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Abstract

Deficits ineye movement control in children diagnosed with 22q11.2 deletion syndvb®e.

Thesi s, Queends Uni ver sAprl 2011. Ki ngst on, Ont ari o,

Background: The 22g11.2 deletion syndrome (22g11.2 DS) causes a wide variety of
symptoms, buthecentral nervous system (CNS) dysfunction is the one most likely to
affect the dayto-day life of those affected byithgenetic disordein addition to

affecting the educational needs of children with 22q11.2 DS, the neurological deficits in
childhood and adolescence couldrbkated to future psychosis and schizophrenia, which
can affect 30% of these patienthus, the development ofreening tools for CNS
dysfunctioncould help identify children who are most at risk for developing later
psychosisallowing them to receive additional cafes saccadic eye movement

behaviours reflect the integrity of multiple brain structures, a batfevgulomotor tasks
could help identify neurological deficit¥his study sought to test the hypothesis that
children with 22q11.2 DS would have deficitsaculomotor performanceompared to
typically developing childrenMethods: A cohort of16 childrenwith 22g11.2 D$and

32 age and sexmatched controls completed prosaccade, antisaccade, delayed memory
guided sequential (DMS) and predictive eye movement tRasults: Compared to
controls, children with 22911.2 DStabitedincreased direction errors in the antisaccade
task,increased timing errors in the DMS tasks well aslecreased predictivand

increased regulasaccades in the predictive taskiegroup of children with 22q11.2 DS
also exhibited an increasesaccademplitudein the prosaccadentisaccadand

predictivetasks,increased error in saccade trajectory in the prosaccade, antisaccade and
ii



DMS tasks andlecreasedaccade velocity in the predictive saccade taS&aclusion:
This study showed that performania the eye movement tasks could be used to assess

injury to thefrontostriatal circuitryand cerebellum in children with 22q11.2 DS.
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Chapter 1

Introduction

Children with22g11.2 Deletion Syndrom&2ql11.2 D$commonly present with
cardiac abnormalities, facial malformations, pdlatmormalities, and central nervous
system (CNS) dysfunctiofBurn, 1999).The deletion affects approximately 1 in 3000
individuals, and it is thbighest known genetigsk factor for the development of
schizophrenia in adulthod&obrynski & Sullivan, D07, Murphyet al, 1999. The
syndrome is the result of a #3dmegabase lerazygous deletion on the long arm of
chromosome 22 which encompasses approximately 30 genes (Scainah|er992).
Children with 22g11.2 DS have been foundh&we borderlindow 1Q as well agleficits
in executive function (especiallgsponse inhibitioand suppression) as well as deficits
in attention and working memory (Goldmuntz, 20@ampbellet al, 2010). These
deficits not only affect the daily life ahildren with the disorder, but are also likely
related tahe psychiatric disorders commonly found in this population, including
schizophrenia, autism spectrum disorders, ADHD, anxiety disorders, depression,
somatization, social withdrawal or obsessteenpulsive disorder (Finet al, 2005;
Goldmuntz, 2005).

Currently, clinicians use standardized tests to asddSsdysfunction,with
emphasis omorking memory, attention and executive functidhese tests are often

time consuming and can only be adrsiared by qualified professionalkhe



development obetterscreening tools could help identifyildren who are most in need
of additional resources. Also, if a specific parameter of the tests could be correlated with
future psychosis, these patientaild be monitored more closely for future risk.

The measurement of eye movement control is a powerful tool for assessing
sensory, motor and cognitive function, and has been in use to help assess brain function
in clinical populations for many yearBhe ntrol of eye movement is diffuse and is
spread between cortical and subcortical structures. Therefore, eye movements are a
simple way to quantify the integrity of large portion of neural circuktginy decades of
human and animal studies have probed e of each brain structure in the control of
eye movements, allowing the correlation between oculomotor behaviour and certain brain
regions.These eye movement tasks have never before been performed on children with
220911.2 DSThe goal of this researgioject was ta@haracterizéhe oculomotor
behaviours in this population using eyevement paradigms that probsehsorimotor

processingexecutive function, procedural learning and working memory abilities.



Chapter 2

Literature Review

2.122q11.2 Deletion Syndrome

220911.2 Deletion Syndrom2Zql11.2 D$is a relatively common genetic disorder
affecting around 1 in 3000 individuals (Kobrynski & Sullivan, 2007). Due to the variety
and combinations of symptoms it produces, it has previously been called the DiGeorge
syndome, velocardiofacial syndrome, conotruncal anomaly face syndrome, Opitz
G/BBB syndrome and Cayler cardiofacial syndrome (du Momttal, 1996)before it
was recognized that these syndromes had a common 22gdé.2 DSs the result of a
heterazygousdeletion on the long arm of chromosome 22 wisigans 1.8 megabases
andencompasses approximately 30 genes (Scarabldr, 1992). The most frequent
anomalies in individuals witB2q11.2 DSnclude cardiac malformations, hypocalcemia,
mild conductive karing loss, velopharyngeal insufficiency and cleft palate (Ryan,
1997). The symptoms have been described by the mne@éfi€H -22; Cardiac
abnormality Abnormalfacies, Thymic aplasiaCleft palate andHypocalcemia (Burn,
1999).22q11.2 DSalso afects cortical development leading to behavioural, emotional
and cognitive deficits. It is also the highest known genetic risk of schizophrenia, with

approximately 30% of patients developing the disoriieirphy et al., 1999.



2.1.10verview of heritance:

In the great majority (9695%) of casethe22ql11.2 DSs ade novadeletion
which occurs sporadically durigpermatogenesis or oogeneasisneof the parerg
(Ryanet al, 1997).This region of the chromosome has a structural feathreh results
in aberrant recombination during meiosis, leading to frequent deletions (which cause
220911.2 D$and duplications. Howeven 5-10% ofcase2q11.2 DSs inheritedfrom
one of the parents. Because the deletion is autosomal dominantreh& lpas22q11.2
DSthere is a 50% chance of the parent passing on the deletion to their offspring (Steele
et al, 1972). Parents who have symptomatic 22q11DS often have much milder symptoms
than their offspring, with a lower frequency of congenital heéeféct (LeanaCoxet al.,

1996).

2.1.2Diagnosis:

22011.2DS has such a variable phenotype that the ligblemethod of
diagnosis is to examine the region of DNA on chromosome 22 to determine if the
deletion is present (Shptzen, 2008). Patienfeund tohavecertainabnormalitiedave a
high frequency of 22q112S and should be screenfed the deletion. These disorders
include;conotruncal cardiac anomalies, velopharyngeal insufficiency and neonatal
hypocalcemiaThe 22q11.2 deletiocan be detected hysing fluorescencim situ
hybridization (FISH) analysis which uses probes for the deleted regioet(hiy 2010).
FISH testing isvery accurate, with fewer th&9o false negative tests, however, since the

area deleted can vary in size, more advancaohtemethods such as rapid polymerase

4



chain reaction (PCR) screening are being developed (€thedn 2006; TomitaMlitchell
et al, 2010). Prenatal screening is offered to pregnancies which laighaisk of
220911.2 DSif a parent has the syndronwe,if congenital heart malformations, or palate

malformations are detected by ultrasound.

2.2 The cognitivebehavioural phenotype of 22q11.2 DS

Since the discovery of 22q11.2 DS, the neuropathology underlying the syndrome
has been extensively studi€thildren with 22911.2 DS face many challengest only
because of the many health problems, but also because of the neurological deficits which
are associated with the syndrome. Because the deletion can vary in size, there are a wide
range of neurological defis associated with 22g11.2 DS. In addition to the quantifiable
neurological deficits, there are a host of psychiatric disorders that are commonly
observed in children with 22g11.2 DS. These include autism spectrum disorders, ADHD,
anxiety disorders, deprasn, social withdrawal or obsessigempulsive disorder (Fine

et al, 2005; Goldmuntz, 2005).

In the earliest classifications of vetardiofacial syndrome, before the cause was
known, intellectual impairment and learning disabilities were observed@amaon
symptom (Shprintzegt al, 1981; GoldingKushneret al, 1985). In more modern studies
in children with 22g11.2 DS8ognitive deficits haveeen quantified as borderline to
moderate (Gerdezt al,, 1999). Patients with 22g11.2 @8enhave higher grbal 1Q
than performance 1Q scores, meaning that the patients are better at processing and using

verbal information than they are at perceptual processing and organization (Goldmuntz,
5



2005; Antshekt al, 2008). These studies, which have quantified #feits in 22911.2

DS, show particular weaknesses in visual perception, visual memory -sp=aiéll

information processing and executive function (Beaseteal, 2001; Simoret al, 2002).

Moss and colleagues (1999) determined that sehged childremwith 22q11.2 DS show
significantly weaker math scores than reading and spelling scores. This weakness in math
is thought to be associated with the deficits in vispaltial information processing.
Neuroimaging studies have sought to identify the strulcalmaormalities which cause

these behavioural deficits.

Between 3840 genes are contained within the deleted region of chromosome 22,
and since many of these gemesthought to benvolved inearlyembryonicneuronal
migration, children with 22g11.2 D&hibit abnormal brain developmeiaple2.1;
Maynardet al, 2003 McDonaldMcGinnet al, 2005. A metaanalysis of 22 magnetic
resonance imaging (MRI) studies in patients with 22qD52evealed an overall
reduction in brain volume, affecting both grand white matter (Taet al, 2009). As a
consequence of altered neuronal migration, people with 22g11a@Srequent
dysmorphology ofmanymidline structuresSeveral studies, including the metaalysis
(Tanet al, 2009), have found an increasemlume of thecorpus callosum in 22g11.2 DS
patients (Shastat al,, 2004; Antshekt al, 2005).The septum pellucidum is a midline
membrane which separates the two lateral ventricles. In fetal development there is a
space, between the two layers of membraalled te cavum septum pellucidum. This

space usually closes during infancy, but children with 22g11.2 DS often show an



Table 2.1 Genes within thechromosomalregion affected by 22g11.2 DS

Gene GeneProduct Gene Gene Product
DGCR6 I_D_lGeorgc_e syndror_ne TBX1 T-box transcription facto
critical region protein 6 TBX1
Guanine nucleotide
ProDH2 Proline dehydrogenase GNB1L binding protein subunit
betalike protein 1
DGCR5 miscRNA cComT Catecholo-
methyltransferase
Integral membrane Armadillo repeat protein
LAN/ DGCR2/ldd protein DGCR2/Idd ARVCF delete_d in velecardio
facial syndrome
Testisspecific Serine/Threonierich
Stk22a serine/threoning@rotein T10 protein T10 in DGCR
kinase 1 region
IS EaEaiE Microprocessor comple
Stk22b senne/threonm@roteln DGCRS8 subunit DGCRS
kinase 2
HIRA Protein HIRA TRMT2A tRNA methyltransferase
homolog A
DGCR14 Protein DGCR14 RanBP1 ETEPEIG CTIPEEE
activating protein
. Palmitoyltransferase
Gscl Goosecoidike ZDHHCS8 ZDHHCS
SLC25A1 Trlcarpoxyl_ate transport RTN4R Reticulonr4 receptor
protein, mitochondrial
CLTCL CIathrln,_ heavy PRODH Prollng dehydrqgenase
polypeptidelike mitochondrial
NLVCF Unknown DGCR6L Protein DGCR6L
Ubiquitin fusion Mediator of RNA
uUfdiL degradation protein 1 MED15 polymerase |l
homolog transcription subunit 15
Transmembrane proteir : .
TMVCF deleted in VCES CRKL Crk-like protein
SEPT5 Septin5 LZTR1 Leucinezipperlike
transcriptional regulator
GP1BB RIS A Eg e ZNF74 Zinc Finger Protein 74
beta chain

Adapted fromMaynardet al, 2003 andMicDonaldMcGinnet al, 2005



increased incidence ehlarged cavum septum pellucidum (Chewal., 1999; van
Amelsvoortet al, 2001).The cerebellar vermis and the pons of patients with 229q11.2 DS
have also been shown to be reduced in volume (Etiak, 2001; Bishet al., 2006).

Although white matter structures are generally more severely impacted than grey matter
in subjects with 22tj1.2 DS some cortical regions are still affected, especially the
prefrontal cortex and hippocampi (Balatral, 2011). The metanalysis also revealed

that male subjects with 22q11.2 DS had larger decrements in parietal lobe volume than
any other group (@net al, 2009). Bearden and colleagues (2007 & 2009) performed
studies of cortical thickness which revealed cortical thinning in the superior parietal
cortex and right parietoccipital cortex (involved in visuospatial processing), which was
consistent uwth the metaanalysis. These studies also showed thinning of the inferior
frontal gyrus (pars orbitalis; language development), ventromedial ocdgt@loral

cortex (visuospatial representation) and the anterior cingulated cortex (attentional

control).

The cognitive profile in patients with 22q11.2 DS is very similar to the pattern of
deficits seen in ne22q11.2 DS people with schizophrenia, perhaps explaining why the
two disorders so often overlap (Campletlbl, 2010). The widespread disruption of
neural circuitry in 22q11.2 DS may explain why the deletion is the single greatest risk
factor for schizophrenia. Patients with 22g11.2 DS also frequently suffer from other

psychological problems, including depression and bipolar disorder (Met@ly 199).



2.2.1 Corpus callosum

One of the most consistent structural changes observed in the 22g11.2 population
is abnormalites of the corpus callosum (CC). The CC isfibwe tract that connects the
two cortical hemisphereandpermitsfastinterhemisphericommunicationThis is
especially important during complex tagkksiskinet al, 1999; Gazzaniga, 20D0
Occasionally, agenesis of the CC has been reported in subjects with 22q11.2 DS (Chow
et al, 1999).

However, more oftentucturalMRI studies haveevealed that totalC area is
significantly increased in patients with 22g11.2 and that all portions of the CC are greater
in size except for the gerf@hashiet al.,, 2004; Antshekt al, 2005. Interestingly,

ADHD andschizophrenia, both of which are prevalent in the 22q11.2 DS populaten
associated with smaller CC volum@othelfetal., 2003; Murphyet al., 1999) It was

found that children with 22q11.2 DS and ADHD had smaller CC volumes than children
with 22g11.2 DS alone (Antshdt al, 2005). These investigators also reported that the
size of the bending angle of the CC was smaller in children2£iiii1.2 DShan the

control children.

Antshel and colleagues (200%)ted that the volume of the CC was corela
with behavioural difficultiesTheyspeculated that the increased size of CC in subjects
with 22911.2 DS is due to disrupted neural pruning throughout development which
would cause éficits in executive function3.his hypothesis is supported by Baked

colleagues (2011) who determined that adolescents with 22q11.2 DS showed more



extensive CC enlargements when compared to higher 1Q controls thaattQed
controls.Diffusion tensor imaging (DTI) studies, which allow the exploration of
microstructuraintegrity in white matter tracts, have also found abnormalities in regions
of the CC BarneaGoralyetal., 2003) These abnormalities reflect alterations in density,
coherence and myelination of the CC in 2#2g11.2 DS group. Together, these studies
suggest that the enlarged CC in subjects with 22g11.2 DS is due to disruption in neural

pruning which could explain some deficits in overall IQ as well as executive functions.

2.2.2 Cerebellum

Abnormalities in tle cerebellum are consistently reported in children with
22011.2 DS (Eliez et al., 2001; Bish et al., 2006; Baker et al., 204é )cerebellum
coordinate and modulateactions based on inputs from all four cortical lobes, the spinal
cord,thebrainstermad t he t hal amus ( DevThecelehelud&isDb6 Es p c
normally associated with motor coordination, however, anatomical and physiological
evidence ao suggests that the structure plays a ro®gnitiveandemotional functions
aswellasattdeion( Devi ns ky &DOQ§Hshet al s2005.dhe cetebdum has
a welldocumented role iseveral types odye movements. The vestibulocerebellyiart
of the vestibular pathwajys involved in the control of smooth pursuit, dyead tracking
andthe control of the vestibulocular reflex (Zeet al, 1981). The ocular motor vermis
and caudate fastigial nucleus modulate saccalgese structures modulate saccade
amplitudeand monitor saccade accurayd plancorrective saccades necessary

(Rolinsonet al, 2002; Colnaghet al, 2010).
10



MRI studies in children with 22q11.2 DS have revealed that there are reductions
in both the grey matter of the superior cerebellar vermis and the white matter of the
cerebellar peduncéavhen compared to Kghatched controls (Elieztal., 2001;Bakeret
al., 2011). Eliez and colleagues (2001) found a reduction in cerebellar lobtNd§ VI
however, when Baker and colleagues (2011) performed a similar study \witlatiped
controls, they di not see this reduction. All of these results have been controlled for
overall brain size. These reductions in cerebellar volume may contribute to some of the
cognitive impairments in 22q11.2 DS including impairments in attentiorethtong and

social @mmunication as well as control over saccade metrics.

2.2.3 Cerebral Cortex

MRI volumetric studiethiave revealed thabtal cerebral cortical volume is
reducedoy 8.511%in children with 22q11.2 D®hen compared ttypically developing
children. Howevercgertain regions of the cortex were more severely affected than others;
in children with 22g11.2 DS this loss of volume follows a res@adal gradient
frontal<temporal<cerebellar<occipititliez et al, 2000; Kate=t al.,2001).

Children with 22q11.2 DS often exhibit deficits in behavioural and executive
control, which is indicative of frontal lobe dysfunction. Despite the frontal lobe being
relatively preserved, a meganalysis of brain volume revealed that the right frontal lobe
in children with 22q11.2 DS was decreased in volume compared to controls, with the
reduction mainly occurring in the frontal grey matter (€aal, 2011). In addition to the

slight decrease in frontal lobe volume, children, adolescents and youngvathults

11



220911.2 DS have been found to hateer indications of dysfunction in the orbit@ntal
region; specifically decreased cortical folding and decreased cortical thickness when
compared to controls (Schasral, 2006; Beardest al, 2007). Childrerwith 22q11.2

DS, despite having relative strengths in verbal memory, very frequently suffer from early
language delays and exhibit deficits in language comprehefiSedeset al, 1999).

The orbitefrontal region is an important structure for languagestigpment, and

thinning in this region may explain some of the early language dataydeficits in

executive functiorseen in 22q11.2 DS (Chenal, 1996).

The parietal lobe has multiple functions, and in particsgsves a central role in
sensorynmoor i ntegration, visual attention and
2004) The reduction in volume of the parietal lobe may be the anatomical reason
underlying the difficulties in visugpatial processing and difficulties with math that are
often seern the 22q11.2 DS (Gothetft al., 2008).

Patients with 22g11.2 also show decreased volume in the temporal lobe. A
decreased volume in the temporal lobe is also a common anatomical change in
schizophrenia, which develops in 30% of patients with 22q11.8vV@6their lifetime
(Bassett & Chow, 2008; Murplst al, 1999). It is for this reason that linkage studies
have suggested an association between 22q11.2 DS and schizophrenia (\&tlahms
2003). The temporal lobe volume reduction may be associatedhgitrelative risk of

developing schizophrenia (Ta&mal, 2009).
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The occipital lobe generally has the greatest deficit in grey matter in subjects with
220911.2 DS and shows the most cortical thinning (Beagtlah, 2007). The thinning of
the occipitalcortex, which is responsible for processing visual information and is critical
for directing spatial attention, may help explain sahthe deficits in visuespatial

processing which are common in patients with 22q11.2 DS.

2.2.3 Hippocampus

The hippocampus is another structure commonly affected in children with
22011.2 DS. Studies have shown that left hippocampal volume is significantly reduced in
children with 22g11.2 DS and that this correlates closely with I1Q (De&aar, 2007).

Baker ad colleagues (2011) determined that the hippocampal volume was lower than
high-IQ controls, but not for Ignatched controls. This suggests that a reduced
hippocampal volume is indicative of a learning disability, regardless of cause.

By combining the fidings from imaging and behavioural studies, a pattern of
brain injury associated with2q11.2DSis emergingThis pattermrovidesnew insight
into the neuropathology behind tB2ql1.2 DS ognitivebehaviaral phenotype,

perhaps making links between gsrasd neurological development.

2.2.4 CatecholO-methyltransferase

Due to the large number (3M) of genes implicated in the 22g11.2 deletion, it is
difficult to pinpoint which and how many of them are responsible for the neurological

deficits.A mouse mdel of 22g11.2 DS showed that diminishing doses of the affected
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genes commmisethe neurogenesis arttiedifferertiation of cells in the developing
cerebral cortex (Meechaat al, 2009).Thegene for catechaD-methyltransferase

(COMT), which catalysese degradation of the catecholamine neurotransmitters

including dopamine, epinephrine and norepinephrine, has been deemed a likely candidate

for some of the neurobehavioural effe@gcause patients with 22q11.2 DS are
hemizygous for the COMT gene, several studies have attempted to quantify the
relationship between the COMT genotype and the cognitive deficits exhibited by the
patients. While some studies have found no associatioreee the COMT gene
polymorphism and the cognitive deficits (Campletlal, 2010; Glaseet al., 2006),

other studies have found evidence for such an association (8hath2006; Beardept

al., 2004). This could be due to differences in the outsoime&t were measured in these
studies, but more likely points to a complex relationship between this gene and the
outcomes, with environmental factors playing a larger role than previously anticipated

(Vorstmanet al, 2009).

2.3 Assessing CNS dysfunction i22g11.2 DS

Dysfunction of the CNS in children with 22g11.2 DS has been assessed using
numerous behavioural checklists and tests of executive function. Checklists have been
used to quantify behavioural dysfunction in children with 22g11.2tB3Se includehte
Behavioral Rating Inventory of Executive Funct{&RIEF) which can be administered
to the parents and teachers of the subjects (Gtad, 2000; Antsheét al, 2005. These

studies found that more behavioural difficulties were reported in childiter22911.2
14



than their control counterpartsitellectual ability in children with 22g11.2 DS has been
evaluated using thé/echsler Intelligence Scales for Childr@hISC) for schoclaged

children (Wechsler, 1992; Campbetlal, 2009; Bakeet al, 201]). This test examines

verbal comprehension, perceptual organisation, freedom from distractibility and
processing speed. Studies employing this test have determined that children with 22g11.2
DS have lower 1Q than their control counterparts, with perforem&@deing more

severely affected than verbal IQ. Intellectual functioning has also been assessed using the
Wechsler Individual Achievement T@&tIAT) which measures the academic

achievement of children as young as four (Wechsler, 280helet al, 2005). These
checklists and rating scales are useful for assessing general life outcomes, including
academic, social and emotional problems; however, despenific tests of
neuropsychological function are required to define the cognitive profile of andodi
(Antshelet al,, 2008). In order to assess the cognitive deficits specific to children with
22011.2 DS, tests of attention and information processing, executive function, memory

and learning are employed.

2.3.1Tests of attention and informationprocessing

Attention is defined as the process of selectively concentrating on one aspect of
the environment, while ignoring other stimuli. Attentideficits have been examined in
children with 22q11.2 DS, because they are a commanarbidity of the asorder
(Goldmuntz, 2005). Thérail-Making Test Aequires brief, focused, attention while the

children connect dots labelled with ascending numbers as quickly as p@Rsiiéa &
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Wolfson, 1992)Performance on thereedomfrom Distractabilitylndexfrom the WISC

is measured using the Arithmetic (timed arithmetic question), Digit Span (recalling a
sequence of numbers), Coding (thhmaited marking of shapes with different lines) and
Symbol Search (must identify if target symbols appear in a row) subtesbis related to
ADHD (Dickerson Maye®tal., 1998).Woodin and colleagues (2001) administered the
Freedom from DistractabilityndexandTrail-Making Test Ao find that, during the
Trail-Making Test Ahe 22g11.2 DS group performed similarly to colstravhereas

deficits in theFreedom from Distractability Indexere observed within the 22g11.2 DS
population. Campbell and colleagues (2010) used a task frokiahésley Attention and
Response Suppression Batteryxamine other elements of executivediion (Rubiaet

al., 1999). They used a Stroop task, where subjects must identify the required piece of
information during both congruous and incongruous trials, to determine if the patients
focus on important information only. During this task, childngtn 229q11.2 DS

performed no differently to their control counterparts. General tests evaluating attention
have been administered to children with 22g11.2 DS, but more specific tasks, probing the
specific circumstancasnder which the children haattentional difficultiedhave yet to

be studied in this population.

2.3.2Tests of executive function
Executive function is defined as the set of cognitive abilities that control and
regulate other behaviours; these include the ability to initiate and stopsa¢bachange

behaviour and to plan future behaviour. Children with 229q11.2 DS exhibit structural
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changes in the frontal lobe, which is responsible for executive functiore(ledn2011).
Executive functions are important for academic success as veghedlife skills,
including performing tasksnaking plans, changing plaasd controlling immpulses. The
Trail Making TesB can be used tmeasure how well subjects can shift their attention,
because thegre required to draw a line through alternatmignbers and letters in
numeric and alphabetical ordén children with 22g11.2 DS, Woodin and colleagues
(2001) found deficits in th&rail Making Test Bsuggesting that children in the clinical

group are worse at shifting their attention than theirrobsbunterparts.

Campbell and colleagues (2010) used two tasks from the computerized
Cambridge Neuropsychological Testing Automated Ba{teANTAB) to assess
executive function in 22q11.2 DS children. Firstly, they used the Set Shifting Task
(Downesetal., 1989), where the patients are required to discriminate stimuli by trial and
error, as a measure of attentional set shifting. Consistent with the study by Woodin and
colleagues (2001), subjects with 22q11.2 DS made more errors in this task. Secondly,
they used the Stockings of Cambridge (Oweal, 1990), where patients must perform
problemsolving tasks as a measure of planning ability. Children with 22q11.2 DS
exhibited reduced planning ability in this task as well. Campbell and colleagues (2010)
also used a GdloGo task from thdaudsley Attention and Response Suppression
Battery. During the GeNoGo task, subjects must execute or inhibit a motor response
depending on which stimulus appears on the screen to measure the inhibition of motor

response<Children with 22g11.2 DS made more premature responses in tNeGo
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task than their control counterparts, indicating a deficit in response inhibition. Using all
these tests of executive function, a cognitive profile of children with 22g11.2 DS has

been aitlined.

2.3.3Tests of learning and memory

Memory is described as the ability to recall previously presented information whereas
learning is a modification of behaviour based on past evehtge hippocampus is central to
the formation of memory, and severaldies have shown that children with 22q11.2 DS
have smaller hippocampian control counterpar{®eBoeret al, 2007; Debannét al.,
2006). ThewWide Range Assessment of Memory LearAMBAML) is a standardized
test that measures both immediate andygéelanemory in three subtests: 1) Verbal, 2)
Visual and 3) AttentiofConcentration. Children with 22q11.2 DS showed average
performance on rote verbal learning and memory, but deficits in vépadilal memory
and, more complex, delayed story memory ortHRAML test (Woodinet al, 2001).
TheChi | dr en6s (MShoeasyuresSnenediage and delayed memory in the
following categories; generalized learning and memory, as well as auditory/verbal and
visuatspatial memory (Cohen, 1997). On this test, chitdrith 22g11.2 DS performed
in the low averagéorderline range in all categories, with an additional deficit in delayed
visual memory (Campbedit al, 2010).CANTAB has aSpatial Working Memory
(SWM) task where patients must search through boxes for blue tokens, remembering
where they have looked before (Owetral, 1990). Campbell and colleagues (2010)
found that children with 22q11.2 DS also exhibited deficits in the SWM task. These tasks
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hawe revealed a consistent profile of children with 22q11.2 DS, but the performance on
these tasks has yet to be correlated with volumes of neurological structures, such as the

hippocampus.

These traditional neuropsychological tests, while effective, areetinrnecause of
the amount of time required to complete them and the need for specially trained
professionals to administer theththere were different taskbat couldalsoobjectively
assess cognitive function in children wi&Bq11.2 DSusing tools tht are bdt mobile
and easy to administer, they would have significant advantages when compared to these

neuropsychological tests.

2.4 Saccadic eyanovements as measures of cognitive function

Saccades are rapid, ballistic eye movements that permit the fixdtidmjects of
interest onto the fovea, the region of the retina with the highest visual acuity (Leigh &
Zee, 1983). Because we have a limitednitive capacitywith which toprocess visual
information we must integrate the sensory informatioarrowing down the number of
motor responses, or saccadeseded to gathemformation from our environmerfWurtz
& Mohler, 1974). In an experimental setting, saccadic eye movement taskselvaval
advantagewhich make them convenient for probibiin function. Firstly, sensory
input can be highly controlled by designing the experimental setting specifically to
examine different aspects of sensamgtor integration (see for review: Gooding &
Basso, 2008). Secondly, the saccade parameters caedmefy measured using remote

monitoring equipmen T his equipment is designed to prodlitiée to no discomfort to
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the participantmaking it an ideal tool for assessing brain function in children. Thirdly,
mobile eye tracking equipment is available jethallows testing in remote communities
where there may not be other types of testing equiprarally, due to the significant
overlap in the brain structures affected by 22g11.2 DS and those involved in eye
movement control, saccadic eye movement tabksild represent a suitable tool for

providing insights into the CNS dysfunction associated with 22q11.2 DS.

2.4.1Neurocircuitry of saccadic eye movements

Saccadic eye movements are useful for assessing brain fufoctseveral
reasons. fiey are easy to adnister, th& neurophysiology has been well characterized
andthey can be modified to probe specific brain areas. Eye movement control is spread
through many brain structures, spanning both corticababdortical regions of the CNS,
allowing overall brai functionto be measured. Structures involved in oculomotor control
include; theparietal and frontal cortices, the basal ganglia, the thalamus, the superior
colliculus, the cerebellum, and the brainstem reticular formation (Leigh & Zee,.1999)
Each of these structures have specific roles in the control of eye movement behaviour,
which, historically, have been elucidated from lesion studies and electrophysiology in
animals and have been recently confirmed using functional MRI (fMRI) and tramatra
magnetic stimulation (TMS) experiments which can be performed on humans (Sweeney
et al, 2007) Eye movement paradigms can be tailored to assess specific domains of

cognitive function and provide insight into the underlying neuropathology associated
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with different clinical populations. They have been used to clarify the pathophysiology of
autism, ADHD and Tourett eosetas 2004.r ome among

Eye movements are generated by motor neurons which originate in the reticular
formation andlirectly innervate the ocular muscl&eeFig. 2.1for a diagram of the
saccade circuitry explained below, which has been adapted from Munoz & Everling
(2004).These motor neurons discharge a burst of action potentials to elicit saccades and
maintain tonc dischargeo hold the eyes in place during an eccentric fixat®parks,
2002).These motor neurons are under the control of excitatory and inhibitory burst
neurons, (EBN and IBN), also within the reticular formation, which elicit bursts during
saccadeto produce a desired movement (Okhal, 1988; Scuddest al, 1988) The
EBN and IBNare, in turn, influenced bgxcitatory longlead burst neurons (LLBN) and
the inhibitory omnipause neurons (OPN) also found within the reticular form&tom
saccade to be initiated, the LLBMustproduce aigh frequency burst activity, while
the OPNSs stop inhibiting the saccade.

The control of these premotor areas is governed by the intermediate layers of the
superior colliculus (SCi), which contains a tgpaphic map of the surroundings in retinal
coordinates. It is thought thata inputs from the parietal and frontal cortices, the basal
ganglia (BG)andthe er ebel | um, the SCi forms a salier
surroundings which can be used to sefleetnext saccadic eye movement (Schall, 1995).

The posterior parietal cortex (PPC), which receives inputs from the visual,

auditory and somatosensory system, is important for the planning of vigualigd
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Figure 2.1 The Neural Circuitry Outlining Voluntary Saccade Control

Adapted from Munoz & Everling, (2004).

LIP - Lateral intraparietal area, SESupplementary eye fields, FEFrontal eye fields, dIPFE
Dorsolateral prefrontal cortex, S€intermediate layer of the superior colliculus, LLBNong-
lead burst neurons, OPNDmnipause neurons, EBNExcitatory burst neurons, IBNInhibitory

burst neurons
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saccades. Within the PPC is the lateral intngpararea (LIP) which also contains a
retinotopic saliency map, plays a role in sensorimotor integration and projects to the SCi
(Bisley & Goldberg2003) Within the frontal lobe, the frontal eye fields (FEF)

contribute to transforming visual signalsargaccade commands, becatiey haveboth
sensory and motor connectioi®chall, 1997)Because the FEF areciprocally

connected with many other cortical regions, including the LIP, the middle temporal visual
area (MT), the prefrontal cortex (PFC) ahé temjpro-occipital visual area (TEO), the

FEF can modulate incoming sensory information and pass it@miostream neurons in

the SCi, the BG, the cerebellum and the reticular formation (Schall,.Z082)
supplementary eye fields (SEF) and the datso&l prefrontal cortex (dIPFC), also

within the frontal lobe, have been shown to have riole@gorking memory and decisien
making. Both of these arepsovide inputto saliency maps by connectitgthe SCi

directly, and indirectly via the FEF. Additioheontributions to the control of saccades

come from both the cerebellum and the BG. The cerebellum plays a role in monitoring
saccade accuracy, by steering and stopping saccades as they are ongoing. The cerebellum
also plays a role in planning corrects@&ccades if necessary. The cerebellum ererts
influence on saccadic accuracy by innervating the EBN and IBN (Robatsdn2002;
Colnaghiet al,, 2010). The BG also influens¢éhe saccadic eye movement system via
projections to the SCiThe BG helpsa determine which saccades would be useful

because it receives inputs strongly modulated by working memory, expectation of reward

and attentiorfHikosakaet al.,2000. Because such a wide range of brain structures are
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involved in oculomotor control, larain injury which affects any of the structures can
result in deficits in the performance of saccadic eye movement paradigms. These deficits

can easily be quantified to better understand the neuropathology that is occurring.

2.4.2Saccadic eye movement tasks

As addressed above, many brain regjaranely theerebral cortex,
hippocampusnd cerebellum, are affected in children with 22q11.2T®overlap of
brain regions affected by the deletion and those involved in eye movement control
suggest that saccadigeemovement behaviours may provide insight into the CNS
dysfunction observed in children with 22q11.2.[28hough eye movement paradigms
have not yet been used to study children with 22g11.2 DS, theyobkanased to clarify
theneuropathologyf autism,ADHD, T o u r ssyndrente and Fetal Alcohol Spectrum
Disorders (FASD)$weeneet al, 2004;Greenet al, 2007.In the current study,
subjects performed four eye movement tasks that assessed the ability to generate different
saccade types; prascades, antisaccades, delayed mergarged saccades and
predictive saccades.

Prosaccades are visualijyided saccades which are directed to a peripheral
target. Because prosaccades are a natural behaviour, we can measure the saccadic
reaction time (SRTandthe accuracy of the endpoint of the saccade which is a
guantification of simple senscemotor processing. The antisaccade task requires subjects
to look away from a peripheral target. This unusual behavior requires two processes: 1)

the suppression dfie automatic prosaccade towards the target and 2) the generation of
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an internallydriven antisaccade away from the tardgaikushimeet al., 1988). Because
this taskplaces anncreased cognitive demand on the subject, regions of the frontal
cortex and bsal ganglia are recruited to exert4dpwn contro(Munoz & Everling,
2004) Pro- and antisaccade tasks have not previously been used to study behaviour in
subjects with 22q11.2 DS. However, because these individuals have widespread
neurological involvemet including deficits in executive function, it seems reasonable to
suggest that subjects with the deletion would make more errors and require increased
processing time than control subjects.

Because spatial working memory and cognitive inhibition abilities are areas of
specific weakness in 22q11.2 DS, a delayed mergoiged sequential (DMS$accade
task was alsased. Subjects werequired to generate two memegyided saccades to
locationswhere peripheral targets had previously appeared. Studies have found that the
fronto-parietal network is chiefly responsible for the response inhibition, working
memory, and generation of saccagguences which are required to successfully perform
this task (Corbetta & Shulman, 2002Ilthough children with 22g11.2 have not been
tested on a memomguided saccade tasghildren with attention deficit/hyperactivity
di sorder (ADHD), and adults with Huntingto
demonstrated dgits in response inhibition with the frequent initiation of early responses
(Chanet al, 2005: Mostofsket al, 2001; Peltsclet al, 2008).Because children with
22911.2 DS have shown deficits in spatial working memory and executive function, |

hypothesized that they would show deficits in this task as well.
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The way in which procedural learning was tested in this population was to
administer gredictive task, in which subjects follow a target alternating between two
known locations in the right or leffitemifield. To perform well in this task, subjectaust
adjust their motor responses to the predictable movement of stimulpsaithice, thus
reducing SRTs as the trials progréSmit & Van Gisbergen, 1989)he FEF have a key
role in predictive saccade generation; lesions in this area are known to impair predictive
saccades and bogiositron emission tomograpli ET) studies have revealed increased
activity in these regions as predictive behaviours becomarapip(Rivauctal., 1994,

OO0 Dr iesat.,000. Lesions of the cerebellum, where smooth purseivements are

controlled, also have a detrimental effect on predictive saccades (Isotalo et al., 1995)

Patients with BG degeneration, including Parkmgos di sease demonstr at
generating predictive saccades, aitaplicating the basal ganglia in this process
(Bronstein & Kenneaal,2000)1985; O6Driscoll

Because these four eye movement tasks prabgective and sensitive measures
of sensorymotor processing, response inhibition, working memory, and procedural
learning abilitiestheyprovide an ideabpportunity to quantifghe oculomotor
behaviours that reflect both the automatic and higinder cognitive abilities that are

oftendeficient in thepopulation with 22g11.2 DS

2.5Research rationale, hypotheses and objectives

The neural circuitry involved in the control of eye movements overlaps with

several brain regions that are significantly affecte@?yl1.2 DSThese include many
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parts of the cerebral cortethehippocampusand the cerebellun®revious studiegsing
neuropsychological testeave documented deficits @xecutive functionspatial working
memory, and cognitive flexibilityspecifically in areas of sensenyotor pra@essing and
response inhibition in children with 22g11.2 D%e goal of this research project was to
characterize oculomotor behaviours in a previously untested population using eye
movement paradigms that probed sensorimotor processing and executiianfunc
procedural learning and working memory abilities.
Objective:
1 To assess cognitive flexibility, spatial working memory, and motor learning in
children with22q11.2 DSusing a remote eye tracking system.
Hypothesis:
Using a remote eye tracking systashildren with22g11.2 DSwill:
1 Demonstrate deficits in thegsaccade and antisaccade tasks, on measures of
saccadic reaction time and increased direction errors.
1 Show deficits in spatial working memory and response inhibition in the DMS task
on measuresf accuracy and errors.
1 Exhibit deficits in motor learning in the predictive task as measured by deficient

adjustment of reaction time with repetition.
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Chapter 3

Materials and Methods

3.1 Oculomotor control in children with 22g11.2 DS

All experimental proceduresere reviewed and approved by the Research Ethics
Boarcsat QueenoandtUme v@hislidryends HosTgpicallgl of E:¢
developing subjects werecruited from the Kingston area and 22g11.2 DS patients were
recruited from the patientpogut i on at the Chil drends Hospi:'t
(CHEO) in Ottawa, OntaridPrior to data collectiarparticipants and parents/guardians
were introduced to the experimental procedures and completed consent and personal
information forms Controlsubjects were excluded if they had any neurological,
psychiatric or visual disorders, other than corrective ledsemany children with
22011.2DS are prescribed a variety of pharmbgpcal agentsmedication history was
collected Participants were nasked to withhold any medications typically taken before
the testing session as their effect on eye movement perfornmaoiter clinical
populations has beamclear (Green et al., 20098)ther medical history, including
major surgical procedures anddpitalizations, was taken from the medical records of the
participantsChildren in the 22q11.2 DS group includaeaththose in whondeletion was
spontaneoysnd those who hadheritedthe deletiorfrom one of the parentSubjects
were tested at Hotel Dieu Hospital and at the CHEO. Téesived snhacks (juice and
granola bars) during the sessions and were allowed breaks when nedtas@ipants

received a $10 gift card for thehbur session
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3.2 Saccadic eye movement recordings

During the eye movement testing sessions, participants were seated comfortably
in a dark, quiet room on a stable chairsmall target sticker was placed on their forehead
as part of the remote eye tracking systEye movement recordings were obtained gisin
the Eyelink 1000 (SR Research, Mississauga, ON) which was positioned in front of
parti ci pant ECDsnonitdr &énd mourted mfraded camera were at a distance
of 58 cm, as measured by the systtrm om t he p ar tThepospianothed s | e f t
left pupil was digitized in both the vertical and horizontal axes at a sampling rate of 500
Hz. Subjects performefibur saccadic eye movemeiatsks: prosaccade, antisaccade,
delayed memorguided segential and predictiveln both the proand antisacade tasks,
a central fixation point (FP) was illuminated for a randomized interval between 800 and
1200 ms to begin each tridlfter a delay of 200 ms following the disappearance of the
FP, a peripheral target (T) appeared at 10° to the left or righ¢ aentral FP
Participants were given a 1000 ms tireme to initiate and complete a saccddehe
prosaccade task, participants were instructed to look towards the T as soon as it appeared
(Fig. 3.1A); while in the antisaccade task, participants westeucted to look away from
the T and towards the opposite side of the screen (Fig..3H#)block of 60 trials was
collected forthe prosaccade task and either one orlilwoks of 60 trialseachof
antisaccades eveobtained.

For both taskssaccadic reaction time (SRT) was defined as the time from the
appearance of the peripheral T to the initiation of the first saccade that exceeded 30°/s

Intrasubject variability was assesdsdcalculating the coefficient of variation (CV) for
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each individial subjectsing the standard deviatiohthe SRTdivided by the mean)
Saccades initiated 80-140 ms after T appearance were defined as express saccades, the
shortest latency visualguided saccades (Fischer et al., 1998ccades generated less
than90 ms after the appearance of T welassified as anticipatory saccadegection
errors were definedssaccadginitiated in the wrong directioand with a velocity
exceedig 30°/swith respect to the instruction (i.e., away from the T ingiesaccade
task; towards the T in the antisaccade ta&#ylitionally, the error of the saccade
trajectory was measured (in degrees) as the angle between a direct path to the target and
the trajectory of the first saccadethe correct directiorA trial was marked as
containing step saccades if it took multiple saccades to reach the targ8tiRig

In the DMS task, subjects were instructed to look at aaleAP (time length of
FP = 2001000ms randomly distributedwhile peripheral targets appearétie screen
was divided into four quadrants in whittte peripheral T could appe&iach quadrant
consisted of 9 potential T locations in a 3 by 3 grid centered at a 10° viglafram the
FP.Two targets werdluminated in succession for 100 ms eadgthin two of the four
guadrants of the screei delay period of 0, 600, 1200, or 1800 ms between the
disappearance of the second peripheral target and the disappearance of the FP was used
(Fig.3.2) The participants were instructed to remember the @aéispatial location of
the peripheral targets, and to make two saccades as accurately as possible to these
locations in the same sequence after the disappearance of thed-&r twablocks of 72

trials were completed in this task. Outcome measurebféddMS task included SRT of
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both the first andecond saccade, defined as the time from the disappearance of the FP
and the initiation of a saccade that exceeded 30°s. Trials were assigned as either correct,
timing errors (subjeanitiated the saccade ge@ence before the go signady,sequence

errors (subject made saccades to the peripheral T locations in the incorrect order). Trials
could also be combined errors where both sequence and timing errors occurred.
Additionally, saccades were assessed fourmy, measured in degrees from the closest
fixation point to the actual peripheral target location.

In the predictive saccade task, a central FP (illuminated for a random interval
between 1000 and 1500 ms) appeared, after which 12 peripheral T alt&etatedn
two fixed locations 10° to the right and left of the FP (Fig. 3.3). Targets alternated at
either specific intestimulus intervals (ISls; blocked trials) or psewdadomly
(interleaved trials). The blocked condition of the task was comprisesl toials at each
ISI of 750 ms and 1000 ms (total 30 trials). The interleaved condition comprised 15 trials
with stimuli alternating randomly at one tife following time intervals: 500, 750, 1000,
1250, or 1500 ms.

Participants were instructed to move their eyes in time with the dots without
missing any of the 12 stimuli. Outcome measures for the predictive task included the
SRT of saccadawade to each of the twelve stimuli. SRTs from each stimulus were
collapsed aa further subdivided into four different saccade categories: anticipatory
(saccades made more than 300ms before the appearance of the spnediotye

(saccades made between 300ms before and 100ms after the appearance of the stimulus
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A) Prosaccade Trials B) Antisaccade Trials

Corrective Saccade
~
: \
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Direction Efror
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Figure 3.1 Prosaccade and antisaccadmsk paradigms.

(A) Prosaccade: subjects look from the fixation point (FP) to the peripheral target (T)
Express saccades, as well as regular latency saccades, are often géBgrated
Antisaccade: subjects look from the FP to the opposite side of the screen.to the T
Direction errors are generated when subjects look towards the T; however they are often
altered by a corrective saccade.
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Figure 3.2 Delayed memoryguided sequential saccade paradigm.

The subject begins at a central fixati&ach quadrant of the screen is divided into 9

possible peripheral target locations in which two peripheral targets flash sedyential

each for 100 mdAfter the disappearance of the central FP, the subject must initiate two
saccades to the remembered target locations in the same sequence in which they flashed.



Figure 3.3 Predictive saccade task paradigm.

The subject begins at a central fixation poirite T then alternates between tiv@d
locations 10° from centre, for a total of 12 peripheral stinBlticked trials consist of
regular ISls (either 750 ms or 1000 mshile interleaved trials incorporate pseudo
randomized timing.
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therefore not visually guided), express (8D ms after the appearance of the stimulus),
and regular (>150 ms after the appearance of the stimulus). The distribution of saccade
type wagquantified for each individual, which allowed thealysis of velocity and

amplitude by saccade type.

3.3 Statistical analysis of eye movement data

Differences between groups were analyzed using unpiaiests if the values
passed the D'Agostino & Pearsmmnibus normality test. If not, a Wilcoxon signed rank
testwvasusedEf f ect si zes were also calcul ated
d scoresAn effect size below 0.2 was considered small, between 0.2 and 0.8 was
considered medium, and anexft size above 0.8 was considered |4fgghen, 1988)
Specifically in the DMS task, twwvay repeated measures analysis of variance (ANOVA)
wasused to examine the effect of delay on outcome measures, with thedependent
variables being groucontrolversus 22g11.2 DSnd delay0-1800 ms)In the
predictive task, twavay repeated measures ANOVAsused to examine the effect of
stimulus and group on SRT and to examine the occurremqredittivesaccades
between groups and ISAdditionally, Pearson correlations were used in this task to
determine the relationship between the generatigmesfictivesaccades anegular
saccades for each individu&inally, amplitudes and velocities were analyzed across

saccde category usingwo-way ANOVA with Bonferroni posthoc tests.
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3.4 Saccadic eye movement tasks

All children participating in thetudywere tested using the eye movement task
paradigms described in section 3.Dile to the challenging nature of the DMS task, as
well as the dcreased ability to sustain attention ia thinicalpopulation, not all
participants were able to conepé all four paradigm®©f the 1622q11.2 DS hildren
involved in the studyl6 performed the proand antisaccade task®§ derformed the
predictive task, anél performed the DMS task during the testing session. Of the 32
control children participating in the study, 32 performed the @nd antisaccade tasks,
26 performed the predictive task, a8l performed the DMS task dag the testing
sessionSome of the control children performed a diffénezrsion of the predictive task

than that described abgwend werghereforeexcluded from the analysis.
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Chapter 4

Results

4.1 Demographic Information

Demographic information was collected footh the control and the test groups
(Table4.1;22g11.2 D$=16, age=11.1%8, Controln=32, age=11.0+£0.6). The 22q11.2
DS subjects were all diagnosed by FISH prior to being recruited (age diagnosed =
4.0£2.0 years). As many children with 22q11.2 DSpsescribed a variety of
pharmacological agents, medication history was collected. Of the 16 children with
220911.2 DS, 3 were regularly taking stimulant medications (i.e. Reialloncern®),
while 5 were taking other medications (i.e. antipsychoticsc@miulsants,
antidepressants). It was also determined that 3 of the patients inherited their deletion from
one of their parents while 12 had a spontaneous deletion. One patient did not have their
biological parents tested for the deletio@fformation oncomorbiditiesprevalent in the
22q11.2 DS group was also collected, with abnormal facies, cardiac abnormalities and
palate malformations affecting over 50% of the patient grdaplé 4.1) There was a
significant difference in the parent/caregiver levigdducation (Tablé.1;22g11.2 DS
years education=14.5+0.6; Control years education=17.4p004000), whichwas

collected to indicate th&ociceconomic status of the two experimental groups.
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4.2 Saccadic eye movement tasks
4.2.1Prosaccadeask

Correct triat were defined as trials where the initial saccade was made in the
direction of the targetn the prosaccade task, childrer22q11.2DS group did not differ
from age and sexmatched controls ithenumber of correct trials (Fig. 4.24:0.77)
measures of SRT (Fig.4.1A & 4.2(@50.27), CV of SRT $=0.26), or direction errors
(Fig. 4.1A;p=0.46). Differences were not observed in additional measurescoada
metrics [able4.2; express saccadegelocity) or performancer@ble4.2; numbercorrect
trials, percat anticipatory errofs The amplitude of the saccade was defined as the angle
of rotation of the eye toward the target. The error of saccade trajectory was measured as
the difference in angle between the initial saccade made Isytijects and the optimal
path to the target.@ldren in the 22q11.2 DS group exhibited an increase in the
amplitude ofsaccads to the peripheral targéfig. 4.2G;p=0.004)andgreater error of
saccade trajectory (Fig. 4.2p50.002) compared t@ontrols Effect size analysis using
t he CdValea)révwaledeerylargeeffect size okaccade trajectorfable 43;

d=1.35(effect size r = &3)).

4.2.2 Antisaccade task

In the antisaccade tasthildren in the22q11.2 DS group completed the same
number of correct trialas controlgTable 4.2p=0.58. However, in comparison to
controls, children in the 22q11.2 DS group lradeased SRT (Fig. 4.2[p=0.04),
greatermagnitude ogrrors in saccade trajectory (Fi§2F;p<0.001), and increased
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saccade amplitudgig. 4.2H;p<0.05) and saccade velocifigble 4.2p=0.02) No
differences were observed in measureanticipatoryerrors or express saccadé&able
4.2). As directionerrors in the antisaccade tamlehighly agedependen(Fischeretal.,
1997)performancen this task was ageorrected by calculating the residuals from the
linear regression line obtained for control subjéEtg. 4.3A). This analysis revealed
that independent of agéhe 229g11.2 DS group had significantly more direction errors

than the control grou@rig 4.3B;p=0.02).
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Table 4.1 Demographic information for control and 22q11.2 DSyroups

Category Control (32) 22q(16)
Age + SEM (years) 11.0+£0.6 11.1+1.8
Male : female 18:14 9:7
Parentmeanyearseducation + B 17.4:0.4 14.5+0.6*
Living with biological parentsn (%) 31 (97) 15 (94)
Parens employedn (%) 61 (95) 30 (94)
Diagnosis n (%)
By FISH: 16 (100)
Hereditary 3(19)
de novadeletion 12 (75)
Unknown 1(6)
Medication n (%)
Stimulants 3(19)
Other 5(31)
Unknown 1(6)
Co-morbidities n (%)
Cardiac Abnormalities 11 (69)
Abnormal Facies 13 (81)
Thymic Aplasia 2 (13)
Palate Malformations 9 (56)
Hypocalcemia 3 (19)
Hearing Impairment 4 (25)
ADHD 4 (25)
Seizure disorder 1 (6)

Otherdrugs include antipsychotics, antidepressants, and anticonvulsants. Medication
information was unavailable for oparticipant. None of the children in the control group

were on medications or reportedtmrbidites! n t he chart, Oparento
parent or cargiver of the child.
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Figure 4.1 Prosaccadeand antisaccade task cumulative frequencies.
Cumulative distribution of saccadic reaction times (SRTSs) for correct trials (positive

values) and direction errors (negative values) for the prosaccade (A) and the antisaccade
(B) tasks comparing control (dashknes) and 2241.2 DS (solid lines) children.
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Figure 4.2 Prosaccade and antisaccade task parameters.

Comparisons between 22q and control groups in the prosaccade and antisaccade tasks
included (A)&(B) number correct trials, (C)&(D) SRAp<.05, **p<.0001
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Figure 4.3 Prosaccade and antisaccade task parameters.

Comparisons between 22q and control groups in the prosaccade and antisaccade tasks
included(E)&(F) the error in saccade trajectory, (G)&(H) Saccade Amplityme05,
*%

p<.0001
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Table 4.2 Saccade parameters focontrol and 22g11.2 DS groups

Control (32) 22q (16) :
Task Parameter Mean+SEM Mean+SEM prElE
Prosaccade i
Anticipatory 12.86:1.56 8.374+1.62 0.08
Errors (%)
EXxpress
Saccades (%) 20.05:4.05 #7190, 70
Saccade | 409 046.26 406.9:38.84 0.49
Vel oci t
Correz;:]; Trials 46 911 .25 44.882.65 043
Antisaccade top
Anticipatory 7 61+1.44 6.5241.77 0.65
Errors (%)
EXxpress
Saccades (%) 4.02¢1.26 3085126 003
Saccade 524.8:80.78 112262916 0.58
Vel ocit ' ' ' '
Corre;rc:) Trials 37 724,58 33.316.58 0.02
CV of SRT 48.82+1.85 33.30+6.20 0.04
DMS (T1)
Saccade 1.83+0.15 1.93+0.17 0.74
Accuracy( e
CV of SRT 31.17+1.48 34.16+5.61 0.62
DMS (T2)
Saccade 2.18+0.22 2.1040.17 0.77

Accuracy( e
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Figure 4.4 Antisaccade direction errors

Direction errordor the antisaccade task were analyzed as a function of (A) age. Then the
group comparison was performed after (B) correcting for gge05
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Table 4.3 Effect sizes of eye movement task parameters.

Task Parameter Co h eadr Effect Effect size
sizer classification
Prosaccade | Error of saccade trajectory 1.35 0.53 Large
Saccade Amplitude 0.95 0.41 Large
Antisaccade | Error of saccade trajectory 1.66 0.62 Large
Saccade Amplitude 0.72 0.32 Medium
SRT 0.73 0.33  Medium
Saccade Velocity 0.79 0.35 Medium
Direction errordage corrected) 0.79 0.35  Medium
DMS % Step Saccades 1.12 0.43 Large
Path Length 2.13 0.67 Large
Timing Errors 1.01 0.40 Large
Sequence Errors 0.01 0.004 ns
Timing andsequence errors 1.43 0.52 Large
Predictive 750 msi regular saccades 0.62 0.29  Medium
1000 ms regular saccades 1.32 0.54 Large
Interleaved predictive saccade:  0.25 0.12  Medium
Interleaved regular saccades -1.85 0.67 Large
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4.2.3Delayedmemory-guided sequential task

The percent of trials completed correctly in this task was analyzed using a two
way repeated measures ANOVA, with the dependent variables being group and delay.
This analysis revealed an effect of group (F(1,134)=22220001) buno effect of
delay (F(3,134)=2.2/=0.08) on the percent of correct trials. There was no interaction
between the two variables (F(3,13@)y44,p=0.73). When evaluating correct trials
exclusively, a ManfWhitney U-test revealed that the contgroup had a higher SRT
toward the first target than the 22q subjects (FigB; p=0.008). The SRT toward the
second target was not significantly different between the two gré&igsH4B; p=0.09).
Additionally, the CVof SRT tothe first target wasignificantly higher for the control
group than it was for the 22q groufable 4.2p=0.04), but there was no group
difference for theCV of SRTto the second targeTable 4.2p=0.62). Groups did not
differ in the accuracy of correct saccades direateglther the firstTable 4.2p=0.74) or
second Table 4.2p=0.77) target. The 22q11.2 DS patients performed significantly fewer
correct trias than the control group (Fig-4A; p=0.008).The patients also made step
saccades in a significantly higher percent of trilaésh their control counterparts (Fig.
4.4C;p=0.007. Also, the 22g11.2 DS patients were significantly less efficient during the
DMS task, with a much greater path length (BigD; p<0.0007).

The types of errors made during performance of the DMS task were analyzed.
22011.2 DS patients did not differ from the control group in the percentage of sequence
errors (Fig4.5A). However, the 22t1.2 DS group made more timing (FG5C) errors

in the DMS task. The types efrors were also atyzed using a twavay repeated
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measures ANOVA, with the dependent variables being group and 8elayence error
analysis revealed no effect of group (Bi§ B; F(1,133)=0.0003=0.99) nor a
interaction between the variables (F(3,133)=0.@4D.99). However, the ANOVA did
reveal an overall effect of delay on thercentag®ef sequence errors (F(3,133)=6.32,
p=0.0005). Conversely, timing error analysis revealed a significant effect of group
(F(1,134)=13.05p=0.0004) but not delay (Fig.5D; F(3,134)=1.04p=0.37). There was
also no interaction between the two variables (F(3,134)=@-%520).The trials where
both sequence and timing errors were made were also analysed. There wasardignifi
effect of delay (F(3,134)=6.5p=0.0004) and group (Figd.5F;F(1,134)=18.35,
p<0.0001), but no interaction between the variables (F(3,134)733=b31).

When considering the direction of saccades elicited in trials with timing errors,
children inthe 22q11.2 DS group made mdirst saccades toward tisecond target,
althoughthis effectwas not significanfFig. 46; p=0.08). Effect size analyses revealed
large effect sizes in number of timing errors (Table d=1..01), sequence and timing
errors (Table 4.1¢=1.43), percent of trials containing step saccades (Table=1112)

and path length (Table 4.d52.13).
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Figure 4.5 Saccade parameters for the DMS task

Target 1 Target 2
A*A
Control 22q

(A) Thenumber of correct trials ar(@) the corresponding SRT for each target in these
trials. (C) The percendf trials containing step saccad@3) The path length for each
subject as a measure of planning efficieripx.05
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Figure 4.6 Sequence and timing errors of the DMS task.

(A) The percent sequence errors in the DMS task for all trials and (B) grouped hy delay

(C) The percent timing errors for all trials and (D) grouped by déigyThe percent

sequence and timing errors in the DMS task for all the trials and (F) grouped by delay.

*p<.05
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Figure 4.7 Timing errors of the DMS task.
Timing errors werelassified by the direction adlfie first saccade.
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4.2 APredictive saccade task

In thepredictive saccade taskyo-way repeated measures ANOWAith group
and stimulus number as dependent varialbéegaled that SRTs ditbt differ between
groups in the blockedi&ds with ISIof 750 ms(Fig. 4.7A; F(1,456)=2.31p=0.13).
However, the stimulus number hadgignificant effect, showing that both groups learn to
predict the stimuli over time (F(11,456)=8.430.0001). There was no interaction
between the dependent variablesl(F456)=0.28p=0.99) With I1SI of 12000 ms
however children inthe 22q11.2 DS group had significanitypgerSRTs than the
control group (Fig4.7B; F(1,456)=9.30p=0.009. There was also an effect of stimulus
number, again indicating that both groupsdify their behaviour over time
(F(11,456)=7.15p<0.0001). Again, there was no interaction between patient group and
stimulus in the trials with an ISI of 1000 ms (F(11,456)=0p49.91) Forthe
interleaved trials, analysis revealbet the 22q11.2 DS subjects had significantly shorter
SRTs than the control group (F§7C; F(1,468)=5.90p=0.02. The stimulus number
continued to have a significant effect on SRT (F(11,468)=869,0001).There was
still no interaction between theo dependent variables (F(11,468)=0,52).89)
Histograms for both the control aB8q11.2 Dyroups revealed a bimodal distribution
of SRTs, in bottof the bbcked trial conditions (see Fi¢.8 for an example with ISI 750
ms). Based on the distributinof SRTs, saccades were categorized into four groups:
anticipatory (SRT<300ms), predictive3 0 0 ms 1680 mS)Rxpréss (100 ms
<SRTO150 ms) , o r1s50omg.d\nalysismof the BeRed@nt of saccades in each of

these categoriegvealed no significant difference between the control and 22g11.2 DS
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groups.Two-way repeated measures ANOVA revealed an effet3lofF(2,78)=64.55
p<0.0002 on the generation gredictivesaccades, alongith an interaction étweenlSl
and the subjegroup(Fig. 4.10A; F(2,78=3.67, p=0.03. For both the blockedroups of
trials, the control group made a higher percentage of predictive saccades than the 22gq11.2
DS group however, in the interleaved trials, the 22q11.2sDBectsappeared to make
predictive saccades to the unpredictable targethie interleaved trials, both groups
generated similar proportions pffedictivesaccadeslhe tweway repeated measures
ANOVA also showed a significant effect of IHi¢. 4.10B;F(2,78)=30.06p<0.0001)

on the generation of regular saccades as wetitaraction between the subject group
and ISI whichapproachedignificance (F(2,78)=2.9%=0.06).For both the blocked
groups of trials, the group of children with 22q11.2 DS made more regutadescthan
the control group. With the interleaved trials, however, this effect appeared to be
reversed, with the 22g11.2 DS group making fewer regular saceettisonally, a
negative correlatiowas found between the percentrefularsaccades and the percent of
predictivesaccadefor both 22g11.2 DS (Figl.11A; r =-0.87,p<0.0001)subjects and
controls (Fig4.11A; r =-0.93 p<0.0001)in the 750 ms ISI. There was a significant
negative correlation for the 22g11.2 DS subjects @&i{.B; r =-0.64 p<0.0001), and

for thecontrol subjects (Figd.11B; r =-0.39 p<0.01) during thel000 ms IStrials.

During theinterleaved trials, there was a negative correlation between the regular and
predictive saccades for both the control gr@eig. 4.11C; r =-0.7Q p<0.0001) and the

220911.2 DS group (Figt.11C; r =-0.73, p<0.002)
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