranged on 3 pegs, with the
balls in a unique arrangement in each picture. Patients are
instructed to determine the fewest possible moves of the balls
in one picture to make the arrangement of balls identical to that
of the other, opposing picture.

Paper-and-pencil multiple-choice test that assesses how
people manage their emotions.

Test involving multiple choic
task is to judge the actions that are most effective in obtaining
the specified emotional outcome for an individual in a story.

Notes: Tests in bold and Italics are those who were selected for the final MATRICS battery
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6.3.5.2 The MATRICS framework and the current study

The cognitive tests that were used in ALSPAC are described in fiyurdl cognitive
measures were administered by trained psychologists. Cognitive tests were selected for
analysis in this study priori according to the Measurement and Treatment Research in
Cognition in Schizophrenia (MATRICS) initiativeNuechterlein, Barch et al. 20p4n the

basis that they were representative of the key cognitive domains identified as impaired in
schizophrenia. The MATRICS framewoderved only as a loose concept as not all the

selected cognitive measures correspondeerfeptly to the MATRICS domains

73



Figure 2 Graphic representatior?, providing information on the cognitive measures used in ALSPAC

[:Cognitive measures )

I I
Jaged |  [fage8 |
WPPSI WISC-lI

Children's Test of Non-word Repetition

E—age 10 |

Eageﬂ |

- DANVA

Non-verbal recognition

TEACh

Sky Search

Dual Task

Opposite Worlds

Counting Span Task - TEACh
Stop-signal task Sky Search
Dual Task

Opposite Worlds

E—age13 |

Simple reaction time

E—age15 |

WASI

Choice reaction time

Digit vigilance

2 created with the Mindgenius Mind Mapping Software programme
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There werdests available corresponding to four of the seven MATRICS cognitive domains.

The domains and tests examined were as follows:

Processing Speed (ages 8 and 11)

Processing speed at age 8 was assessed using measures from two different tasks:

(i) the Sky Seech task, which was taken from the Tests of Everyday Attention for Children

(TEACh) (Robertson 1996

(i) the Coding subtest of the 3rd Edition of the Wechsler Intelligence Scale for Children

(WISCHII) (Wechsler 199p

Processing speed at age 11 was assessed as in (i) above. However, thHd WESot

conducted at this age and so test (ii) was not available at age 11.

Attention/vigilance (ages 8 and 11)

The O600Opposite Wor (Ridberisontl@O@vks used to asseFsEMs Gdmain at
both ages. It should be noted that thesttis related but somewhat different from

attention/vigilance as measured in the MATRICS.

Working memory (ages 8 and 10)
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Working memory at age 8 was assessed by Backwards Digit Span test and Arithmetic task

from the WISGCIII.

At age 10, the Counting Spahask (Case 198p was used to assess working memory
Therefore, there is incomplete correspondencéhesests used at age 8 were megeated at

age 10

Rea®sning and problem solving (age 8)

This cognitive domain was assessed by the following WIS @sks:

1) Picture Completion;

2) Picture Arrangement;

3) Block Design;

4) Object Assembly.

A description of theecognitive ess is provided irtable 3.
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Table 3 Description of cognitive tests

Cognitive domain Cognitive test

Description

Processing speed Coding

Sky Search

Attention/vigilance Opposite Worlds

Working memory Backwards Digit
Span
Arithmetic

Counting Span

Task

Task involving copying shapes that match to
different numbers as quickly as possible within a
designated time limit.

Children were presented with pairs of identical
and non-identical spaceships and asked to circle
identical pairs as quickly as possible. A selective
attention score derived from this task which
reflects the time taken (in secs) for the task,
divided by the number of spaceships pairs
correctly circled, adjusted for motor speed. Motor
speed was the time taken for the task when the
task was repeated with the non-identical
spaceships removed.

This i s -Likeb66 Starsckap chi | d
a total of 24 numbers in succession. They were
asked to read the numbers out loud as quickly as
possible and they were
when they reach number
reach number 2. As a score for this task was the
time taken to make the response.

Children were asked to repeat lists of digits of
increasing lengths in reverse order.

Task comprising of timed orally administered
arithmetic questions which are presented in story
format.

A number of red and blue dots were shown on a
white screen and children were asked to count
the red dots out loud. After each set of screens
children recalled the number of dots presented
on each screen within each set. At the start,
children were shown two practice sets of two
screens, followed by three sets of two, three, four

and five screens. The main outcome score for
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Reasoning and Picture
problem solving Completion

Picture

Arrangement

Block Design

Object
Assembly

this task was a span score reflecting the number
of correctly recalled sets, weighted by the
number of screens within each set.

For this task, children pointed out what is missing
from each of a series of incomplete pictures,
arranged in order of difficulty.

Task involving the ordering of pictures into
meaningful stories within a specific time limit and
with increasing difficulty. A high score reflected
both rapid response and accuracy.

Children were shown specific patterns of blocks
and asked to copy them using real blocks.
Patterns were presented in order of difficulty. A
high score reflected both rapid response and
accuracy.

Puzzles were put together within a constrained
time limit. Puzzles were presented in order of
increasing difficulty. A high score reflected both

rapid response and accuracy.

The MATRICS procedure was used to incorpottéiEessemeasures into cognitive domains,

allowing adherencéo a wider theoretical framework and limiting the number of statistical

compariens. As in the development of the MATRICS battienycluded multiple tests within

domains where suitable tests were available and this inclusion was supported by the

observed high correlations of the tests within dom@eisle4).
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Table4dPear sond6s correlations of the cognitive

Cognitive domain Cognitive tests
Processing speed Coding Sky Search
0.38
Working memory Arithmetic Backwards digit span
0.29
Reasoning and problem Picture arrangement Picture completion
solving 0.18 Picture Arrangement
Block design 0.32 0.22
Object Assembly 0.28 0.19
Object Assembly Block design
0.43

6.3.6 Assessment of psychotic experiences

The semistructured Psychoslike Symptoms Interview (PIKSi) was conducted at age 12
(Horwood, Salvi et al. 2008 The interviewers werpsychology graduatesho were trained

by experienced child and general psychiatriSisey were also trained by experts of the
widely used semstructured interview Schedules for Clinical Assessment in Neuropsychiatry
(SCAN) (Wing, Babor et al. 1990There wee regular training sessions as well as monthly
workshops to discuss complex cases. The interviewers had to reach 95% rating agreement in
two goldstandard interview videotapes prepared by the psychiatrists. All interviews were
audiorecorded and each imtéew was also rated by a second independent interviévest.
retestreliability was established i8% of the cohortwho were invited back for a second
interview two weeks after the initial interviewhe average kappa value for intater
reliability was 0.72. The PLIKSi is based on the psychosis section of the Diagnostic
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Interview Schedul€hildren (DISCIV) (Shaffer, Fisher et al. 20p0the Schede for
Affective Disorders and Schizophrenia for Schége children (KSADS) (Puig-Antich and
Chambers 1978and theSCAN version 2.0 (SCAN Version 20) (Sheitman, Murray et al.

2000, with slight nodifications after piloting. It comprises of 12 core questions regarding the
three main domains of positive symptoms: hallucinations (auditory and visual), delusions
(being spied onpersecutorythoughts being readeference control grandiose abilitynot
otherwise specified) and experiences of thought interference (thought broaddastirggnt
insertiont hought withdrawal) . | f the child answ
guestions, the interviewer ubsadditional probe questions to rate whettiee concept was
definitely present, suspected as present or not present. Questions were also included to clarify
that symptoms were not attributable to hypnagogic and hypnopompic states, fever or
substanceamisuse. The time fram@r assessmertdf symptons waspresence duringhe last

six months. For the analyses presented belowgXcluded those symptoms that were

attributable to sleep, fever and substamigise.

The primary outcome measure was suspected or defitig(1) versus ndPEs(0). This
appro&h was chosen rather than grouping suspe&Ed together with noPEsto be
consistent with previous studies on PEs in the ALSPAC birth cohort (Zagnmit, Owen et
al. 2012) as well as becausthe latter approach has been criticized beingover

conservativdPolanczyk, Moffitt et al. 2010
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6.3.7 Confounders

In the following section | provide a description of the potential confounding variables that

were taken into account.

6.3.7.1 Demographic variables

Gender: Gender differences have been reported in indalslwith schizophreni@cGrath,

Saha et al. 2008 For example, males with schizophrenia haaelier age of onset than
females (e.g.(Gorwood, Leboyer et al. 1995 The results with regards to cognition are
mixed, with studies reporting greater cognitive abnormalities in men than women with
schizophrenia (e.g(Goldstein, Seidman et al. 1994other studies reporting evidence to the
contrary (e.g.{Lewine, Walker et al. 199% and others reporting no evidence (e(élbus,
Hubmann et al. 199Y. Gender differences could, therefore, account for differences in the
associations between cognition and PEs. F® thason, | added gender as a potential

confounder in my analysis.

Parental education social class and crowding indext.ow social class or variables that are
linked to low social class have been related to increased risk for schizophrenia in a number of
studies (e.g.(Castle, Scott et al. 1998larrison, Gunnell et al. 200Goldberg, Fruchter et

al. 2011). Some authors have argued that low social class, or other factors related to low
social class are causally related to schizophr@Migks, Hjern et al. 2010 An alternative
explanation, however, is that of social drift where individuals with schizophrenia drift down

the social ladder as a result of disease ofibghe, Agerbo et al. 2004 It could also be that
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both of these explanations operate. Similarly, associations have been observed between low
socio economic status and cognitive performance (€Kpplan, Turrell et al. 20Q1

Hackman, Farah et al. 20110

Ethnic group:

Immigrant status has been associated with risk of schizophffenia review see{McGrath,

Saha et al. 20QBas well asimpaired cognitive performang&hadlen, Larson et al. 2001

6.3.7.2 Parental psychiatric problems

As stated in Chapter Xamily members of subjects with schizophrenia énav 10fold
increasd risk of alsodeveloping the diseasend ths can also impact upon their cognitive

performance, therefore, parental psychiatric problems can potentially act as confounders.

6.3.7.3 Development

Developmental delay has also been associated with both risk of schizopftsehianni,

Murray et al. 200%andimpaired cognitive pdormance(First and Palfrey 1994
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6.3.7.4 Behavioural/Emotional diff iculties

I included this confounder to account for t
cognitive tasks was influenced by hyperactivityather emotional problems.eBavioural

and enotional difficulties are alswoelated to risk ofPEs(Cannon, Caspi et al. 2002As

stated in Chapter 1, premorbid psychopathology has been associated with increased risk of

schizophrenia.

6.3.7.5 Summary of selected confounding variables and their coding in my

analyses

Apart from gender (which came from thircertificates), these confounding variables were
obtained from the following sources of information: 1) children factace interviews; 2)

main caregiver reports on offspring; 3) maternalsef por t s and; 4) mot her
Below is a summarof the confounding variables that | selected for my analysis and figure

shows their graphic representation.

1 Demographic (gender, parental education, parental social class, crowding index,

ethnic group);

Gender: Genderinformation was obtained from rbh certificates and was a dichotomous

variable coded as ABoy=00 and AGirl =10.

Parental education:All variables were created by the ALSPAC Study Team. | categorised

the maternal and paternal education vargbito three levels based on the UK educadion
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system.The low level includedd 6 | e vsedomdaryedutation, the middle level included
A dlevels andvocational trainingand high level included University degreEhis variable

was derived by matreportsati32weekslofgagon.t ner 6 s sel f

Parental occupation:Parental occupation was categorised by the ALSPAC Study Team into
six levels according to the 1991 Office of Population Censuses & Surveys (OPCS)
classifications, with the 1class being the highesOccupational status waderived by

mat er nal a n-depgtsat 32neeks@isgestatmoh f

Crowding index: The crowding index variable was derived by the ALSPAC study team and
estimated by dividing the number of people in the household by the number of rooms. This

variable vas derived by maternal setports at 8 weeks of gestation.

Ethnic group: This variable was derived by the ALSPAC Study Team from two questions in
which the childrends mother indicated her o0\
the child (if povided). This variable was derived from maternal-sgfiforts at 32 weeks of

gestation and was coded as a di eChaoutcoanso uasn =vlaor.

91 Parental psychiatric problems

These variables were derived from maternal and pateel&teports at 12 weeks of
gestation | created two summary scores for maternal and paternal psychiatric problems
respectively,including psychiatric problems such as bulimia, anorexia nervosa, alcoholism,

drug addiction, depression, schizophrenia andrgibgchiatric problems.

1 Child developmental delay;
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This variable was derived from the Denver Developmental ScreenindFAraskenburg and
Dodds 196Y, a questionnaire which was completed by the mother when the child was 6

months old.

1 Behavioural/emotional difficulties

The total problemscaleof the Strengths and Difficulties Questionnaj@oodman 199y

was completed by the main carer when the child was 81 months
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Figure 3 Graphical representatior?, providing information on the age, source and type of the confounding variables
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3 created with the Mindgenius Mind Maipg Software programme
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6.3.8 Data analyses

Data analyses were conducted usin§TATA/IC (versionl11) for Windows.

All cognitive measures were standardized to have a mezrofand a standard deviation

(SD) of one. Individuals scoring more than 3 SDs from the mean were excluded from further
analysis, because their scovese unlikely to accurately reflect cognitive performance.
Moreover,| was concerned thain erroneousxreme score (outlier) is more likely to affect

the associations in comparison with scores in the middle of distribanioih a true effect

exists then it wuld be identifiable without the extreme scolesonducted sensitivity

analyses wherehbyincluded individuals with scores above or below 3 SDs from the mean by
collapsing measures into quintiles, ahdresults were very similar to those excluding
individuals with extreme scores. Where domains were comprised of more than one test (e.g.,
working menory at age 8), a summary statistic was calculated by averaging and
standardizing the-gcores from the tests that comprised each damdlinariables were

normally distributedThis procedure parallels the methodology used in the MATRICS,

generating a sumary statistic that represents the score of each individual in this domain.

Logistic regression analyses we@nductedo estimate odds ratios (ORs) and 95%

confidence intervals for associations between cognitive doratimges 8, 10 and HhdPEs

at age 12.To facilitate interpretation, the cognitive domains were recoded so that higher score
indicated worse performancBeven independent regressions were conducted to determine
whether the independent variables (i.e., scores on each of the seven geitixecdomains),
predicted group status (O=individuals without psychotic experiences, 1=individuals with

psychotic experiences)able5 shows the correlations between the cognitive domains.
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Table 5 Correlations between cognitivedomains

Cognitive Processing Attention age 8 Working Reasoning and Working Processing
domains speed age 8 memory age 8 problem solving memory age 10 speed age 11
age 8
Processing speed 1
age 8
Attention age 8 0.51
Working memory 0.30
age 8
Reasoning and 0.29
problem solving
age 8
Working memory 0.23
age 10
Processing speed 0.43
age 11
Attention age 11 0.45

Attention age

11

88



These associationgere subsequently adjusted for possible confounders. To examine whether
associations for any of the cognitive domains were independent of eachl stifesequently
conducted three regressions whewdsb adjusted for all other cognitive domains (cogaiti
domains at ages 10 and 11 were adjusted for edérker age 8)measures of the different

cognitive domains only).

| examined noslinear relationships between the cognitive domains REdby examining

likelihood ratio tests for the addition of quaticaas well as linear terms to the models.

| examined change in cognitive performance over time by applying Principal Components
Analysis (PCA) to measures of both time pointéis approach has been suggested by
several authors (e,g(Hotelling 1957 Kendall 1957 Mosteller and Tukey 197 Mardia,

Kent et al. 1979Gunst and Mason 1980but has not received appropriate attention by the

psychological and medical research.

PCA tranforms the data linearly and orthogonally to a new coordinate system where the
greatest variance by any projection of the data is on the first coordinate (called the first
principal component), the second greatest variance on the second coordinate ang &pan
maximum number which is the total number of variables included in the(Ridvood and
Sterne 2008 PCA has been used to reduce the number of dimensions in exploratory data
analysis and also for predictive models in more complex modern computational algorithms
like these appearing in computational statistissh asneural networks (e.g(Selamat and
Omatu 200 and pattern recognition (e,gHorn and Gottlieb 20Q). PCA is closely
related to factor analysibut PCA is the simplest dimensionality reduction teghai

(Dunteman 198P | used PCA as a means of transforming the original variables (which are
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correlated by definition as these were measuring the same phenomenon at the same scale
repeatedl) in order to avoid problems associated with collinearity that ANOVAs and
regressions that were used in the previous studies do not acco(ltdoren, Buka eal.

1998 Cosway, Byrne et al. 2000

The PCAidentified two factors (s1 and s2) for each cognitive domain, where sl represented
the average performance across both time points and s2 represbatgge. Logistic
regression analysis was used to test for associations between BEsaiter adjusting for

sl.

6.3.9 Dealing with missing data 1 Multiple Imputation by Chained Equation

Model

Missing data are a common problemejpidemiological and clinicalesearch. For example,
there are subgroups of people that are more likely to drop out, such as young people with
behavioural problemg§Wolke, Waylen et al. 2009 Where loss to follovup is related to

possible aetiological factors then thesults of the study can be biased.

The specific reasons why data is missing determines the risk of bias. Possible reasons are:

a) Missing completely at random (MCAR);
b) Missing at random (MAR);

c) Missing not at random (MNAR)
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When it is likely that there are sgmatic differences between the missing and the observed
values (i.e., the data are not MCAR), analyses that are based on complete cases (i.e., those

individuals that have no missing data at all) can be bi¢gStine, White et al. 2009

Because ALSPAC is a large populatibased cohort and the current study in particular
focuses on psychosocial problems, sitig data could represent a potential bias that could be

addressed using multiple imputation analySiterne White et al. 2009

Imputation in this study was conducted using a Multiple Imputation by Chained Equation
(MICE) approach(Royston 2004 Royston 2005 Carlin, Galati et al. 2008that was
performed using the 061 CEG& modul(Roystoni280bin was d e

STATAJIC (version11l) for Windows(StataCorp 2009

6.3.9.1 Characteristics of Multiple Imputation by Chained Equation model

MICE is a flexible andpractical statistical technique for handling missing d#@&ayston

2009). 1t is performed using the ICE command which imputes missing values by using
6switching regressionbo, a maud that ip based oruthet i v ar
methodology that was initially developed by Donald Rufftubin 1976 and described by

van Buurern(van Buuren, Boshuizen et al. 1999

MICE uses a twestage approach. The first stage consists of the creation of multiple copies of
the dataset in which the missing values are sampled their predictive distribution based
on the observed valugsSterne, White et al. 2009 Hence, multiple mputation uses a

Bayesian inference theory according to which the likelihood that a specific hypothesis is true
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(i.e., the value of imputed data) is ascertained by the observed evidence (i.e., the values of the
observed data). Thesi ors @il elbalriall il{@nddntbenfe tolpe
1961). Every variable that includes missing data is imputed using a particular imputation
equation bagk on a regression model in which the variable to be imputed serves as the

dependent variable and the other variables as independent vaffidoysson 200h

It is not possible to know the true values of the missing data, but in ordettén account for

the uncertainty in predicting the missing valuée imputation should be based on a multiple
iterative procedure. Single imputation procedures often treat the imputed values as true
values and cause type | errors, while also consitienaulucing the standard errors and

narrowing the confidence intervgSterne, White et al. 2009

It is important for the MICE model to also include the outcome variables, in addition to the
predictor variables and the confounders. The outcome variables carry information about the
potential reasons why the predictor variables have missing v@tese, White et al. 2009

It has also been found that imputation models that omit the outcome variables prodede bias

coefficients(Moons, Donders et al. 2006

With multiple imputation techniques, the unknown missing data is replaced using M>1
possible sets of valgethat are independent and are drawn from the predictive distribution of

the missing values conditional on the observed vgN#ste, Royston et al. 20)1

In the second stagevhenthe multiple imputations have been developed, each imputed
dataset carsubsequetly be analysed separately using standard statistical metibés.
results of these analyses are variable due to the missing values being replaced by different

values due to the different imputations. These results can be interpreted only when they are
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combined into an overal/l estimat e. This happ
framework that take into account the variability in the results of the different datasets and
produce standard errors, confidence intervals and significance (Stelse, White et al.

2009 White, Royston et al. 20)1

In STATA the imputed datasets are stored in a \adiyistacked format, in which each entry
is repeated for the M number of imputations. The analysis of the datasets can then be
performed using the prefix édmicombined which

the estimat es (RoystonZD0pRubi nds rul es

6.3.9.2  Addressing missing data in this study

Children who did not attend the PLIKSi interview at age 12 were more likely to perform
worse in all the cognitive domaingrocessing speed at age 8 (mean [SQJ11 [1.0] \ersus
0.03 [1.0]; p<0.001) attention at age 8@.01[0.7] versus0.05 [0.6]; p=0.004)working
memory at age 8@.12[1.0] versus0.03[1.0]; p<0.001);reasoning and problenolying at

age 8 {0.18 [1.0] versu®.05 [1.0]; p<0.001)working memory at age 10Q.11[1.0] versus
0.02 [1.0]; p<0.001)processingpeed at age 11001 [0.8] versu®.07 [0.8]; p=0.004) and

attention at age 11-0.09 [1.0] versu$.01 [1.0]; p=0.006).

As a sensitivity analysis used imputation analysis with chained equatif®syston 2004
Royston 205) to determine whether attrition of the cohortdhhiased the observed
associations. Missing data was imputed lfoth the outcomes and confounders. Fifty two

measures were included in the imputation model including variables associated with both
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cogntion and PEs such asthe individual score measures 8trengths and Difficulties
Questionnaire (SDQjGoodman 199/measures at ages 4, 8 and tt# Short Moods and
Feelings Questionnaire (SMF@)ngold, Costello et al. 1995t ages 9 and 12s well as
variables relating to parental sog@emographic characteristicsncluding parental
educational qualifications, financial difficulties and house crowdiniices.These variables
were used because they provide information on the missing data and therefore make the

assumption of MAR more plausibleifty datasets were imputed.

6.4 Results

6.4.1 Cognitive domains and psychotic experiences at age 12

Among the childrenthat wereinterviewed, 787 (11.6%, 95% CI=10.9 tb2.4%) had
suspected or definit€Es at age 12A descriptive summary othec hi | dr ends <cog

performance is presented iakle6.
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Table 6 Descriptive statistics of standeadized cognitive performance scores in children

with and without psychotic experiences

Cognitive domain Age Psychotic No psychotic
experiences experiences
n Mean (SD) n Mean  (SD)
Processing speed 8 650 -0.15 (1.0) 5220 0.05 (2.0)
Attention 8 625 -0.02 (0.7) 5019 0.06 (0.6)
Working memory 8 647 -0.09 (1.0)0 5191 0.05 (2.0)
Reasoning and problem 8 648 -0.01 (1.1) 5197 0.06 (2.0)
solving
Working memory 10 639 -0.06 (1.00 5161 0.03 (2.0)
Processing speed 11 688 0.07 (0.8) 5433 0.07 (0.8)
Attent ion 11 655 -0.11 (1.0) 5279 0.03 (1.0)

Table 7 provides descriptive statistics of gender, maternal education qualifications and SDQ

behavioural rating in children with and without PEs. This table shows that children with PEs

are less likely to be malesjore likely to have higher SDQ scores in relation to children

without PEs. Also, children with PEs are more likely to have a mother whose educational

gualification is low or middle in relation to children watht PEswho are more likely to have

a mother wbse educational qualification at degieeel.
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Table 7 Descriptive statistics of gender, maternal educational qualifications and SDQ
behavioural ratings in children with and without psychotic experiences

Psychotic Experiences No psychotic experiences
(n=787) (n=5997)
Gender (% males) 45.49 4951
SDQ 8.51 (5.35) 7.17 (4.60)

a

Maternal educational qualifications (%)

Low 22.35 21.17
Middle 64.8 61.99
High 12.85 16.84

Abbreviations : SDQ, Strengths and Difficulties Questionnaire, total difficulties
score
Notes:  Based on the UK examination system, refers to the highest maternal

educational attainment

Poorer performance in the domains of processing speed (age 8), attention (ages 8 and 11),
and working memory (ages 8 dnl0) was associated with increased ri§kP&s (table 8).
There was weak evidence of association with the domain reasoning and problem solving (age

8).

There was weak evidence for a Horear relationship between performance in the reasoning
and problen solving domair{OR: 1.06, 95%CI (1.10 tth.12),p=0.032) and risk of

developingPEs
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Table 8 Psychotic experiences at age 12 in relation to cognitive domains before and after adjustment for confounders

Cognitive domains Age n Non-adjusted OR Adjusted OR ? Adjusted OR °
(95%Cl) (95%) (95% CI)

Processing speed 8 4909 1.27 (1.16 -1.39) 1.30  (1.18-1.43) 1.24  (1.12-1.36)
Attention 8 4714 1.24 (1.09 -1.43) 1.23  (1.07-1.41) 1.16  (1.00-1.33)
Working memory 8 4888 1.16 (1.06 -1.27) 1.13 (1.03 -1.24) 1.07 (0.97 -1.17)
Reasoning and problem 8 4893 1.09 (0.99 -1.19) 1.05 (0.96 -1.16) 1.01 (0.92 -1.11)
solving

Working memory 10 4742 1.14 (1.04 -1.24) 1.12 (1.03 -1.23) 1.09 (1.00 -1.20)
Processing speed 11 4976 1.00 (0.89 -1.12) 1.03 (0.91 -1.16) 1.00 (0.89 -1.13)
Attention 11 4843 1.17 (1.08 -1.28) 1.18  (1.08-1.29) 1.14  (1.04-1.25)

Abbreviations : Cl, confidence interval; OR, odds ratio

Notes: ?adjusted for gender, maternal education, badjusted for gender, maternal education, and SDQ total difficulties
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Table 9 Psychotic experiences at age 12 in relation to cognitive domains before and after adjustment for maternal social class and
maternal psychiatric problems.

Non-adjusted OR

Adjusted OR ?

Adjusted OR °

Cognitive domains Age n (95%Cl) (95%) (95% CI)

Processing speed 8 4754 | 1.24 (1.13 -1.36) 1.23 (1.12 -1.34) 1.23 (1.13 -1.35)
Attention 8 4562 | 1.22 | (1.06-1.41) | 1.21 | (1.05-1.40) | 1.21 (1.05 -1.40)
Working memory 8 4729 | 1.16 (1.06 -1.28) 1.15 (1.05 -1.26) 1.16 (1.05 -1.27)
Reasoning and problem solving 8 4735 | 1.07 (0.98 -1.18) 1.06 (0.97 -1.17) 1.07 (0.98 -1.18)
Working memory 10 4627 | 1.17 (1.06 -1.28) 1.16 (1.06 -1.27) 1.16 (1.06 -1.28)
Processing speed 11 4854 | 1.01 (0.90 -1.14) 1.01 (0.90 -1.14) 1.01 (0.90 -1.14)
Attention 11 4714 | 1.19 (1.09 -1.31) 1.19 (2.09 -1.30) 1.19 (1.09 -1.36)

Abbreviations: Cl, confidence interval; OR, odds ratio

Notes: ? adjusted for maternal social class, ® adjusted for maternal psychiatric problems
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Of the potential confounders investigated, parental social class, crowding index, ethnic group,
parental psychiatric problems and developmental delay showed no effect on the associations
and therefore they were not included in the analyse®xample is provided at tabawhich

shows the odds ratios before and after adjustment for maternal social class and maternal

psychiatric problems.

Most associations changed only slightly after adjusting for geamttbmaternal education
(table8). Adjusting for behavioural and emotional difficulties attenuated most associations
somewhat, but associations betw@&ttsand processing speed at age 8 and tateat age

11 remained éble8). There was only weak evidence for associations bet®Esand

attertion at age 8 and working memory geal0 after these adjustments.

After exploring the separate effects of the SDQ subscales, it seemed that the hyperactivity
and peer problems subscales had the greatest effects on attenuating the associations between

cognition and psychotic experiences (see tdlland the example of processing speed).
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Table 10 Psychotic experiences at age 12 in relation to processing speed at age 8 before
and after adjusting for the total and separate SDQ suscales (n=4978).

Odds ratios (95% Cls)

Unadjusted 1.27 (1.17 -1.39)
Adjusted for total difficulties 1.21 (1.10 -1.32)
Adjusted for hyperactivity subscale 1.22 (1.11 -1.34)
Adjusted for prosocial subscale 1.27 (1.16 -1.38)
Adjusted for emotional symptoms subscale 1.26 (1.16 -1.38)
Adjusted for conduct problems subscale 1.26 (1.15-1.38)
Adjusted for peer problems subscale 1.23 (1.13 -1.34)

| subsequently examined the relationships with individual tests comprising each cognitive
domain in order to fdher identify whether there is an individual test instead of their sum that
has the largest effecthe results of the individual tests are describethlnte 11. Both tests
comprising the processing speed domain at age 8 were associated with PEdy Soatlar

tests comprising the working memory domain had similar efféletaigh the association of

the aithmetic with PEs seemed stronger as the evidence for association remained after
adjusting for gender and maternal education whereas there was nocevide association

with the backwards digit span. With regards to the reasoning and problem solving domain,
the picture completion and picture arrangement tests showed the weakest associations with

PEs in relation to the block design and object asserabtg.t
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Table 11 Psychotic experiences at age 12 in relation to individual tests before and after adjustment for confounders

Cognitive domain Test Age n Non-adjusted OR Adjusted OR ? Adjusted OR °
(95%Cl) (95%) (95% ClI)
Processing speed Coding 8 4861 1.31 (1.18 -1.44) 1.33 (1.20 -1.47) 1.27 (1.14 -1.40)
Sky Search 8 4651 120 (1.07-1.35) 121 (1.07-1.37) 1.16  (1.03-1.31)
Working memory Backwards digit span 8 4767 1.09 (0.99 -1.19) 1.08 (0.97 -1.18) 1.03 (0.94 -1.12)
Arithmetic 8 4836 1.18 (1.08-1.28) 1.15 (1.04-1.25) 1.10  (0.99 -1.21)
Reasoning and Picture completion 8 4842 1.04 (0.95 -1.14) 1.02 (0.93-1.12) 1.00 (0.91 -1.09)
problem solving Picture arrangement 8 4817 0.98 (0.89 -1.06) 0.96 (0.89 -1.05) 0.95 (0.87 -1.04)
Block design 8 4825 110 (1.01-1.21) 1.06 (0.97-1.18) 1.03 (0.94-1.14)
Object assembly 8 4601 1.10 (1.01-1.21) 1.08 (0.98-1.19) 1.05 (0.96 -1.16)

Abbreviations:

Notes: ?adjusted for gender, maternal education, badjusted for gender, maternal education, and total difficulties

ClI, confidence interval; OR, odds ratio
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| also examined to what extent performance on these cognitive domains showed effects on
PEsindependently of each othby adjusting for the other cognitive domaififieseresults
indicated that, taking the other cognitive domains into accaunty processing speed

remained associated with higher risk of psyahetperiences at age 12lfte12).

Table 12 Psychotic experiences at age 12 in relation to cognitive domains adjusted for
the other cognitive domains.

Cognitive domains Age n Non-adjusted OR Adjusted OR ?
(95%Cl) (95% CI)

Proc essing speed 8 5601 1.22 (2.12 -1.33) 1.20 (1.09 -1.33)
Attention 8 5601 1.19 (1.05 -1.34) 1.01 (0.86 -1.17)
Working memory 8 5601 1.12 (1.03 -1.23) 1.08 (0.98 -1.19)
Reasoning and problem 8 5601 1.05 (0.96 -1.14) 0.97 (0.88 -1.06)
solving

Workin g memory 10 5024 1.10 (1.01 -1.20) 1.04 (0.95 -1.15)
Processing speed 11 5017 1.14 (1.05 -1.25) 0.95 (0.84 -1.08)
Attention 11 5272 1.16 (1.07 -1.26) 1.05 (0.95 -1.16)

Abbreviations: Cl, confidence interval; OR, odds ratio

Notes: 'Regressions were conducted where associations of PEs with the cognitive domains
where non-adjusted and subsequently adjusted for cognitive domains at the same age. In the
case of working memory at age 10, processing speed at age 11 and attention at age 11, |

adjusted for cognitive domains at ages 8.
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Further logistic regressions were conducted as sensitivity analyses ilaeljasted all
cognitive domains at age 8 separately for processing speed at age 8. This gave similar results
to the analysis that adjusted for all the cognitive domatnthe same timéi.e., attention
[p=0.76]; working memory [p=0.15]; reasoning and problem solyp¥.80]). Generally,
these findings showed that processing speed had the strongest effect of all the cognitive

domains examined.

Finally, it is noteworthy, that of the children who scored below the 25th percentile in the
domains of processing speed (&)eand attention (age 11), only 14% and 12%, respectively

reportedPEsat age 12.

6.4.2 Change over time in cognitive performance and psychotic experiences

at age 12

All domains were positively correlated with one another across ages at the level of p<0.001,

supporting the subsequent exmation of change over time (tatd8).

Table 13 Correlations between the same cognitive domains at different ages

Cognitive domain Correlation coefficient (r)
Processing speed (age 8)

(age 11) 0.43
Attention (age 8)

(age 11) 0.58
Working memory (age 8)

(age 10) 0.58
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Summary scores ahange are presented abte 14.

Table 14 Summary statistics of change in standardized cognitive performance over

time.

Psychotic No psychotic

experiences experiences
Cognitive domain Age n mean (SD) n mean (SD)
Processing speed 8 500 -0.13 (1.0) 4869 0.07 (2.0)
11 0.09 (0.8) 0.09 (0.8)
Attention 8 549 -0.00 (0.7) 4572 0.07 (0.6)
11 -0.09 (1.0 0.06 (1.0)
Working memory 8 561 -0.07 (0.9 4630 0.05 (1.0)
10 -0.06 (1.0) 0.05 (1.0)

Logistic regression analyses based on factors identified by the PCA (see Methods section)

showed thatmprovementof processing speed over time was associated with increased odds

of PEs(OR=1.29, 95% CI=1.15 t&.45, p<0001). As a sensitivity analysisalso calculated

change by using only the Sky Search tlaskprocessing speedt both time points @hresults

were similar.There washo evidence of association betwegevelopment bPEsand change

in attention (OR%.01, 95% CI=091 to 1.13, p=0.33) omworking memory (OR=09, 95%

CI=0.88t01.10, p=0.78pand odds oPEs
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6.4.3 Missing data

Results from the multiply imputed datasets eveery similar to the main daet when both
outcomesand confounders or only confounders were imputed, and did not chaygé e
substantive findingdf anything sample attrition appears to have led to an underestimation
of the associations between the cognitive domains and psychotic experieaiaed5 shows

the example of working memory.

Table 15 Example of results of imputation analysis

Non-adjusted OR Adjusted OR
Working memory at agel0 (95%Cl) (95%Cl)
Unimputeddata 1.16(1.06-1.27) 1.07(097-1.17)
Imputed confouners 1.16(1.07-1.26) 1.09(1.00-1.17)
Imputed confounders and outcome 1.16(1.07-1.27) 1.09(1.00-1.17)

6.5 Discussion

Cognitive domains and psychotic experiences

The findings of the current studyindicate that lower performance in the domains of
processing speed, attention and working memiwyassociated with higher risk of later
development ofPEsin a populatiorbased sample afhildren. The associations were not
explained by the background characteristics adjusted for, but for some domains were

atenuated substantially when adjusting for behavioural and emotional difficulties.
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Associatios between PEand processing speed at age 8 and attention at age 11 remained

after these adjustments.

By adjusting for behavigral and emotional difficulties oveand above background factors, |
may have been overly conservative if théiseon the causal pathway between cognitive
ability and PEs However, it is also possible that such behavioural problems contribute to
impaired performance on cognitive tests (ga@Qr concentration), in which case adjustment

presents a cleargicture of the relationshipssought to evaluate in this study.

Impaired processing speed and psychotic experiences

When adjusting for all other cognitive domains, processing speed astssirongly related

to later PEs This is in line with existing literature that has described processing speed as a
fundamental cognitive construct that is close to the core of psydkisisnson, Ramsey et

al. 2007. This finding linking processing speed perfame with PEg€annot be ascribed to

the effects of medication as has beecently suggestegdénowles, David et al. 2030given

that none of the children in this study had ever taken psychotropic medication.

Nevertheless, taking into ament that a proportion of the genetic variance for schizophrenia
is shared with that of cognitiofT oulopoulou, Goldberg et al. 201Bowler, Zammit et al.
2012, the association between processspeped and PEmight result from pleiotropic
genetic effects and other confounders. Furthermore, reverse causation, WPEsggsent
before the age of Bsult in impaired cognitive performance, canbe excluded ameasures

of PEsat thisyoungageare not availablelt is, however, very difficult to distinguish magical
thinking from PEsSn younger children. Indeethe ages of 11 and 12 have been suggess

ideal for the assssment of PEas children at this age are still unaware of the consequences
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(i.e., stigmatization, social rejection) of revealing such experiences and are therefore less

inhibited about sharing the(®olanczyk, Moffitt et al. 2010

If processing speed deficits are causally relatelEethen one possible mechanism for this

might be an increase in false prediction errors, i.eyfaile t o ef ficiently inf
beliefs about what the world probably looks like in face of new evid@fleecher and Frith

2009. Disturbed brain connectivity has been suggested as a peababhanism that could

lead to false prediction errof§letcher and Frith 200%nd has also been associated with

both hallucinationgKubicki, McCarley et al. 2007and reduced processing spgé&Luca

2008. Studies in healthy children and adolEseonset psychotic patients hasbown that

cognitive slowing might restrict performance in otlsegnitive processes such as executive
functions (Fry and Hale 1996 Therefore, abnormal brain connectivity could affect
processing speed which in turn could restrict tpéinaal performance of other cognitive

operations resulting in false prediction errors and in turn positive symptoms.

Attention

Attention also appeared relatedR&sindependent of confounding, although these effects did
not persist when processing speedhs adjusted for. Impaired attention has been
systematically reported in children at high risk of schizophréNi@mi, Suvisaari et al.
2003. Moreover, according to the Israeli High Risk study findings, impaired attention at age
11 predicted development of schizophrefhN&rcus, Hans et al. 1987Similar results were
reported by tB New York High Risk studyErlenmeyerKimling and Cornblatt 1992 It

should be noted, however, that processing speed was not adjusted feestuties.

Change in cognition over time
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To my knowledge, this is the first study to examine change in performance of cognitive
domains over time, in relation #Esin a populatiorbased sample of childrenlhe finding

that improvementin processing speedas associated with later development of psychoti
experiences is contrary to nhypothesis and previous findingReichenberg, Caspi et al.

2010. One possible explanation is that thesd t s r ef l-epd® af foeatt.chPr o
speed improves rapidly in early childhood, but improves at a much slower rate closer to
adolescencéKail 2008). If this normal évelopment is delayed in children wiBEsthey

might show greater deficits relative to their peers at age 8, but show little difference by age

11, resulting in a relatively greater improvement over time. Unfortunatelyeas is datat

only two time pomts| wasnot able to test whether the change in processing speed in children

withpsychott experi ences i-gpeffegte t o such a d&écatch

Whether or how premorbid decline in attention over time manifests in individuals with
schizophrenia has not yet dye examined. In contrast to previous findingeichenberg,

Caspi et al. 2010 I did not find evidence of association betwegmngeover time in
working memory andPEs | cannot exclude #t this discrepancy may be due to different
measures of working memonyer time in the present stud®ther reasons for not finding
evidence of decline can include repeated testing and differential practice effects between the

children with and withouPEs.

Theoretical implications

Thesefindings support a dimensional model BEswith psychotic disorder at the extreme

end. In clinical populations, the cognitive domatihat wereexamined have been found to be
associated with schizophrenia and in accordamith the dimensional modélould expect

the same associations to exist between cognitive function and psychotic manifestations, if to a
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lesser degree. Indeed, the effect sizes of tigmitive domains reported in thssudy, though
smaller, follow thesame pattern as those reported in a number of -amgtlyses in
schizophrenia patients and healthy contrgteinrichs and Zakzanis 199&aws 1999
Fioravanti, Carlone et al. 2005lenry and Crawford 200®ickinson, Ramsey et al. 2007
Knowles, David et al. 2000 For example, at age 8, processing speetthigstudy had the
| argest ef f e c0.19% 95%eCI=0(1H aad0g2@9), though=this is still a small
effect, followed by working memory (g8.115,-0.031 t0-0.199) and attentiofg=-0.114,

95%CI=0.030 to-0.198).

On the other hand, not all cognitive domains were associatedP®&#hT he effect size of the
reasoningand problem solving domain was not significant -@641, 0.043 to-0.125),
whereas the effect sizes reported in the raet@yses of schizophrenia range frof.53

(Laws 1999 to -1.06 (Henry and Crawford 20Q5espectively. Even though type Il errors
cannot be excluded, another explanation could be that the tasks used in Hamahetes

(e.g, the Wisconsin Qa Sorting TesiHeaton 198)) were different than the ones used in

this study. Furthermore, although the reasoning and problem solving domain has been
identified as a sepamimpaired cognitive domain in schizophrenia, there is evidence that the
impairmentsof patients with positive symptoms are not of a general reasoning igamg,

Chua et al. 1997but more specific and such specificity could explain the observed lack of

associdons.

Furthermore, the fact that the associations between processing speed at agd®Ebwatte
weak, could be due to practice effects or because the children had developed cognitively and

therefore performed better at the test.

Strengths and limitations
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This study focuses oREsand not psychotic disorder. Nevertheless, such experiences are an
integral part of a diagnosis for any psychotic disorder; are associated with substantial adverse
outcomes in social achievement and functioning in their ogimt (R° s s | eerrR° ®Ks e h
et al. 2007; andPEsin childhood are strongly associated with psychotic disorders in adult
life (Poulton, Caspi et al. 20R0T he finding that processing speed is the strongest predictor

of PEs irrespective of psychotropic medication, indicates that the mechanisms mediating the
association between impaired cognition and schizophrenia also mediate the association
between impaired cogmimn and PEs Thus, this study provides further insight into
understanding of the pathogenesis of psychotic phenomena and the cognitive deficits that
may place children at higher risk of developing schizophrenia. The predictive value of the
findings is rathelimited (i.e., only 14% of the children who scored below the 25th percentile
for the processing speed domain developed psychotic experiences), whilst the predictive
value of PEs for uncommon disorders such as schizophrenia is also likely to be low
(Dominguez, Wichers et al. 20LNeverthelessthese findings assist in better characterizing

and defining the cognitive mechanisms associated with increased psychopathological risk as
well as informing potential prevention strategiesr example, several studies have shown
that processing speed training can improve everyday functioning for older adulis (e.g.
(Edwards, Wadley et al. 20p5Therefore, cognitive remediation for processing speed could

also be helpful for children.

One of the limitations of this study is thlatvasnot able to test all the MATRICS domains,
because not all had been assessédestudy sample. Therefore,sdtsmay be confounded

by another underlying cognitive domain that was not examined. Moreover, a common
criticism of neuropsychological tests is that they do not measure cognitive processes in

isolation (Palmer, Dawes et al. 2008ndthesetests may have less than perfectly captured
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the specific cognive domains. For example, the arithmetic test (whiclassified as part of

the working memory domain) might overlap to some extent with the reasoning and problem
solving domain. Differential loss to followp could introduce attrition bias, thoughe
imputation analyses indicated that missingness is unlikely to have biased the observed

relationships.

Conclusions

| examined the longitudinal relationships between cognitive domains that have been
previously associated with schizophrerffduechterlein, Barch et al. 2004nd psychotic
experiences in children in a large birth cohdtte findings suggest that processing speed and
attention are related tgreaterrisk of psychotic experiences in children, with processing
speedrepresentingthe key cognitive featureNeverthelessthis study does not indicate
whether it is impairegbrocessing speeithat causes later psychotic experiences or whether a
third factor causes botiOne way that this could be elucidated is by examining whether
specific genetic variants that have been associated with schizophrenia are also associated with
psychotic experiences and also whether impaired cognitive performance mebedes t

associations. | will examine this in Chapter 7.

111



Chapter 7 Exploring the indirect effects of Catechol  -O-
Methyltransferase (COMT) on psychotic experiences through

cognitive function and anxiety disorders in children .

7.1 Chapter Overview

In Chapter6, | showel that defective processing speed and attention were more strongly
associatd withPEs than a range of other cognitive functdhat were selectedl priori

based on their associations with schizophrenia. If this association is causal then one possible
mechanism would be an increase in false prediction errors. Disturbed brain connectivity
could potentially lead to false prediction errors through its effect on processing speed and
attention. To expand on this hypothesis, and given that dopamine (DA) mashusen to

alter brain connectivitye.g.,(Honey, Suckling et al. 2008 | examined in this Chapter
whethergenetic variation fCOMT, an enzyme that degrades DA and has beesidord a
plausible candidatior schizophrenia and cognitive deficits, is associated with PEs indirectly,
through its effect on processing speed, attention. Taking into account the literature indicating
that COMT s also associated with anxiety disorderghwie Met allele being associated

with both better cognition and higher risk of anxiety disordansl anxiety disorders also

being associated with PEs, | also examined whether there is an indirect ef&OMT to

PEs through anxiety disorders.

This isthe first study to examine indirect effects@®MT on PEs.The findings showed that
COMT was indirectly associated with PEs through processing speed and attention but there
was no evidence fortatal or indirect effect ofCOMTon PEs through anxiety disders.

112



Evidence of an indirecssociatiorsuggests a complex developmental pathway underlies the
emergence of PEs in children with pdusiimplications for prevention and intervention
strategies These findings also provide additional support for pseicg speed and attention

as endophenotypes in psychotic disorders.

7.2 Introduction

Children reporting psychotic experiend@Es)are atincreasedisk of developing

schizophrenia, and although this risk is relatively snuaitlerstanding the mechanisms by
which PEs arise might provide important insights into the developmental mechanisms taking
place in the early stages of schizophremdeed the findings of Chapter 6 showéuht

processing speed and attention were strongly relate&sm children withn the general
population It was also showthat the pattern of associations between cognitiorP&rsivas
similar to the one between cognition and schizophreéksastated in Chapter 6, if these
associations are causal, one possible explanation wouldtoebed brain connectivity

leading to impaired processing speed and attention which would lead to an increase in false

prediction errors and consequently positive sympt@fletcher and Frith 2009

One neurotransmitter that has long been associated with psychosis and schizophrenia is
Dopamine (DA) (for a review se@owes and Kapur 2000 DA has been showo alter

brain connectivity within the corticostriatal thalamic loops in hun{avidiams, Tijssen et al.
2002 Honey, Suckling et al. 200®y modulating the strength of the connections within
these loopgBamford, Zhang et al. 2004DA imbalance has longeen associated with
schizophrenigHowes and Kapur 200@nd there is also consistent evidence indicating the
importance of prefrontal dopamine function for motin; cognitive processes such as

attention, inhibition, working memory and planni@oldmanRakic, Lidow et al. 1990
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Daniel, Weinberger et al. 199WcCarthy, Blamire et al. 199&0kolowski and Salamone

1994 Granon, Passetti et al. 2000rrane, Mitropoulou et al. 2000To be more specific,

there is evidence from a wide range of studies (e.g., neuropsychologicasstubdumans

and animals as well as neuroimaging work) to suggest that the relationship between DA

|l evels and cognitive performance foll ows an
levels of DA affecting optimal prefrontal function (e.@Villiams and GoldmaiRakic 1995

Kimberg, D'Esposito et al. 199Frank, Callicott et al. 199Mattay, Callicott et al. 2000

Mehta, Owen et al. 200Mattay, Goldberg et al. 200®81eyer-Lindenberg, Kohn et al. 2005

Tunbridge, Harrison et al. 2008ijayraghavan, Wang et al. 2007

Even though there are other potential candidate genes acting on DA subsystems, like
Monoamine Oxidase (MOA) and the Dopamine Transporter (DAT) that regulate DA
catabolism in the predntal cortex and the striatum respectivibavitz, Solms et al. 2006

one of the most well characterized and studied ger@SMT.

7.2.1 COMT revisited

COMT is one of the enzyes that degrades catecholamines such as dopamine, epinephrine
and norepinephrine and is mainly expressed in the prefrontakddti#iams, Owen et al.

2007 (also seeChapter 42). Although, in the siatum, the synaptic action of DAs
termnated mainly byDAT reuptake into presynaptic terminal§Giros, Jaber et al. 1996
Gainetdinov, Jorgeet al. 1998 DAT is expressed in low density prefrontal cortexThus,

the COMT erzyme accounts for >60% of the Ddegradation in th@refrontal cortex but

<15% of dopamine degradation in the striatiaroum, Chrapusta et al. 1994
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COMT contains a functional polymorphism (Val108/158Met, rs468@} impactson the

e n z y aokivitygLachman, Papolos et al. 1998 he lowactivity Met allele is less active in
reducingCOMT enzyme activity compared to the hightivity Val allele. Hence, carriers of
the Met allele catabolize ®at a slower rate than carriers of the Val allele and have higher

levels of DA in the prefrontal cortgkotta, Vidgren et al. 199%gan, Goldberg et al. 20p1

As stated irChapter 3.2althoughCOMT hasbeen widely studied as a positional candidate

gene for schizophrenia, results have failed to show consistent evidence of association. If there
is an effet, which is likely to be sma{Munafo, Bowes et al. 2005the reasons that studies
havenot succeeded to detect it could be several, including low statistical power and

publication bias (i.ethe tendency to publish positive findind8arnett, Jones et al. 2007

An alternativeexplanation might be that studies have overlooked the effects of@@hdiT
functional single nucleotide polymorphisms (SNPs) or haplotypes that might explain the
variability in COMT enzymatic activity and protein levelScheggia, Sannino et al. 2012

One of the most comprehensive accountSOMT function was reported by Nackley and
colleaguegNackley, Shabata et al. 2006 They described a haplotype consistings#630Q
rs6269(in the P1 promotérrs4633(in exon 3 and rs481&in exon 4. COMT expression
differed mostly between the haplotypes that were different in the two synonymous SNPs
(rs4633 anas4818) resulting in differences in the stability of mMRNA secondary structure. It
is noteworthy that the Val alletef rs4680was included in both high and low activity

haplotypes.

A different haplotype, comprised ©§468Q and two SNPs, one in intron(dks737865) and
the other in the 36 untranslated region (rs1l
sample of Ashkenazi populatig§hifman, Bronstein el. 2003. Moreover, mMRNA

expression studies showed that this haplotjfferentally affected the expression GOMT
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rs4680in human brain tissu@ray, Buckland et al. 2003Also, they showed that the

strongest haplotype association included a SNP at intron 1. Even though rs737865 is located
at the 50 end of atarothes SNP Ithe rse0976G3, wmchrisen the PX e | y
promoter, located upstream rs737865 at intron 1 is more relevant, since the P2 promoter
drives transcription of the predominant form@®MT in the brain (MBCOMT), while

rs737865 is not functional. The eshnce of rs2097603 to schizophrenia was further

supported by a large population genetic st(Rgimatier, Pakstis et al. 2004 his SNP has
alsobeen found to affectCOMT activity in lymphocytes and poesbortem brain tissuéChen,

Lipska et al. 2004 Studies have shown stronger effeafta haplotype includings4680,

rs165599 and rs20976®3an those observed for single SNPs on working memory and
prefrontal activation in healthy contrdBleyer-Lindenberg, Nichols et al. 20p&nd on

working memory in patients with schizophrefiziaz-Asper, Goldberg et al. 20D8

Similarly with regards to PEs, although studies have repeatedly shown that increased striatal
dopamine levels are strongly related to the positive symptoms of the diflcrdezlle and
Abi-Dargham 1999Abi-Dargham, Rodenhiser et al. 20®0®wes Od and et al. 2009

Woodward, Cowan et al. 20,1%org, Manoliu et al. 20)3a study in ALSPAC using

c hi | dr-epoéisof Bsdal age 16) did not show evidence for an association with

COMT (Zammit, Owen et al. 20)1lt is noteworthy, that there was no evidence for
associations between a number of o0&MT SNPs (rs4680, rs737865, rs2097603, rs6269,
rs481, rs16559), the Nackley haplotypes and REBore recent study in the same cohort
however, that used sesiiructured iterview of PEs (at agel2 and 18 found evidence for
associations between rs2097603, but this association did not survive correction for multiple

testing(Zammit, Hamshere et al. 2013

One way thaCOMT could be related to schizophrenia and PEs is through its role in

catabolizing dopamine in the prefrontal cor{éilliams, Owen et al. 20Q7 There is a large
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body of evidence that thegnitive dysfunction and the negative symptoms seen in
schizophrenia are mostly related to prefrontal DA dysfundtidn-Dargham, Mawlawi et al.
2002 GoldmanRakic, Castner et al. 20p4ven though the nature of this dysfunction
remains unclear, peshortem studies have shown decreased tyrosine hydroxylase
immunolabeling in the entorhinal cer and the prefrontal cortex suggesting that
schizophrenia might be associated with decreased innervations in these (&KkilpRserri

et al. 1999AKil, Edgar et al. 2000

Nonethelessthe exact effect dSOMT on subcortical DA neurotransmission is not clear

since it is not known whether these decreased innervations in the PFC are the cause or the
result d the DA imbalance in schizophrenia. It has been hypothesized that decreased activity
in the PFC can lead to increased levels of DA in the striatum by inhibitingastibal DA
neurotransmission but there is also evidence to the contrary, that increasaeeB in the
striatum can lead to decreased PFC activity (for a review(lseepper, Skinbjerg et al.

2012).

Several studies have examined the effects of rs4680 on cognitive performance and they have
showed that homozygous carriers of the low activity Met allatefetter attention

(Bellgrove, Domschke et al. 2006alderisi, Maj et al. 2005 verbal learnig (Minzenberg,

Xu et al. 2009, episodic and semantic memdBe Frias, Annerbrink et al. 20p4vorking
memory(Bertolino, Blasi et al. 20Q61an, Kee et al. 20Q®linzenberg, Xu et al. 2006

Cal d%, Ve nd/DatAsper Goldlzeig et al220JBNd executive functio(Egan,
Goldberg et al. 20QMalhotra, Kestler et al. 200Rosa, Peralta et al. 2008alderisi, Maj

etal. 2005Ca |l d ¥, Ve n dYirer¢lation &thomazygous 2abrierg of the Val allele,

while the cognitive performance of the heterozygotes was at intermediate levels. Not all
studies, however, have replicated these associgtionber, Gauthier et al. 200Psai, Yu et

al. 2003 Rosa, Peraltat al. 2004 Stefanis, Van Os et al. 200Barnett, Jones et al. 2007
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Wang, Li et al. 203, Wardle, de Wit et al. 20)3The most recent meanalysis showed a

small effect of rs4680 on 1Q, but there was no evidence for associations with attention, verbal
fluency, working memory anexecutivefunction(Barnett, Scoriels et al. 20p&Reduced

statistical power, publication bias and examination of single SNPs rather than haplotypes

could explain these weak and inconsistent findings.

It should be noted, however, that cognition is a complex psychological trait that is likely to be
affected by many genes. Therefore, the magnitude of the individual genetic effects on

cognition is likely to be sma(Savitz, Solms et al. 2006

The relation betwee@OMT and processing speed is relatively urdramined in both adults

and childrenThis is mainly because studies have focused on examining cognitive measures
modly supported by the PFC (for a review sé@ickinsonand E | v €)vAlsg, th2 0 0 9
first studies that were conducted employing tasks measuring 1Q and attention did not show
evidence for associations withOMT (Egan Goldberg et al. 20Q1Goldberg, Egan et al.
2003. However,Bilder and colleagues did examine possible associations between rs4680
and cognitive domains measuring processing speed and attexiwotive functions, verbal
learning and memory, motor skills and general cognitive ability in 58 patients with chronic
schizophrenia(Bilder, Volavka et al. 2002 They found that the low activity allele was
associated with better performance in the domains of processing speed and attention.
Nevertheless, they did not examine whether other SNPs or haplotypes G@MT were
associated with processing speed attdntion. In childrenthere is one study that examined
processing speed using the Sky Search (faskmnore information on this task see Chapter 6,
table 3, which found a gender specific effect of rs4680, i.e., boys with the low activity allele
performel better, whereas this was noufw for girls. This study howeverdid not examine

the Coding subtest of the WIS (which is the equivalent of the Wechsler Digit Symbol
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subtesti patients with schizophrenia show the greatest impairments in thisresgid the
authors examine possible effects of otB@®MT SNPs and haplotypdBarnett, Heron et al.

2007. With regards to attention, one study has reported tthetlow activity allele of
rs2097603 and the low activity Nackley haplotype were associated with better attention in
children, but rs4680 was n{Barnett, Heon et al. 200 Finally, rs4680 has been associated
with verbal IQ but no evidence for associations was reported for rs2097603, rs6269, rs4818,
rs165599 and the Nackley haplotypes and verbal or performan¢Bai@ett, Heron et al.

2007, Barnett, Heron et al. 2009

In summary, existing evidence seems to support a relation between high lev@Madiard

better performance in the domain of processing speed but there is less evidence fona relatio
with attention and 1Q. ®en the evidence associating cognitive deficits with PEs, it could be
hypothesized thaCOMTwould be associated indirectly to PEsoiigh processing speed,
attention and 1Q with the high acity alleles/haplotypes bag associated with higher risk of

PEs through worse cognitive performance.

In addition to association with cognitive performance, the low activity allele of rs4680 has
also been studied in relation to anxi€iy/oo, Yoon et al. 20QZPooley, Fineberg et al. 2007
where high lgels of anxiety have been related to the high activity (Val) allele. However, in
this case too, there are studies that have not replicated these(f@katlis, Nagai et al.

1998. There has also been a study reporting the opposite effechsseciations beteen

anxiety and lowactivity allele(McGrath, Kawachi et al. 2004

This balance between advantages in cognitive function (Met allele) and emotional resiliency
(Val allele) has been proposed ks basis of the warridr worrier model. According to this
model,balancing advantage results in a stable frequency of both alléles population

(Goldman, Oroszi et al. 20P5To be more specifieeven low levels of stress cartrease
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dopamine levels in the prefrontal corf@nsten 2009 Therefore, carriers of the high
activity Valallele clear out the released dopamine quickly from the preftoortex, before
the harmful consequencethigh levels of dopamine due to stress are $@arthe other

hand, carriers of the Met allele have high levels of dopamiae e¥en they are not stressed.
Thus, they are less protected against the excessive Efv@bpamine in the PFC than the

carriers of the Val alleléDiamond 200Y.

To my knowledge, studies to date have not examined genetic varia@DNIT andanxiety
disorders in children ithe general populationiglure 4 path a2). With regards to the anxiety
disordersand PEs (figure 4path b2), associations have been reported in children in two large
birth cohortgPolanczyk, Moffitt et al. 201,(Fisher, Schreier et al. 2012t should also be
mentioned that anxiety disorders are also associatedehibophrenigAyalew, Le

Niculescu et al. 2002 A recent study found significant genetic daprbetween

schizophrenia and anxiety disorders and suggested the introduction of the nosological domain

of schizoanxiety disorde &\yalew, Le-Niculescu et al. 2012

Therefore, it could be that genetic variatiortG@®MT has an indirect effect on PEs through

anxiety disorders.

In addition, for these hypotheses to hold, anxiety disorders wouitldigll, associated with
better processing speed, attention and 1Q. According to the literature, anxiety disorders are
not related to neuropsychological deficits in child(gtayes and Calhoun 20R7To the

contrary, a study including 980 children with behavioprablems found that children with
anxiety disorders had high scores in the Processing Speed Index of thdW{S&lhoun

and Mayes 2005 There is also evider indicating that when anxiety disorders are comorbid
with ADHD, children have better attention and executive function in relation to children who

only have ADHD(Vloet, Konrad et al. 2010
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To sum up,COMT could be associated witPEsindirectly, through its effects on cognition
and anxiety disorders that are alssa@ciated with the PEs. Figuresdows a representation of

these hypotheses.

Figure 4 Representation of the possible indirect effects ofCOMT on psychotic
experiences

Cognition
Processing speed/attention/IQ

(M)

Anxiety disorders

W)
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Research on mediah analyses has shown (figurgthat the total effect of X on Y (c) can be

guantified as the sum of the direct effectofikoY (c6) plus the sum of
indirect effects of M and W (albl + a2b2). When indirect effects operate in opposite

directions, the main effect could be zero as these indirect effects could cancel each other out
(Hayes 2009Xinshu Zhao, Jr et al. 2030Similarly, the total effect SEOMT Vall58Met on

PEs (c) can be quantified as the soiithe direct effect c€OMTVal 158 Met (c6) an:
products of the indirect effect of Vall58Met on PEs through cognition (albl) and the indirect

effect of Vall58Mebn PEs through anxiety (a2b2). The formula for the calculation of the

total effect is thdollowing:

c=cb6b+albl + az2b?2

Since both alleles can be associated with PEs in two different indirect ways, it is possible that
the total effect o€COMTon PEs would be close to zero. This could explain previous findings
where no evidenc®r an associdgon betweerCOMT and PEsvas foundZammit, Owen et

al. 2011 Zammit, Hamshere et al. 2013

Studiesthus far have not examined possible indirect effec@@Ton PEs in children.
Addressing this gap in the literature is important as it could improve our understanding on the
possible pthways to PEwith potential implications for treatment and preventin children

at high risk of psychotic disorders.

7.2.2 Description of aims
The overall aim of this project is to explore whetB€®MT affectsPEsthrough processing

speed, attention, IQ and anxiety disorders. 1Q was inclidety analysis, as a more genera
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construct of cognition which has also been associatedR&g{Horwood, Salvi eal. 200§.

Therefore, this project has the following aims:

1. To examine whether variation with®OMT, as indexed by a number of Single
Nucleotide Polymorphisms (SNPs) and haplotypes of interest, is associated with
PEs,processing speed, attention, |@amxiety disorders in children from the
general population. | hypothesized that the low activity alleles/haplotypes would
be associated with better cognitive performance but also higher risk of anxiety
disorders;

2. To explore whether the association betw€©MTand PEs is indirect (i.e.

mediated) by cognition and anxiety disorders.

7.3 Method

The methodology of this chtgr is identical to the one in Chapter 6. Please $epi€r 6.3
on epidemiological methodology and the Avon Longitudinal Study of Paaedt€hildren

(ALSPAC).

7.3.1 Current study sample size

As stated in @apter 6.3, the initial Avon Longitudinal Study of Parents and Children
(ALSPAC) birth cohort fittp://www.bristol.ac.uk/alspactonsisted of 148462 live births and
13,988 infants still alive at 12 montfBoyd, Golding et al. 201, Fraser, MacdonaliVallis

et al. 2012 6,784 individuals completed the Psychdsie Symptoms interview (PLIKSI)

at age 12. The number of individuals with avValda information from the PLIKSithe
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cognitive tests and thgenotype dataaries,as thesavere completed bgifferent numbers of

individuals.

7.3.2 Ethical approval

Et hi cal approval was obtained from the ALSPA
Research Ethics Committees. Parents who enrolled their children into ALSPAC provided
written informed consent at théme of the enrolment and they or their child are free to

withdraw at any time.

7.3.3 Outcome : Psychotic experiences
The semistructured Psychoslgke Symptoms Interview (PLIKSi) was conducted at age 12
(Horwood, Salvi et al. 2008Information on the PLIKSi interview is described @Ghapter

6.4.5

The primary outcome measure was suspdcor definitePEs (1) versis no PEs (0) toé

consistent with the study inf@pter 6.

7.3.4 Exposure: COMT

The following SNPs werexamined individuallyrs4680 (Vall58Met), rs165599, rs2097603,
rs4818, rs6269 and rs7378@Hese were selected because thayehbeen shown in previous
studies to be associated with schizophréAlen, Bagade et al. 2008Among these only
rs4680 and rs2097603 affect COMT activityhile rs4818 and rs6269 form part of the

Nackley et al. haplotyp@Nackley, Shabalina et al. 200&lthough there is no evidence that

124



it affects COMT functio (Chen, Lipska et al. 2004rs73786%as been shown to be
associated with schizophrenia risk in a large raetalysis of genetiassociation studies

(Allen, Bagade et al. 2008
| also examined thiellowing haplotypes:

a. thethreei SNP marker haplotype (rs62684818rs4680)that defines the Nackley et al.
haplotype (Nackley, Shabalinaetal. 200@dhi ch has been shown to al-t
structure Rs4633 which was originally includeal this haplotype was ontéd becausé was

in perfect |linkage disequi Pofhrium (LD) with

b. thethree SNP marker haplotype (rs209760631680rs1655999) that was examined in
(MeyerLindenberg, Nichols et al. 20D4 first examiredthe twa SNP marker haplotype
(rs2097602rs4680) and then addrs16559%ollowing the procedure reported by the
authors. | will refer to this haplotype as the Mel@rdenberg haplotype as these were the
first to formally test thisThis haplotype was shawto be associated with prefrontal working

memory response in healthy contr(Néeyer-Lindenberg, Nichols et al. 2006

Genotyping was performed by KBioscienchttp://www.kbioscience.co.QJk SNPs were
genotyped using the KASP SNP genotyping system. KASP is a competitivespkeific
polymerase chain reaction incorporating a fluorescent resonance energy transfer quencher
cassette (for more information seéttp://www.kbioscience.co.uk/reagents/KASP.Html
Genotyping was successful for over 97% of the sample across the six SNPsravitiates

of approximately 0.5%Zammit, Owen et al. 20)1

7.3.5 Mediators: Cognition and anxiety disorders
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7.3.5.1 Cognition
| used the cognitive variables that were found to be most stronglyiassbeith PEsin

Chapter 6. These were:

Processing Speedde §

Processing speed at age 8 was assessed using measures from two different tasks:

(i) the Sky Search task, which was taken from the Tests of Everyday Attention for Children

(TEACh) (Robertson 1996

(i) the Coding subtest of the 3rd Edition of the Wechsler IntelbgeScale for Children

(WISCHII) (Wechsler 199p

Attention/vigilance (11)

The 0Opposite Wor (Rdbertsontl38vis used to asseIsEs Gdmain

| also included an estimate of IQ at age 8 as measyrdue WISCIII (10 subtests).

For more information on the cognitive tests tdse 3.

7.3.5.2 Anxiety disorders

The Development and Well Being Assessment (DAWBA), a-stractured interview which
provides DSMIV diagnoses(Goodman, Ford et al. 20)0was completed by the parents
when the children were 10 years old. The main interview is fully structured and includes
sections that assess a range of psychiatgorders. The questions resemble closely the
diagnostic criteria set forth in the DSM and ICD-10 manuals. There are 20 to 25 questions
which are only administered when children report having problems in initial screening
qguestions.Due to low prevalencef anxiety disorders in children, specific subtypes of
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anxiety disorders were examined using a composite measure of the presence of one or more
of the following disordersGeneralized Anxiety Disorder, Obsessive Compulsive Disorder,
Separation Anxiety, Sual Phobia and Specific Phobia. | also used the DAWBA bands
instead of the binary diagnostic preiibos as these are suggesteanase appropriate when a
doseresponse relationship between an outcome and a risk factor is under examination
(Goodman, Heiervang et al. 2Q1These bands were generated using a computer algorithm
and are included in an ordered categorical measure that consists of up to 6 levels tleat are th

following:

Level 0; <0.1% of children in this band have any anxiety disorder
Level 1; ~0.5% of children in this band have any anxiety disorder
Level 2; ~3% of children in this band have any anxiety disorder
Level 3; ~15% of children in this band have amxiety disorder
Level 4; ~50% of children in this band have any anxiety disorder

Level 5; >70% of children in this band have any anxiety disorder

7.3.6 Data analyses

Overall, the SNPs did not deviate from HatAeinberg equilibrium which was calculated
with the & test using the software PLINK (version 1.07) for Windd®srcell, Neale et al.
2007, Purcell 2013 (table ¥). Rs737865 did deviate from Hariyeinberg equilibrium in

children without PEs (p=0.02), but not in those with PEs or in the overall sample.
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Table 16 Hardy -Weinberg Equilibrium results

SNP Al A2 Group Genotype Observed Expected p
counts (Het) (Het)
rs4680 G A Al 1103/2283/1268 0.4905 0.4994 0.23
PEs 136/302/178 0.4903 0.4977 0.75
No PEs  967/1981/1090 0.4906 0.4995 0.26
rs737865 C T Al 409/1864/2390 0.3997 0.4098 0.10
PEs 35/258/322 0.4195 0.3911 0.08
No PEs  374/1606/2068 0.3967 0.4124 0.02
rs4818 G C Al 817/2241/1730 0.468 0.4818 0.05
PEs 100/288/241 0.4579 0.4749 0.40
No PEs 717/1953/1489 0.4696 0.4828 0.08
rs6269 G A Al 801/2204/1703 0.4681 0.4816 0.06
PEs 98/285/242 0.456 0.4735 0.35
No PEs 703/1919/1461 0.47 0.4828 0.09
rs165599 G A Al 441/2000/2338 0.4185 0.4212 0.66
PEs 63/249/321 0.3934 0.4169 0.15
No PEs 378/1751/2017 0.4223 0.4219 0.97
rs2097603 G A Al 879/2325/1538 0.4903 0.4903 1
PEs 127/325/177 0.5167 0.4968 0.34
No PEs 752/2000/1361 0.4863 0.489 0.73

Abbreviations: SNP=Single-Number Variant, A1= Minor Allele, A2=Major Allele,

Het=Heterozygosity

| only included data from wheat participants of European origin as the frequencies of this

allele have been shown to be different in different ethnicities. As shown inlfakhie4680
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was in strong LD with rs4818% 0. 71, D6=0. ¥90. 7aln,d D&6@.699 )(.r
rs4818 wasn strong LD with rs6269 tc 0 . 9 7 , D6=0.99) . Therefore

effects of individual SNPs, | excluded rs4818 and rs6269 from the analysis.

Table 17 Linkage Disequilibrium results

SNP A SNP B r’ Do
rs4680 rs165599 0.18 0.63
rs2097603 0.175 0.497
rs4818 0.71 0.986
rs6269 0.71 0.986
rs737865 0.238 0.741
rs165599 rs2097603 0.045 0.369
rs4818 0.043 0.258
rs6269 0.046 0.269
rs737865 0.058 0.249
rs4818 rs6269 0.974 0.991
rs737865 0.331 0.746
rs6269 rs737865 0.335 0.752

| used UNPHASED version 3.1.6 for Windo\{Budbridge 2008to derive the haplotypes. |
coded the individual SNPs and haplotypes based onuimder of copies of the higgctivity
allele/haplotype as 0, 1 and 2ushusing the same approach wittevious studie$Zammit,
Owen et al. 2011 64% of the sample had a probability greater than 0.97 of having the high
activity Nackley haplotype (i.e G-G-G) while 65% had a probability greater than 0.86 of

having the high activity twanarker Meyeilindenberg haplotype (i.eA-G) and 42% of the
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sample had a probability greater than 0.67 of having the high activity-nradesr Meyer

Lindenberg haplotype (i.eA-G-G).

As in the previous analysis f@pter 6), b cognitive measurewere standardizedbthave a
mean of zero and a standard deviation of one. Individuals scoring more than 3 standard
deviations (SDs) from the mean were excluded from further analysis. Where domains were
comprised of more than one tese( processing speg¢da summary statiic was calculated

by averaging and standardizing thecores from the tests that comprised each domain.

Regression analyses were conductedsTATA/IC (version 11)for Windowsto estimate
regression coefficients and 95% confidence intervals for asemssbetweerCOMT (i.e., 4
individual SNPs (rs165599, rs2097603, rs4680, rs737865), the Nackley haplotype, the 2
marker MeyeiLindenberg haplotype and then3arker Meyeilindenbeg haplotype) and

PEs (aiml), COMT and cognition (aim 1), COMT and anxiety dsorders(aim 1). | also
examined whether anxiety disorders were associated with PEs using logistic regression (aim
1). Associations between cognition and PEs have been examined previously (Chapter 6 and

for 1Q (Horwood, Salvi et al. 2008

Mediation analysisgim 2) was conducted using the binary_mediation command, where there
wasevidence of association betwe€®@MTand cognition and/ or anxi ¢
in the mediation model). This command uses the product of coefficients approach, which is
considered to have good power and a low type | error in relation to otheaappsosuch as

the difference of coefficients approach or the causal steps apgidacKinnon, Lockwood

et al. 2002 Standard errors and biasedrrected confidence intervals were also calculated

using bootstrapping with 5000 replications. As this command uses a binary outcdhme for
exposure, individuals who had no copy of the kaghivity allele/haplotype were coded with

zero (0) and those with at least one copy of the-higflvity allele/haplotype with one (1).
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7.3.7 Missing data

Children that did not complete the PLIKSI interview age 12 did not differ byCOMT
genotypes (p values: 0.141 tB83) with the exception NP rs165599 in which children
that completed the interview were more likely to have the high activity allele (p=0.02).
Imputation of genetic data is not possibleamhparticipants have not been genotyped and

therefore in this study attrition bias could not be addressed.

7.4 Results

Table 18shows the distribution of PEs in children in relatiolCOMT.
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Table 18 Number of children with PEs in relation to COMT

COMT No PEs PEs (%)
rs4680

AA (low activity) 1090 178(14)
AG (intermediate activity) 1981 302(13)
GG (high activity) 967 136(12)
rs2097603

AA (low activity) 752 127(15)
AG (intermediate activity) 2000 325(14)
GG (high activity) 1361 177(12)
rs165599

AA (low activity) 2017 321(14)
AG (intermediate activity) 1751 249(13)
GG (high activity) 378 63(14)
rs737865

TT (low activity) 2068 322(9)
CT (intermediate activity) 1606 258(14)
CC (high activity) 374 35(14)
Nackley hap lotype

No high activity haplotype 1349 219(14)
At least 1 high activity haplotype 1758 261(13)
2 high activity haplotypes 638 85(12)
2 marker M -L

No high activity haplotype 1304 217(14)
At least 1 high activity haplotype 1911 285(13)
2 high activity haplotypes 564 74(12)
3 marker M -L

No high activity haplotype 2181 351(14)
At least 1 high activity haplotype 1408 197(12)
2 high activity haplotypes 169 26(13)

Abbreviations: M-L: Meyer Lindenberg

7.4.1 COMT and psychotic experiences
Apart from he low activity of rs2097603 that was found to be associated with higher risk of

PEs, there was no evidence for associations bet@@T and PEs (table 19
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Table 19 COMT and PEs

PEs (suspected/definite vs. none)

Non-adjusted OR p
(95% CI)
Individual SNPs n
rs165599 4779 0.97(0.85-1.11) 0.66
rs2097603 4742 0.87(0.77-0.98) 0.02
rs4680 4654 0.93(0.82-1.05) 0.22
rs737865 4663 0.89(0.78-1.02) 0.09
Haplotypes
Nackley 4310 0.91(0.80-1.03) 0.14
2-marker M-L 4355 0.89(0.78-1.02) 0.08
3-marker M-L 4332 0.91(0.78-1.06) 0.24

Abbreviations : M-L=Meyer-Lindenberg
Notes: The individual SNPs and haplotypes are coded based on the number of
copies of the high-activity allele/haplotype as 0, 1 and 2

7.4.2 COMT and cognition

Table 20 shows the associations betweg@®MT and cognition. Rs2097603, rs4680 and the
2-marker Meyeilindenberg haplotype were associated with processing speed such that the
high activity alleles/haplotypes were associated with worse performance in processdg s
The high activity allele of rs2097603 and the high activityn&ker Meyeilindenberg
haplotype were associated with worse performance in attention. Finally, the high activity
allele of rs2097603 and the high activity Nackley andnéker Meyeilindenberg
haplotypes were associated with lower 1Q. Next, the associations be@@em and the
separate tasks that comprise the processing speed domain 2tablere examined to
identify whether any associations are specific to one task. Results wernsubst similar,

consistent with the high correlations between these two tests (rho=0.37, p<0.001).
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Table 20 COMT and cognition

Regression coefficients (95% CI)

n Processing Speed p R* n Attention p R* n IQ P R®

Individual SNP s
rs165599 5377 -0.02(-0.06 to 0.02) 0.33 0.0002 4793 -0.03(-0.07 to 0.02) 0.22 0.0003 5298 -0.01(-0.05 to 0.04) 0.82 0.0000
rs2097603 5337 -0.06(-0.10 to -0.02) 0.002 0.0017 4758 -0.04(-0.08 to -0.003) 0.04 0.0009 5257 -0.04(-0.08 to 0.00) 0.03 0.0009

rs4680 5229  -0.04(-0.08 to -0.01) 0.02 0.0010 4654 -0.01(-0.05 to 0.03) 0.73 0.0000 5155 -0.03(-0.07t00.00) 0.07 0.0006
rs737865 5238 -0.02(-0.07 to 0.02) 0.25 0.0003 4669 -0.03(-0.07 to 0.02) 0.23 0.0003 5162 -0.02(-0.06t00.02) 0.35 0.0002
Haplotype s

Nackley 3908 -0.03(-0.07 to 0.02) 0.20 0.0004 3845 -0.03(-0.08 to 0.01) 0.14 0.0006 3852 -0.05(-0.10to-0.01) 0.02 0.0014

2-marker M-L 3947  -0.06(-0.10 to -0.014) 0.01 0.0016 3883 -0.03(-0.08 to 0.02) 0.21 0.0004 3891 -0.05(-0.09 to 0.00) 0.05 0.0010

3-marker M-L 3924  -0.05(-0.11 to 0.001) 0.06 0.0009 3864  -0.05(-0.11 to 0.000) 0.05 0.0010 3869 -0.04(-0.09t00.015) 0.16 0.0005

Abbreviations: M-L=Meyer-Lindenberg

Notes: The individual SNPs and haplotypes are coded based on the number of copies of the high-activity allele/haplotype as 0, 1 and 2
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Table 21 COMT and processing speed

Non-adjusted regression coefficients (95% CI)

n Coding P Sky Search p

Individual SNPs

rs165599 5041 -0.003(-0.04 to 0.04) 0.88 -0.03 (-0.06 to 0.01) 0.10
rs2097603 5006 -0.05 (-0.09 to -0.01) 0.008 -0.03 (-0.06 to 0.00) 0.04
rs4680 4912 -0.03 (-0.07 to 0.00) 0.08 -0.04 (-0.06 to -0.01) 0.02
rs737865 4918 -0.02 (-0.07 to 0.02) 0.24 -0.01 (-0.04 to 0.02) 0.48
Haplotypes

Nackley 3664 -0.02 (-0.07 to 0.02) 0.31 -0.02 (-0.05 to 0.02) 0.27
2-marker M-L 3707 -0.04 (-0.08 to 0.01) 0.11 -0.05 (-0.08 to -0.01) 0.01
3-marker M-L 3686 -0.04(-0.09 to 0.01) 0.13 -0.04(-0.08 to 0.00) 0.05

Abbreviations: M-L=Meyer-Lindenberg
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7.4.3 COMT and anxiety disorders
The high activity allele of rs2097603 was associated with reduced odds of anxiety disorders
(p=0.03) There was no further evidence of association between any GOEIT SNPs or

haplotype and anxiety disorders (table)22
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Table 22 COMT and anxiety disorders

Individual SNPs n Non-adjusted regression p R?
coefficients (95% CI)

rs165599 5290 0.01 (-0.02 to 0.04) 0.51 0.0001
rs2097603 5258 -0.03 (-0.06 to -0.01) 0.03 0.0009
rs4680 5167 -0.02 (-0.05 to 0.00) 0.07 0.0006
rs737865 5195 -0.01 (-0.04 to 0.02) 0.63 0.0000
Haplotypes

Nackley 3730 -0.02 (-0.05 t0 0.02) 0.35 0.0002
2-marker M-L 3776 -0.02 (-0.06 t0 0.01) 0.15 0.0006
3-marker M-L 3754 -0.00 (-0.01t0 0.01) 0.65 0.0001

Abbreviations: M-L=Meyer-Lindenberg

Notes: The individual SNPs and haplotypes are coded based on the number of
copies of the high-activity allele/haplotype as 0, 1 and 2

Anxiety disorders were associated WiBs(OR: 1.31, 95%Cls: 1.17 to 1.47, n=4940).

7.4.4 Indirect association of COMT and PEs via cognition and anxiety

disorders

The mediation analysis (table)2i@dicated evidence for indirect effects of rs2097603, rs4680
and the 2marker MeyeilLindenberg haplotype on PEs through processing speed. There was
also evidence for an indirectfeft of the 3marker MeyeilLindenberg haplotype on PEs
through attention, with the highctivity alleles/haplotypes showing association with
increased risk of PEs through worse processing speed and attention. Similarly, there was also
evidence for indirecteffects of rs2097603 on PEs through attention and 1Q. No other
evidence was found for association betw€DMT and PEs, either directly or indirectly

through cognitive function or anxiety disorders. As the estimates for the indirect and total
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effects werdn opposite directions, it was not possible to calculate the proportion of the total
effect of COMT that was mediated by the indirect effects in a way that is easily interpretable
(personal communication with Drs Dustin Hingley and Raymond Hicks who etkvise

mediation command)
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Table 23 Mediation results

Indirect effect

Direct effect

Total effect

Individual SNPs

rs2097603

rs4680
Haplotypes
Nackley

2-marker M-L

3-marker M-L

Processing speed
Attention

IQ

Anxiety disorders

Processing speed

Processing speed

IQ

Processing speed

IQ

Attention

0.006(0.002 to 0.011)
0.003(0.001 to 0.008)
0.003(0.003 to 0.007)
-0.002(-0.006 to 0.001)
0.004(0.003 to 0.009)

0.002(-0.002 to 0.006)
0.001(-0.001 to 0.005)
0.005(0.001 to 0.010)
0.001(-0.002 to 0.005)
0.003(0.000 to 0.006)

-0.036(-0.083 to 0.011)
-0.036(-0.081 to 0.013)
-0.035(-0.081 to 0.014)
-0.027(-0.074 to 0.021)
-0.021(-0.068 to 0.028)

-0.034(-0.083 to 0.016)
-0.032(-0.081 to 0.021)
-0.043(-0.092 to 0.010)
-0.036(-0.086 to 0.016)
-0.04(-0.092 to 0.011)

-0.030(-0.078 to 0.016)
-0.033(-0.078 to 0.017)
-0.032(-0.079 to 0.017)
-0.028(-0.076 to 0.020)
-0.017(-0.064 to 0.032)

-0.032(-0.081 to 0.018)
-0.030(-0.080 to 0.023)
-0.038(-0.089 to 0.015)
-0.034(-0.085 to 0.018)
-0.038(-0.089 to 0.013)

Abbreviations

Notes: Individuals were coded with (0) if they had no copy of the high-activity allele/haplotype and with (1) if they had at least one
copy of the high-activity allele/haplotype(1)

: M-L=Meyer-Lindenberg
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7.5 Discussion

COMT and PEs

The high activity allele of rs2097603 was associated with reduced odds offRES not in
agreement with other studies in the same cohort that reported no evidence for associations
(Zammit, Owen et al. 201Zammit, Hamshere et al. 2013 should be noted thaheé study

that used a senstructured interview of PEs (at ages 12 and 18) found evidéace
associations between rs2097603 but these did not survive correction for multiple testing
(Zzammit, Hamshere et al. 2013ne explanatiorior the inconsistent findings could be the
different sample amposition between the studiesftferent numbers of people completed the
semistructured interviews at ages 12 and 18 as well as the questionnaire at &gighl6.
regards tadhe otherstudy(Zammit, Owen et al. 20} 1not finding associations could alde
because of the use of questionnaires tiérad to overestimate the prevalence of PEsnmit,

Owen et al. 2011 This, in turn, might haveomfounded the associations betw&DMT and

PEs.

COMT and cognition

Rs2097603, rs4680 and thentarker Meyeilindenberg haplotype were associated with
processing speed, with the markers for e @MT enzyme activityassociatedvith worse
performance in tis cognitive domain. This study replicates the previous finding in
schizophrenia patientdilder, Volavka et al. 2002but in addition provides evidence that
processing speed is associated with ott&MT SNPs and haplotypes in children from the

general population.
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It is noteworthy, however, that these effects were not independent, given that rs2097604 and
rs4680 are correlated and that then@rker Meyeilindenberg haplotype consists of these

two SNPs. Indeed, when | added these two SNPs and the Miegenberg haplotype to the

same model, only rs2097603 remained as an independent predictor of processing speed (OR:
0.11, 95%CI=-0.18 t0-0.04). The evidence fassociation with rs4680 became weaker (OR:
0.08, 95%Cl:-0.17 to 0.00) while there was riorther evidence for association with the 2

marker MeyeiLindenberg haplotype (OR: 0.08, 95%@).03 to 0.19).

These findings are not in line with one of the tlie® on DA regulation, the tonrjghasic
hypothesis. According to this theory, DA neurotransmission is regulated within subcortical
regions via two different processes. Phasic DA release is driven by bursts of neuron firings in
response to immediate, behawially relevant stimuli. On the other hand, tonic DA release is
driven by slow and lowevel neuron firing and is regulated by corticostriatal glutamatergic
inputs. Tonic DA levels regulate the responsivity of the DA system to behavioural stimuli.
Thus, bnic and phasic DA release are related in a way that low levels of tonic DA facilitate
phasic DA release while the opposite happens with high levels of tonic DA. This relationship
is preserved via feedback loops that maintain the homeostatic balance DA thgstem
(Jarcho, Mayer et al. 20L.2COMT is suggested to modulate phasic and tonic DA release in
the PFC with downstream effects on DA function in suticalr regions(Bilder, Volavka et

al. 2009.

For example, in the case of rs4680, it is suggkgshat the low activity Met allele, by
catabolising DA in the PFC at a lower rate, leads to larger glutamatergic input to striatal
regions and therefore increases tonic DA levels while decreasing the amplitude of the phasic
DA release On the contrarythe high activity Val allele, which enables faster catabolisation

of DA in the PFC, leads to increased amplitudes of the phasic DA release. In this way, it is
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proposed, that the carriers of the Met allele have better stability in the DA system resulting in
them having better performance at cognitive tasks requiring stability while they are less
flexible in responding to stimuli. The opposite pattern applies to carriers of the Val allele

(Bilder, Volavka et al. 2004

Even though the tasks that measure processing speed in this study require a considerable
degree of sustained attention, they mostly megspeeded response and therefore higher
flexibility and faster update of information. Based on this theory, we would expect that the
high activity alleles/haplotypes would be associated with better performance in processing
speed. These findings, howeygrovide evidence to the contrary (i.e., that the low activity

alleles/haplotypes were associated with better performance in processing speed).

These findingsalso show that research involvinGOMT should not exclusively focus on
examining cognitive prasses that predominantly tap into the DA function in the PFC
(Bilder, Volavka et al. 2002 Processing speed involves the optimal recruitment of multiple
brain regions. Thus, its associations with genetic variatio@@MT are consistent with a
widespread effect of this gene in other regions of the brain that also modulate cognitive

performancéBilder, Volavka et al. 2002Akil, Kolachana et al. 2003

Overall, in relation to the effects @OMT polymorphisms on IQ and attention, as predicted,

the high activity alleds and haplotypes tended to be associated with impaired performance.
There was no evidence for associations between rs165599 and rs737865 and cognitive
function, in line with previous studig®iaz-Asper, Goldberg et al. 200&aysina, Xu et al.

2013.
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Theseresults are not entirely consistent with previous studies based on the same sample
(Barnett, Heron et al. 200'Barnett, Heron et al. 2008Bamett, Xu et al. 201 in that
associations between rs2097603 and 1Q, rs2097603 and the Sky Search measure of
processing speed, as well as the Nackley haplotype and IQ were not previously observed.
This could be due to the different filters used for udahg individuals in the analysis. In
particular, these previous studies included children with scores >3SDs from the mean, who
were omitted from the analyses in the current study. Indeed, if the methodology of the
previous studies is followed, and childrevith scores >3SDs from the meare includedthe
association between rs2097603 and IQ is attenuated and consistent with the previous report
(regression coefficient0.04, 95%CI:-0.08 to 0.00, p=0.06). Similarly, with regards to the
Nackley haplotype rad 1Q, the previous studies assigned the individuals to six possible
diplotypes, whereas in the current study the haplotypes were coded based on the possible

number of copies of the higductivity haplotype to 0, 1 and 2.

The choice toexclude extreme sces in the current studyas ana priori decision. | was
concerned thatraerroneous extreme score (outlier) is more likely to affect the associations in
comparison with scores in tmiddle of distribution. | considered thita truerobust effect

existsthen it would be identifiake even ina sample without the-8SDs fromthe mean score.

However, this inconsistency between the studies could also suggest that the associations
betweenCOMT and measures of cognition are not particularly robust given tmetiussions
differ when analyzing data within the same sample using slightly different procedures, a

finding of relevance to the methodology of molecular genetic studies in general.

COMT and anxiety disorders
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This is the first study to examine whether genetriation in COMT is associated with
anxiety disorders in children. The findings pravidsupport for the warrieworrier
hypothesis, as there was an association of rs2097603 with anxiety disorders in the expected
direction (i.e., the high activity allelwas associated with lower risk of anxiety disogder

One possible mechanism SOMT modulating dopamineelated hippocampal activity
(Matsumoto, Weickeret al. 2003 Smolka, Schumann et al. 2Q0&ittmann, Schott et al.

2005 Drabant, Hari et al. 200§. For example, a study on 101 subjects W@®@MT
information underwent fMRI scanning. The results showed that carriers homozygous for the
Met allele showed greater hippocampal formation and greater functional connectivity
between the amytpla and the orbitofrontal (OFC) /ventrolateral prefrontal cortex (VIPFC),
the hippocampus and the OFC/VIPFC and the vIPFC and parahippocampal gyrus relative to
carriers homozygous of the Val allele. This neural circuitry, especially the hippocampus, in
turn has beemssociated with high levels of anxiefffloghaus, Narain et al. 200Rusch,

Abercrombie eal. 2001 Bannerman, Rawlins et al. 2004

Lack of total effect - existence of indirect effects

This is the first study to examine possible indirect effect€@MT on PEs. Despite lack of
evidence for a total effect (i.e., combined direct and indirect effects), there was evidence for
an indirect effect of rs2097603 on PEs through processing speed, attention and 1Q, an indirect
effect between rs4680 on PEs through processing speed, and ieffieets of the Meyer
Lindenberg haplotypes on PEs through processing speed and attBetiectionof indirect

effects in the absence of a total effecpdssibleand it has been argued that where there are
theoretical reasons to predict an indirect paty this should be explored regardless of
whether a total or direct effect is pres¢rtayes 2009XinshuZhao, Jr et al. 201Rucker,

Preacher et al. 20).1
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Low powercould explainthe lack of evidence of total effect. This is in part supportethéy

initial finding of a relationship betweers2097603 and PEs. There was a methodological
difference between these two analyses that might have accounted for the lack of total effect;
in the mediation analysis a binary outcome for rs209603 was used instead of an outcome
comprised of three categorigse., no copy/ at least one copy of theghi activity
allele/haplotype versuso copy /at least one copy/two copies of the high activity
allele/haplotype). Using a binary instead dheeecategoryoutcome, reduces sensitivity and

in turn, power.

Indeed, the existence of indirect effects in this study is in line with what would be expected
had this study been conducted in patients with schizoghr&nen though type | errors
cannot be excluded, the existence of these indirect effects is in agreeitfethennitial
hypothesis that genetic variation @OMT, indexing higherCOMT activity and therefore

lower dopamine levels in the PFC, can lead to PEs through impairments in processing speed,
possibly as a result of an increase in false prediction erfbuss, these findings suggest a

potential mechanism that could contribute towards the emergence of PEs in children.

Despite suggestions th&Es are more closely linked with anxiety disorders than with
psychotic disordergWigman, van Nierop et al. 2012and recent evidence indicating
common genetic susceptibility between anxiety disorders and schizoplfgmaiew, Le
Niculescu et al. 20102 there was no evidence that anxiety disorders were on the causal

pathway betwee@OMT and PEs.

Finally, competitive mediation could remain as a possible explantatidack of total effect
Even though there was lack of evidence of an effect through anxiety disorders, there might be
other intermediate pathways opergtiim opposing ways that were not included in this
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analysis. For example, this could be emotion recognition, which is impaired in schizophrenia
and is also associated wiOMT (Mier, Kirsch et al. 201D Given that the pathwayebwveen
gene and phenotype is complex, competitive mediation is a possibility that needs to be further

explored by future studies.

Implications

Thesefindings are consistent with the neurodevelopmental hypothesis of schizophrenia,
whereby genetic variatioinfluences cognitive function, which in turn leads to increased risk

of PEs in childhood and potentially greater vulnerability for schizophrenia in adulthood.

The associations oCOMT with processing speed are consistent W&®@MT having
widespread eéffcts on cognition that are not exclusive to the KB@ler, Volavka et al.

2002. Even though the amount of variation tREMT explains in cognitive functiom this

study is less than 1%, this finding is important; studies of typically developing children show
that processing speed mediates the developmental course of other cognitive abilities, such as
working memory and response inhibitiglery and Hale 1996McAuley and White 201}

whilst cognitive slowing might restrict performance in other cognitive aslisuch as
executive functiongFry and Hale 1996Christ, White et al. 20Q1McAuley and White

201]). The impact of processing speed on other cognitive abilities has been eloquently
described by Salthouse (1996). According to his theoretical model, processing speed can
influence other cognitive abilés in two discrete ways: (a) the limited time mechanism
according to which the slower the processing speed is the less cognitive operations can be
performed in a given amount of time and; (b) the simultaneity mechanism according to which
when a more compk cognitive operation is executed, information from earlier cognitive
operations might disappear and therefore further complex processing might be halted
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(Sdthouse 199% Considering the model above, these findings are also consistent with
previous studies associating4680with working memory suiprocesses that involve rapid
information updating(Goldberg, Egan et al. 2008ruder, Keilp et al. 20Q5Aguilera,

Barrantesvidal et al. 2003.

The exisence of an indirect effect, albeit small, provides potentially important clues with
respect to the mechanism by which genetic variation can affect bahaama this has the

potential to mform intervention strategies.

Strengths and limitations

This is he first study to examine the possible indirect effect€OMT on PEs in a large
populationbased sample of children. This study also includes-egétiblished psychometric
measures. Preliminary evidence of indirect effect€OMT on PEs indicates thagdting for
intermediate phenotypes might be an important strategy for identifying mechanisms

underlying disease susceptibility.

The difficulty with theories of competitive mediation as an explanation for lack of evidence
of total effect of SNP on phenotyjethat there are likely to be many candidates as possible
mediators. Therefore it is important that the direction of these effemtgrieri hypothesized,

based on welkstablished literature and theoretically plausible, as in the current study.
Moreower, studies shoulddeally be based on variants associated with demonstrated
functional effect on genes of known function. Examining these paths also requires
longitudinal data with detailed phenotypic information and genetic data on large samples, as
was the case with the current study. Finally, clear, robust replication of any putative

competitive mediation reported is essential.
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Even though overall theCOMT genotype was not associated with data missingness, one
limitation is possible attrition bias ascansequence of differential loss to follay. Given

the potentially complex relationship between genotype, cognition, anxiety and PEs, it is
difficult to predict how loss to followup may have impacted upon the findings from this

study. This further higldhts the requirement for robusplication of these findings.

Conclusions

| examined probable indirect effects@®MT on PEs through cognitive function and anxiety
disordersCOMT was indirectly associated with PEs through processing speed andbattenti
but therewas no evidence for a total effeaf COMT on PEs, nor for an indirect effect
through anxiety disorders. These findings support the role of processing speed and attention
as endophenotypes in psychotic disorders such as schizophrenia arge pdditional
evidence for the widespread effect€G8MT on the brain. The existence of a potential causal
pathway betweeilCOMT and PEs in children can be the basis for further research on its

neurobiological correlates.
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Chapter 8 Psychopathology, cognition and  the role of genetic
variation in Catechol -O-Methyltransferase (COMT) in children with

22911.2 Deletion Syndrome (22g11.2DS) .

8.1 Chapter Overview

In my previous chapters | examined whether and how cognitive function is associated with
psychotic experiences(PEs) and also whether genetic variation @atecholO-
Methyltransferas€ COMT) is indirectly associated with PEBrough cognitive function and

anxiety dsorders in children from the general population.

The overall aim of this thesis is to examine wheathad how cognitive function is associated

with psychopathology in children that are iatreasedrisk of schizophrenia as well as
potential associations witlgenetic variation inCOMT. Another way to approach these
guestions is by examining psychopathgl@nd cognition in a highisk sample, for example

in children with 22g11.2 Deletion Syndrome (22911.2DS). As | already stated in the General
Introduction, 22g11.2DS is one of the strongest known risk factors for developing
schizophrenia. Therefore, exanmig cognitive function and psychopathology in such a high

risk sample can improve our understanding of the neurodevelopmental processes that occur in

schizophrenia in the general population.

In this Chapter, | examined the nature and prevalence of psyiché&and cognitive problems
in children with 22911.2DS compared to their siblings and also explored to what extent risk
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of psychopathology that is associated with the deletion may be influenced indirectly
(medi at ed) by the chi lt.dFmalyy & also iexarhired vkethdr u a |
genetic variation iInCOMT is associated with the psychiatric and cognitive problems

experienced by children with 22q11.2DS.

It was found that children with 22q11.2DS are at risk of deficits in a wide range of
psychiatre disorders as well as high rates of cognitive impairments. Moreover, it was found

t hat psychopathology was not mediated by t h
that psychopathology in 22g11.2DS is not a -spacific consequence of intelleet

impairment. Finally, there was no evidence tpabetic variation irCOMT played a role in

the susceptibility of children with 229q11.2DStte cognitive and psychiatric gylems

8.2 Introduction

As | already mentioned in the General Introduction, tiggh risk of intellectual disability in
schizophrenia and conversely, of schizophrenia in individuals with intellectual disability is
well establishedOwen 2012 Shared genetictielogy has been proposed as a potential
explanation of this frequent comorbiditfMorgan, Leonard et al. 2008oulopoulou,
Goldberg et al. 201,0~owler, Zammit et al. 20)2A number of recent reports have indicated
that large, rare copy number variations (CNVSs) increase the risk for intalleitsability and
schizophrenia, as well as for a range of other neurodevelopmental dis(@i2omnovan,
Kirov et al. 2008. It remains unclear why these CNVs affect multiple phenotypes. Two
possible explanations are that: 1. there is a causal relationship betvedlectuml disability

and psychopathology; or 2. that the genes affected by these CNVs exert pleiotropic effects
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resulting in a range of manifestations crossing different diagnostic boun{ifadters and

Owen 2007.

22911.2DS can offer important insights into these issues. The syndrome is caused by a
deletion CNV in region 22g11.2 and is osiethe most common genetic causes of intellectual
disability and psychopathologiBish, Chiodo et al. 20Q7as well as one of the strongest
known risk factors for developing schizophrenia in adulth@ddrphy, Jones et al. 1999

Bassett, Chow eil. 2005.

To be more exact, approximately 25% the individuals with 22q112S develop
schizophrenia in adulthoo@urphy, Jones et al. 1998assett, Chow et al. 2005which
renders 22q11D2S the third strongest known risk factor for developing schizophrenia, only
surpassed by having an identical twin with schizophrenia or having two parentthevith
disorder(Tsuang and Vandermey980. Furthermore, 22g11.2 micweletions account for 1

to 2% of schizophrenia cas@€arayiorgou, Morris et al. 199%onsortium 2008Stefansson,
Rujescu et al. 2008 Prevalence of PEs in individuals with 22g11.2DS range from 17%
(Debbane, Glaser et al. 2006 60%(Debbane, Glaser et al. 2008 he peak onset of PEs in
individuals with 22q11.2DS seems to be around adolesdduagels, Verhoeven et al. 2002

and this could explain lower prevalence in studies focussing on children, for example a study

in children aged 6 to 1@ebbane, Glaser et al. 2Q0@ported prevalence of 17%.

Although there is a paucity of studies into this issue, to date it appears that there is no
evidene for an idiopathic form of schizophrenia in individuals with 22g11.Z®Di8rphy,

Jones et al. 199Basset, Chow et al. 2008 Parental age, parental history of psychosis,
parental origin of the deletion or the size of the deletion an individual carries (typically 1.5 or
3 Megabases (Mb) do not seem to distinguish individuals with 22q11.2DS with or withou
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schizophrenia (for a review se@assett and Chow 20§)8 Low power, however, cannot be

excluded, as these studies have been based on small sample sizes (n= 4 to 33)

It is also currently unclear whether there are amyroanatomical abnormalities that
distinguish those individuals with 22q11.2DS that will develop schizophrenia from those who
will not (Drew, Crabtree et al. 20).lInconsistencies in studies to date are mainly attributable
to the use of different measurement protocols, while studies have also tended to be based on
relatively small samples with wide age rang@sarayiorgou, Simon et al. 2010
Newertheless, findings do indicate similarities between patients with 22q11.2DS and patients
with schizophrenia but without 22g11.2DS. For example, neuvaging studies have
reported enlarged ventricld€how, Mikulis et al. 1999Eliez, Schmitt et al. 20QKates,
Burnette et al. 20Q1Chow, Zipursky et al. 20Q2reduced cortical thicknegBearden, van

Erp et al. 2007Bearden, van Erp et al. 2008nd polymicrogyria(Sztriha, Guerrini et al.

2004 Robin, Tglor et al. 200%in studies of children and adults with 22911.2DS similarly to
what has been reported in patients with schizophrenia (for a revieWSsesiton, Whitford

et al. 2010Q). It remains unknown, however, whether this profileassociated with risk of

schizophrenia or with impaired brain developmiitegood, Markxet al. 2013.

Taking these considerations into account, studying this high risk sample of children offers the
potential to investigate the relationships between cognitive impairment and schizophrenia
before the onset of severe symptoms and their saguét.g., the introduction of

antipsychotic medication) which may confound interpretation of any observed relationships

(Lewandowski, Shashi et al. 2007

Furthermore, as | mentionguaeviously (Chapter 3)4t has been hypotheed that impaired
cognitive processes tapping prefrontal cortex function are associated with risk of
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schizophrenia andenetic variation n COMT (Tunbridge, Harrison et al. 20p6COMT
resides within the 22g11.2 deleted reg@nd according to this theory the behavioural and
cognitive impairments seen in 22q11.2DS could be related to the dopamine dysregulation
resulting from possessing only one copyG®MT (Graf, Unis et al. 2001Murphy 2003.
Obtaining an understanding of the wa@MT affects cognition and behaviour in 22q11.2DS

could ultimately inform the treatment of the alider(Fallgatter and Lesch 2007

Before | proceed with the aims of the study, the purpose of the following section is to
introduce the reader to 22911.2DS by providing an overview of the findings on 22q11.2DS
with a particular focus on the behavioud cognitive profile of individuals with this

deletion as well as the findings relatedX®MT in this population.

8.2.1 Definition

22911.2 Deletion Syndrome (22q11.2DS), also known as -¥aidiofacial syndrome

(VCFS) is the most frequent currently known ammosomal microdeletion syndrome
(Scambler 2000Eliez, Antonarakis et al. 200Murphy 2004 Gothelf 2007. It was first

described in 195%Sedlackova 1955 see(Shprintzen 2008 and the microdeletion caimg

the syndrome was first reported in 1993cambler, Kelly et al. 1992 Before the
identification of t he del etion and becaus:
22011.2DS has also been known as DiGeorge sequence or DiGeorge syndrome
(Delachapelle, Herva et a981), conotruncal anomaly face syndrome (CAKBatsuoka,

Takao et al. 1994 CATCH 22 (Wilson, Burn etal. 1993, Cayler cardiofacial syndrome
(Giannotti, Digilio et al. 1994 Bawle, Conard et al. 1998and Shprintzen syndrome

(Shprintzen, Goldberg et al. 1978
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8.2.2 Prevalence

A number of studies e reported a range of prevalence from 1:2000 to 1:9V€genas Du
Montcel, Mendizabai et al. 199&500dship, Cross et al. 1998otto, May et al. 2003
Oskarsdottir, Vujic et al. 20046hprintzen 2008 The discrepancies are mainly because of
the phenotypic variability of the disorder and the fact that many of its clinical features
become apparent only later in life or even remain undetected (i.e., silent heart anomalies)
(Bales, Zaleski et al. 20).0Place of birth is also a factor contributing to the differences in the
prevalence rategShprintzen 2008 For example, infants are more likely to die in places
where the intensive or surgical care units are difficult to access or run less efficiently.
22011.2DS can also cause othesvelopmental disorders such asldprosencepaly
sequence or Potter syndrorf\raith, Super et al. 198®evriendt, Moerman et al. 1997
which result in malformations that critically reduce the chances for the infants to survive.
Hence, the prevalence of 22q11.2DS is likely to be higher. The currently most accepted

prevalence rate is 1 in 4000 live biriti&rayiorgou, Simon et al. 2010

8.2.3 Deletion size

The disorder is characterized by microdeletions of chromosome 22q11. These microdeletions
are usually detected with fluorescence in situ hybridization (FISH) analysgsis a genetic
mapping technique in which a deoxyribonucleic acid (DNA) probe is labelled by attaching a
colour of fluorescent dye and then hybridized with target DN&ngerSafer, Levine et al.

1982. Nevertheless, more recent techniques, like comparative genome hybridization (CGH)

and genomavide arrays of single nucleotide polymorphisms (SNPs) are more precise in
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identifying chromosomal aberrations and therefor8HFlis increasingly replaced by these

methods in clinical diagnos(8ejjani, Saleki et al. 2005

Approximately 87% ofthe deletions are 3 Mim size (includng approximately 48 known
genes) and about 10% are 1.5 Mb in size (including approximately 30 known genes)
(Edelmann, Pandita et al. 1999haikh, Kurahashi et al. 2000There are reports of rare
deletions that are either embedded in the 3Mb typically deleted region (TDR) or distant from
the TDR (Carlson, Sirotkin et al. 1997and are detectable only via microar@¥illiams

2011), rather than FISH. Due to the regular recurrence of de novo deleticheomosome

22q11.2jt has been proposed that parts of this chromosomal region tend to rearrange.

8.2.4 Origin of deletion

Only approximately 10% of the deletions are inherited whereas the majority (approximately
85-90%) occur de novgRyan, Goodship et al. 1997In de novo cases, the prevalence of
maternal or paternal origin of the deletion is sim{Ryan, Goodship et al. 199¥icDonald
McGinn, Kirschner et al. 199®elio, Guo et al. 2013 With respect to familial casesjost
reports indicate that maternal inheritance is more common than paternal inhgfiRgane
Goodship et al. 1997willen, Devriendt et al. 1997Green, Gothelf et al. 2009This has

been attributed to social factors. For example, it may be possible that the women with
22011.2DS tend to procreate mariten than men with 22g11.2D&willen, Vogels et al.

2000).
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If the parent carries the 22g11.2 deletion, there is 50% recurrend&wslen, Vogels et al.
2000. In addition, there is a low, yet indefinite risk of germline mosaicism which increases
risk in some de novoasegHatchwell, Long et al. 199&andrinGarcia, Macedo et al. 2002

Bassett, McDonaldMcGinn et al. 201)L

8.2.5 Physical phenotype

22011.2DS has been associated with over 180 physical manifestations, the majority of which
relate to disruptions of neural crest cell developm@hirphy 2004 Gothelf, Hoeft et al.

2007. Among the commonly reported features are congenital anomalies of te;pal
congenital heart defects; velopharyngeal insufficiency; hypocalcemizell Tdeficiency;
thymic hypoplasia; thrombocytopenia; infections (pneumonia and otitis media) and short
stature (Ryan, Goodship et al. 19970ther symptoms less frequently reported include
hernias, obesity, hearing impairments, and hypothyroid{8viison, Burn et al. 1993

Lindsay, Morris et al. 19938assett, Chow et al. 2005

In adults, there is no evidence of gender differemecgmysical symptomgBassett, Chow et
al. 2005. In children and adolescents, one study of 33 individualsrreg that males had

more physical symptoms than gifl@skarsdottir, Belfrage et al. 2005

The most noticeable characteristic of the 22g11.2DS ifatliel dysmorphology. This entails
a prominent nose with squared nasal root and narrow alar base, impairment of the malar area,

narrow palpebral fissures and ear abnormal{fiéstzkin, Marion et al. 1993(figure 5).
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Figure 522q11.2 deletion syndome: characteristic facial appearancé

This characteristic facial dysmorphology, however, is not as typical or abnogrmaDewn
or Williams Syndrome. As a result, many cases with 22g11.2DS remain undiagnosed as
infants and young children until severe hyper nasality (75% of the cases) brings the patient to

the notice of speech pathologists and cleft palate té8hintzen 2008

8.2.6 Language

Studies have shown developmental delays in language acqu{Sité, Gerdes et al. 20p1
For example, Briegel and colleagues examined 22 infants and found thatotddonot

speak more than 3 words before the age of 19 mdBitisgel, Schneider et al. 20pand

“Adapted from APractical Guidelines for Mana
Syndromeo by Bassett A. S. et al. 2011, The
Permission
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