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Tourette Syndrome begins in childhood and is characterized by uncontrollable repetitive
actions like neck craning or hopping and noises such as sniffing or chirping. Worst in early
adolescence, these tics wax and wane in severity and occur in bouts unpredictably, often
drawing unwanted attention from bystanders. Making matters worse, over half of children with
Tourette Syndrome also suffer from comorbid, or concurrent, disorders such as attention deficit
hyperactivity disorder (ADHD) and obsessive-compulsive disorder (OCD). These disorders
introduce anxious thoughts, impulsivity, inattention, and mood variability that further disrupt
children with Tourette Syndrome from focusing and performing well at school and home. Thus,
deficits in the cognitive control functions of response inhibition, response generation, and
working memory have long been ascribed to Tourette Syndrome. Yet, without considering the
effect of medication, age, and comorbidity, this is a premature attribution. This study used an
infrared eye tracking camera and various computer tasks requiring eye movement responses to
evaluate response inhibition, response generation, and working memory in Tourette Syndrome.
This study, the first to control for medication, age, and comorbidity, enrolled 39 unmedicated
children with Tourette Syndrome and 29 typically developing peers aged 10-16 years who
completed reflexive and voluntary eye movement tasks and diagnostic rating scales to assess
symptom severities of Tourette Syndrome, ADHD, and OCD. Children with Tourette Syndrome
and comorbid ADHD and/or OCD, but not children with Tourette Syndrome only, took longer to
respond and made more errors and distracted eye movements compared to typically-
developing children, displaying cognitive control deficits. However, increasing symptom
severities of Tourette Syndrome, ADHD, and OCD correlated with one another. Thus,
cognitive control deficits were not specific to Tourette Syndrome patients with comorbid
conditions, but rather increase with increasing tic severity, suggesting that a majority of
Tourette Syndrome patients, regardless of a clinical diagnosis of ADHD and/or OCD, have
symptoms of cognitive control deficits at some level. Therefore, clinicians should evaluate and
counsel all families of children with Tourette Syndrome, with or without currently diagnosed
ADHD and/or OCD, about the functional ramifications of comorbid symptoms and that they may

wax and wane with tic severity.
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Chapter 1
Introduction




In 1885, Georges Gilles de la Tourette first described nine patients with compulsive tics
(Gilles de la Tourette, 1885). Gilles de la Tourette’s mentor and the father of modern
neurology, Jean-Martin Charcot, chose the eponym Gilles de la Tourette illness, now more
commonly known as Tourette Syndrome (TS). While widely documented in the late 1800’s, TS
was not often detailed again until Arthur Shapiro and others published a monograph in the late

twentieth century (Shapiro et al., 1978).

Diagnosis and Prevalence

Tics are brief, repetitive, stereotyped (i.e., unoriginal, patterned) movements or noises.
Intriguingly, tics often appear as segments of familiar motor movements or phonic sounds yet
are improper for the situation. Physicians classify tics by their anatomical location, number,
frequency, duration, intensity (i.e., exaggerated nature or volume), and complexity (i.e., extent

of muscles involved or sounds versus syllables or words produced; Leckman et al., 2006a).

Parents often overlook simple motor and occasional vocal tics. Children suppress or
hide tics in the doctor’s office, leading many general practitioners to miss tics or mistake those
observed as symptoms of allergies or “nervousness,” resulting in referrals to ophthalmologists,
allergists, or psychologists. This only delays proper diagnosis and treatment, amplifying family
distress (Bruun and Budman, 2005; Zinner, 2006).

Further complicating definitive diagnosis, no clinical examination or laboratory test (e.g.,
blood test or neuroimaging result) exists. Thus, a trained neurologist must base diagnosis on
family history, clinical interview, and brief observation. For diagnosis, neurologists widely use
the criteria listed in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV) from the American Psychiatric Association. Thus, TS is differentiated from transient
tic and chronic tic disorders when multiple motor and one or more vocal tics have been present
for over a year, with no more than three tic-free consecutive months. Onset must be before the

age of 18 and cannot be the result of drugs or other medical condition (APA, 2000).

Although tics occur in up to a quarter of all kids at sometime during childhood (Kurlan et
al., 2002; Snider et al., 2002; Robertson, 2003; Khalifa and von Knorring, 2003), only about 1%
of children meet diagnostic criteria for TS (Comings and Comings, 1990; Robertson, 2008).
Once thought rare, TS may in fact be under diagnosed because of inconsistent diagnostic
criteria and a decrease of perceived distress and impairment in some cultures leading to fewer
clinic visits (Robertson, 2003). Whether TS is increasing in prevalence, however, is uncertain.

There is undoubtedly increased public awareness of TS, but current studies cannot confirm an



actual increase in TS (Robertson et al., 2009). Found four times as often in boys than girls
(Freeman et al., 2000), TS affects most all cultures equally, emphasizing the biological, rather

than psychiatric, foundation of the disorder (Robertson et al., 2009).

Motor tics are classified as simple or complex. A simple motor tic is a brief, sudden,
purposeless movement, typically involving a single muscle. Simple motor tics usually occur in
runs, though not always at the same anatomical site. The most common simple motor tics
include forceful eye blinking, mouth movements, nostril flares, and shoulder shrugs. An
extended, but in no way exhaustive, list appears in Table 1.1. Younger patients are often

oblivious to their simple motor tics.

As patients mature, simple motor tics are joined by complex motor tics, which are
sudden, coordinated, and seemingly purposeful sequential movements of multiple muscle
groups over a longer duration. Examples are endless and include head jerks to toss the hair,
neck craning followed by a shoulder shrug, and walking interjected with choreographed hops.
Patients are often very aware of their complex motor tics, which with increased frequency and
intensity often lead to physical pain and fatigue. Further, complex motor tics can be
emotionally painful, drawing unwanted stares from bystanders, opening the door for loneliness
and low self-esteem. In response, patients will camouflage tics to make them appear
purposeful (e.g., arm jerk ending in smoothing the hair). Consequently, a frequent lip-pursing

tic may be less impairing than an infrequent obscene gesture.

Moving air through the nose, mouth, or throat produces vocal tics, also called phonic
tics (Fahn, 2005). This leads to a nearly endless range of possible vocal tics, some captured in
Table 1.1. As with motor tics, vocal tics are categorized as simple or complex. A single sound,
such as a snort, tongue click, or bird chirp qualifies as a simple vocal tic. These sudden,
meaningless noises occur in bouts of repeated succession. Complex vocal tics are comprised
of syllables, words, phrases, or variations in speech patterns, such as stuttering or repeating
oneself (palilalia) or another (echolalia). Contrary to media portrayal of TS, only around 10% of
patients have coprolalia — obscene and socially inappropriate remarks (Goldenberg et al.,
1994; Freeman et al., 2000).

One intriguing aspect of tics is their suggestibility. This feature is discernable in multiple
settings. During clinical observation and, more specifically, during a structured, systematic
interview of current and past symptoms, mentioned tics may appear immediately (often
unbeknownst to the child), even if the tic had been absent for months (Leckman et al., 2006b).
Suggestibility extends beyond an individual’s personal repertoire of tics. Astonishingly, patients

in the waiting room of a TS specialty clinic would mimic the tics withessed in other waiting,



Table 1.1 Examples of simple and complex motor and vocal tics

Tic Symptom Dimensions

Examples

Simple motor tics:

Sudden, brief, meaningless movements

Complex motor tics:

Slower, longer, more “purposeful” movements

Simple phonic tics:

Sudden, meaningless sounds or noises

Complex phonic tics:

Sudden, more “meaningful” utterances

Eye blinking, eye movements, grimacing,
nose twitching, mouth movements, lip pouting,
head jerks, shoulder shrugs, abdominal
tensing, kicks, finger movements, jaw snaps,

rapid jerking of any part of the body

Sustained “looks,” facial gestures, biting,
touching objects or self, thrusting arms,

throwing, banging, gestures with hands,
gyrating and bending, dystonic postures,

copropraxia (obscene gestures)

Throat clearing, coughing, sniffling, spitting,
screeching, barking, grunting, gurgling,
clacking, hissing, sucking, animal noises, and

innumerable other sounds

Syllables, words, phrases, statements such as

“shut up,” “stop that,” “oh, okay,” “I've got to,”

“honey,” “what makes me do this?” “how
about it,” or “now you’'ve seen it,” speech
atypicalities (usually rhythms, tone, accents,
intensity of speech); echo phenomenon
(immediate repetition of one’s own [palilalia] or
another’s words or phrases [echolalia]); and
coprolalia (obscene, inappropriate, and

aggressive words and statements)

From Leckman LF, King RA, Cohen DJ. Tics and tic disorders. In: Leckman JF, Cohen DJ

with Colleagues from the Yale Child Study Center. Tourette’s Syndrome — Tics, Obsessions,

Compulsions: Developmental Psychopathology and Clinical Care. New York: John Wiley and

Sons; 1998:23-42. Reprinted with permission.



ticcing patients (lan J. Butler, personal communication). This latter example of suggestibility

demonstrates tic response to external, and often unconscious, stimuli (e.g., scratchy shirt tag).

Many children with TS report an urge preceding a tic (Banaschewski et al., 2003). Like
an itch before a scratch, this premonitory urge only becomes harder to ignore the longer the tic
is resisted. Once the tic is released, children experience fleeting relief until the urge inevitably
returns. Indeed, a tic’s irresistibility has been cited as its most prominent feature, “The strain in
holding back is as great as the relief in letting go” (Wilson, 1940). Of note, it is detection of the
urge (often not recognized until preteen years) that alerts kids to attempt to suppress, or hold
in, a forthcoming tic. Unfortunately, of the tics TS patients can only hold in, restraint is only
temporary (few minutes to an hour; Banaschewski et al., 2003). Despite tics long being
classified as entirely involuntary and reflexive (Meige and Feindel, 1907), this ability to
suppress tics, albeit momentarily, indicates some voluntary or willful control. Hence, Lang
proposed the involuntary label of tics be reevaluated (Lang, 1991). In response, Fahn has
offered the term unvoluntary, as tics are seemingly a voluntary response to an involuntary
sensation (Fahn, 2005).

Natural History

Tourette Syndrome has an interesting natural history, or classical pattern of
development. Motor tics appear first, around the age of five to seven (Freeman et al., 2000;
Leckman et al., 2006a; Zinner, 2006), joined by vocal tics on average two years later,
somewhere between 8-15 years of age (Peterson, 1996; Leckman et al., 2006a). Tics
progress in a rostral-caudal manner, first affecting the face and head (e.g., eye blinking, head
bobbing, and neck craning), then the torso (e.g., abdominal flexing and shoulder shrugging),
and finally the limbs (e.g., finger tapping and knee bouncing; Singer and Walkup, 1991; Bruun
and Budman, 2005). Furthermore, tics begin as simple and meaningless, involving usually only
one muscle group. As the child enters the preteen years, new tics take on a complex nature
involving a combination of muscles and sounds that appear almost purposeful. For example, a
child with Tourette Syndrome often begins with simple, forceful eye blinks and eye rolls, which
later disappear or are joined by a complex tic, such as the combination of a shoulder roll
accompanied by a neck crane. As one can imagine, motor and particularly vocal tics draw
unwanted attention from bystanders and classmates leading to social stigma, complicating the

daily life of a child with Tourette Syndrome.

As implied above, tics change in identity over time and individual tics also change in

frequency and severity. Unfortunately, this fluctuation is largely unpredictable. Features of tics
5



contributing to overall severity are displayed in Table 1.2. A given tic may appear for a few
weeks or may persist for years. During the presence of one tic, other tics will surface (Bruun
and Budman, 2005). Thus, tics naturally wax and wane throughout childhood and
adolescence, peaking around age twelve, regrettably at the same time as the natural self-
doubts of the teen years. In addition to their long-term variability, tics are further exacerbated
by anxiety, stress, and excitement (Findley et al., 2003; Leckman et al., 2006a). This makes a
new school year, a timed test, and, ironically, a family vacation to Disney World, prime causes
of tic intensification. For unknown reasons, tics mysteriously and overwhelmingly resolve in
adulthood (Leckman et al., 1998). By age 18, over 90% of children with TS will experience
near resolution of tic symptoms (Goetz et al., 1992; Bloch et al., 2006). Figure 1.1 illustrates
the variable, tiered course of TS into adulthood. While the future extent of TS symptom
severity and complexity is unpredictable at diagnosis, one study found caudate brain volume in

childhood inversely correlated with tic severity in adulthood (Bloch et al., 2005).

Comorbidities

To make matters worse, many children with Tourette Syndrome also have concurrent,
or comorbid, conditions. In fact, one report found only 40% of TS patients do not have a
comorbidity (Denckla, 2006). Attention deficit hyperactivity disorder (ADHD) occurs in over
50% of children with TS (Comings and Comings, 1985). As the name denotes, ADHD results
in developmental inappropriate hyperactivity, inattention, and impulsivity that may persist into
adulthood. As a chief source of dysfunction, ADHD is a major clinical concern (Spencer et al.,
2001) and often disrupts social and academic capacity more than tics do (Mostofsky et al.,
2001). Another comorbidity, obsessive compulsive disorder (OCD) occurs in about 30% of
children with TS (Comings and Comings, 1985). OCD introduces distressing, intrusive, and
unwanted thoughts and fears (e.g., worry of an intruder), resulting in ritualized actions or
thoughts done to relieve anxiety or distress (e.g., repeatedly checking a locked door). Other
less common comorbidities include learning difficulties (e.g., dyslexia), anxiety disorders (e.g.,
social anxiety), affective disorders (e.g., depression or mania), pervasive developmental
disorders (e.g., Asperger’s syndrome), and aggressive behavior. Comorbid disorders may
develop at any time, but are most likely and numerous in early adolescence, mimicking the
progression of tic severity. These comorbidities introduce confusing heterogeneity into the
syndrome phenotype and further disable children with TS from focusing and performing well at

school and home.



Table 1.2 Spectrum of severity of tics

Feature Mild Moderate Severe
Duration Acute, brief  Intermediate length Tics status
_ _ Copropraxia, echopraxia, self-
Motor tics Simple Complex o
mutilation
Poorly audible
Vocal tics None _ Loud noises, coprolalia
noises
Variety of tics Few Multiple Many
With concentrated
Suppressible Easily N No
volition
Interference with life’s No
Mildly disruptible Highly disruptible
activities disruption

From Fahn S. The clinical spectrum of motor tics. In: Friedhoff AJ and Chase TN. Gilles de la

Tourette Syndrome. Advances in Neurology. Philadelphia: Lippincott Williams & Wilkins;
1982; 35:341-344. Reprinted with permission.



severe

continues in
adulthood

_____

Tic Severity and # Comorbidities

Age

Figure 1.1 Course of Tourette Syndrome

At diagnosis around age 7, it is unknown whether a given child with Tourette Syndrome
will follow a mild or severe trajectory of symptoms. Tic severity and comorbidities (concurrent
disorders) increase throughout adolescence but overwhelmingly resolve by age 18 in about

90% of patients. Figure adapted from lan J. Butler, M.D.



TS is closely intertwined with ADHD and OCD. Symptoms of ADHD often appear
between 3-5 years of age, before tic onset at age 6, and are followed by OCD symptoms up to
a few years later (Bloch et al., 2005). While Pauls and colleagues proposed there are two
types of ADHD, one independent of and another implanted in TS, Towbin and Riddle suggest
all TS patients have some degree of ADHD symptomatology — subthreshold in some patients
and above threshold for ADHD diagnosis in others (Robertson, 2000). The intimate
relationship between TS and OCD is confirmed by historical (e.g., Meige and Feindel, 1907),
epidemiological (e.g., Comings and Comings, 1985), phenomenological (e.g., Pitman et al.,
1987), genetic (e.g., Pauls et al., 1986a), and neuroanatomical evidence (e.g., Rauch et al.,
2001). Specifically, whereas OCD occurs in only 1-3% of the general population, OCD in TS
patients is much more prevalent. Also, the symptoms of both TS and OCD patients wax and
wane and include compulsive tics like touching, counting, and “evening-up.” Critically, TS,
ADHD, and OCD share the common feature of aberrant inhibition of unwelcome thoughts and
behaviors, underscoring the related clinical features and likely analogous neural circuitries of

each disorder.

Etiology and Genetics

Several cited risk factors of TS include prenatal and perinatal adverse events,
psychosocial stressors, and post-infectious immune responses. Much controversy surrounds
the last (Kurlan and Kaplan, 2004), which proposes that abnormal response to streptococcal
infection may lead to onset or exacerbation of neuropsychiatric disorders (Swedo et al., 1998).
One type, pediatric autoimmune neuropsychiatric disorders associated with streptococcal
infection (PANDAS), has a similar phenotype as TS and OCD, and is proposed to develop
through a process called molecular mimicry. Antibodies in response to streptococcal antigens
cross-react with brain targets (e.g., anti-basal ganglia antibodies, Rizzo et al., 2006; but see
Singer et al., 2005 and Morris et al., 2009) and lead to neuropsychiatric disorders. Only
recently did a large case-control study definitively show no strong association between

streptococcal infections and neuropsychiatric syndromes (Schrag et al., 2009).

Many family members of TS patients have transient tics (15-20%) or TS (10-15%) at
rates significantly higher than in controls (Pauls et al., 1991; Eapen et al., 1993; Walkup et al.,
1996; Hebebrand et al., 1997). Even in Gilles de la Tourette’s original description of TS he
noted that three of the nine patients had relatives with tics, and attributed TS to hereditary
factors. Over a century later, geneticists are still in agreement with Gilles de la Tourette’s

limited data, but still have not yet pinpointed a TS gene(s) or inheritance pattern.



Chromosomal rearrangement studies have reported rearrangement (Donnai, 1987; Brett et al.,
1996; Devor and Magee, 1999), translocation (Boghosian-Sell et al., 1996; Cuker et al., 2004),
de novo duplication (Kroisel et al., 2001), and inversion (Abelson et al., 2005) on various
chromosomes, but without clear association with TS. Candidate gene studies, which identify
deviations in genes coding for proteins implicated in the disease of interest, have resulted in
negative or equivocal results (Pauls, 2001). Genome-wide linkage studies are used in complex
disorders to search for rare mutations in affected families, but such large pedigrees are hard to
assemble and have not found strong evidence for linkage in TS (Pauls et al., 1990; Pakstis et
al., 1991; Walkup et al., 1996). The most successful studies have been in twins. Monozygotic
twins (identical genomes) are 50-70% concordant for TS, whereas dizygotic twins (50% genes
shared) are only 9% concordant for TS (Price et al., 1985; Hyde et al., 1992). Thus,
monozygotic twins have a many-fold times greater risk to both have TS, indicating multiple
genes constitute a risk of TS. Furthermore, because the rate of TS in monozygotic twins is not
100%, environmental factors must have considerable contribution to the disease (Keen-Kim
and Freimer, 2006).

The strength of conclusions drawn from genetic studies is severely limited by the
heterogeneity of TS. Uncertainty in how to best describe the TS phenotype hampers attempts
to link genes to a given trait (Keen-Kim and Freimer, 2006). Consequently, a new method,
such as the one presented in the current study, is needed to assist categorization of patients

with homogenous symptoms before genetic studies begin.

Pathophysiology

TS was long thought to be purely a psychiatric disorder, and even as late as the 1960s
literature discussed the psychological causation of tics. Margaret Mahler posited that tics
developed following a three-stage process triggered by overprotective and restrictive parents
and solidified by the child’s revolt (Mahler, 1949). In truth, TS is firmly neurologically based,
and only a few decades ago the dopamine hypothesis was established after the first reports of
pharmacologic response to neuroleptics (dopamine antagonists; Bockner, 1959) and tic
exacerbation after high dopamine agonist doses. Neurochemical measurements further
substantiated the role of dopamine and serotonin, as abnormal levels of these neurotransmitter
metabolites were found in the cerebral spinal fluid (Butler et al., 1979), blood (Leckman et al.,
1984; Cath et al., 2001), and urine (Bornstein and Baker, 1988) of TS patients.

While the exact pathophysiology of TS is unknown, loci of dopamine and serotonin

interaction are prime candidates. Neurochemical, neuroanatomical, and neurophysiological
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evidence points to involvement of the basal ganglia (e.g., Peterson et al., 2003; Cheon et al.,
2004; Houeto et al., 2005; Kalanithi et al., 2005), frontal cortex (e.g., Peterson et al., 1998; Moll
et al., 1999; Stern et al., 2000; Peterson et al., 2001; Fredericksen et al., 2002), and distinct

neural circuitry interconnecting the two.

The basal ganglia, comprised of several subcortical nuclei, control and program
movements, activating the desired action and inhibiting all inappropriate alternatives (Figure
1.2, cf., Hallett, 1993; Mink, 1996). The subthalamic nucleus (STN) and striatum (caudate and
putamen nuclei) are the input structures to the basal ganglia. Both receive excitatory,
glutamatergic projections from the cortex, although the “hyperdirect” pathway to the STN is
exclusively from the frontal cortex (Hartmann-von Monakow et al., 1978), whereas all cortical
areas project to the striatum (Kemp and Powell, 1970). This cortical input is topographically
organized (parallel), yet broad dendritic trees accept input from multiple cortical areas
(convergence) and a given cortical area projects to several striatal zones (divergence; Selemon
and Goldman-Rakic, 1985). Further, each cortical projection synapses onto a dendritic spine
head of medium spiny neurons in the striatum (Bouyer et al., 1984; Cherubini et al., 1988),
while the dopamine-containing substantia nigra pars compacta (SN,.) phasically projects onto
the shaft of the same spine (Carpenter, 1981). This anatomic framework allows the striatum to

transform and integrate incoming signals for action selection.

Ultimate basal ganglia output depends on the class of dopamine receptor activated in
the striatum. Two classes of dopamine receptors have been described — the D class (D41 and
Ds receptors) and the D, class (D», D3, and D4 receptors; Sibley et al., 1993) — and each class
produces an opposite effect. D receptors in the striatum send focused inhibitory GABA
projections to the basal ganglia output structures, the globus pallidus internus (GP;) and
substantia nigra pars reticulata (SN,; Gerfen and Young, 1988; Gerfen et al., 1990). This
“direct/go” pathway serves to inhibit the basal ganglia’s tonic inhibitory output, releasing distinct
thalamic regions to activate their cortical targets and thus generate discrete desired action(s).
In parallel with the “direct/go” pathway, activated striatal D, receptors phasically send GABA-
ergic inhibitory signals to the globus pallidus externa (GP.; Gerfen and Young, 1988; Gerfen et
al., 1990), which in turn disinhibits the subthalamic nucleus (STN) through GABA-ergic
inhibitory projections (Kita et al., 1983). The STN tonically sends quick, divergent
glutamatergic excitation to the GPi/SN,, (Brotchie and Crossman, 1991; Rinvik and Ottersen,
1993). This “indirect/stop” pathway, together with the “hyperdirect” pathway, serves to provide
widespread excitation to the basal ganglia’s tonic inhibitory output, further clamping down the
thalamus and preventing cortical initiation of diverse, undesired actions. Taken together, the

“direct/go” and “indirect/stop”/”’hyperdirect” pathways work in delicate “push-pull” concert to
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Figure 1.2 Basal ganglia circuitry

The frontal cortex sends excitatory, glutamatergic signals to the STN (the “hyperdirect”
pathway), whereas all cortical regions send such signals to the striatum. The striatum
additionally receives dopaminergic projections from the SN, activating D1 or D, striatal
receptors. D1 receptors directly inhibit the GPi/SN,, interrupting its tonic inhibitory GABA-ergic
output to the thalamus, releasing the thalamus to authorize a cortically directed action (the
“direct/go” pathway). Conversely, by inhibiting GP, and disinhibiting STN, D, receptors
indirectly reinforce GPi/SN, inhibitory output, obstructing the thalamus from activating an action
(the “indirect/stop” pathway). Shaded boxes comprise the basal ganglia, green projections are
excitatory; red are inhibitory, dotted lines are phasic, solid lines are tonically active. SC,
superior colliculus; see text for other abbreviations.
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disinhibit (and thereby select) the precise suitable response and maintain inhibition on (and

thus prevent) the myriad, undesired alternatives, respectively.

In addition to motor control, the basal ganglia are involved in the control of a variety of
functions including cognition, emotions, and learning. The basal ganglia control these functions
through five parallel basal ganglia-thalamocortical loops (Alexander et al., 1986). In each loop,
discrete areas of the cerebral cortex project to certain basal ganglia nuclei, which send
information to specific thalamic nuclei and terminate on originating cerebral structures unique to
that loop. The information in each circuit is topographically organized. While the loops are
structurally and functionally segregated, the operations processed at each level of one circuit
are analogous to that of the others. Hence, an abnormality measured at one level in a basal
ganglia-thalamocortical circuit may indicate dysfunction at the same level of other loops
(Alexander et al., 1986).

Specifically, the five basal ganglia-thalamocortical loops include the Motor, Oculomotor,
Dorsolateral Prefrontal, Lateral Orbitofrontal, and Anterior Cingulate circuits (see Figure 1.3
and Figure 1.4). The Motor Loop, which provides motor control, begins in motor cortices,
projects to the putamen, onto ventrolateral pallidal segments and caudolateral SN, through
the ventrolateral thalamic nucleus, and back to motor cortices. The Oculomotor Loop controls
externally and internally generated eye movements via frontal cortices, caudate, dorsomedial
GP; and ventrolateral SN, and ventral anterior and mediodorsal thalamic nuclei. The
Dorsolateral Prefrontal Loop subserves spatial memory, executive function, and attention. Itis
comprised of dorsolateral prefrontal cortex (DLPFC), dorsolateral caudate, dorsomedial GP;
and rostrolateral SNy, and ventral anterior and mediodorsal thalamic nuclei. The Lateral
Orbitofrontal Loop originates in lateral orbitofrontal cortex (LOFC) and includes ventromedial
caudate, dorsomedial GP; and rostromedial SN, and ventral anterior and medial dorsal
thalamic nuclei. This Loop supplies inhibitory control and flexibility of response, as ablation of
LOFC in monkeys results in perseveration and reduced capacity for switching between
behavioral sets (Ilversen and Mishkin, 1970; Butters et al., 1973). Finally, the Anterior
Cingulate Loop, which is responsible for limbic (i.e., emotional and motivational) processes,
involves the anterior cingulate cortex (ACC), ventral striatum, rostrolateral GP; and rostrodorsal

SNgr, and mediodorsal thalamic nucleus.
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Figure 1.3 Circuitry of the basal ganglia-thalamocortical loops

Each loop entails distinct subpopulations of cells in cortical, striatal, pallidal, nigral, and
thalamic regions. A. The Motor Loop includes specific motor cortices and the putamen. B. The
Oculomotor Loop involves frontal cortices and the caudate. C. The Dorsolateral Prefrontal
Loop involves the DLPFC and the caudate. D. The Lateral Orbitofrontal Loop includes the
LOFC and caudate. E. The Anterior Cingulate Loop involves the ACC and ventral striatum.
Shaded boxes comprise the basal ganglia, green projections are excitatory, red are inhibitory,

dotted lines are phasic, solid lines are tonically active. See text for abbreviation details.
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A. Lateral View

B. Sagittal View

Figure 1.4 Anatomy of the basal ganglia-thalamocortical loops

The five parallel basal ganglia-thalamocortical loops originate and terminate in their own
unique cortical areas. Additionally, all loops traverse the same subcortical nuclei, but synapse
on distinct subpopulations of cells. A. Four loops can be seen on the lateral surface of the
brain. The primary (1°) motor cortex is topographically organized (rainbow gradient) and
distinct tics correspond to discrete aberrant cells. B. One loop is visible only in a sagittal view
of the brain. 1° Motor, primary motor cortex; FEF, frontal eye field; DLPFC, dorsolateral

prefrontal cortex; LOFC, lateral orbitofrontal cortex; ACC, anterior cingulate cortex
15



Much evidence supports the dysfunction of the basal ganglia-thalamocortical loops in
TS, ADHD, and OCD. Consistent with motor tics originating in the Motor Loop, cortical thinning
of sensorimotor areas is reported in TS (Sowell et al., 2008). Emotional disturbances and the
occasional obsene nature of gestures and comments (i.e., copropraxia and coprolalia,
respectively) in TS give suggestion of Anterior Cingulate Loop involvement as well (Trimble and
Robertson, 1987). As the hippocampus projects to the ventral striatum (Krayniak et al., 1981;
Kelley and Domesick, 1982), part of the Anterior Cingulate Loop, the involvement of this loop in
TS is further supported by reports of an abnormal hippocampus in children with TS (larger
volume; Peterson et al., 2007; less gray matter; Ludolph et al., 2006). Cortical thinning (Shaw
et al., 2006; Makris et al., 2007) and volumetric abnormalities (Seidman et al., 2006) of DLPFC
and ACC have been reported in ADHD, highlighting the involvement of the Dorsolateral
Prefrontal and Anterior Cingulate Loops in the disease. Finally, smaller LOFC (Rotge et al.,
2009), less activation of LOFC (Chamberlain et al., 2008), and regional cerebral blood flow
abnormalites in LOFC and ACC as measured by single photon emission computed tomography
(Busatto et al., 2001) implicate the Lateral Orbitofrontal and Anterior Cingulate Loops in the

pathophysiology of OCD.

Stated again, the cause of TS is unknown, but likely involves the basal ganglia and
frontostriatal circuits. Several anatomic models of TS exist (for review, see Steeves and Fox,
2008), including one based on the above-described modification of Albin and colleagues’
classic two-circuit model of the basal ganglia (see Figure 1.2; Albin et al., 1989). This early TS
model proposed an imbalance between an overactive “direct/go” pathway, which continues to
release intended movements, and overactive “indirect/stop” and “hyperdirect” pathways, which
fail to inhibit certain involuntary actions (tics). Disparity in other basal ganglia-thalamocortical
loops would lead to unwanted thoughts and behaviors. A recent update to the model proposes
“centre-surround” activation, stressing the focused inhibition of the “direct/go” pathway, and
widespread excitation of the “indirect/stop” and “hyperdirect” pathways on GPi/SN, output
(Mink, 2001). The “direct/go” pathway serves to create a “centre” of GPi/SN, inhibition and
consequent excitation of thalamus and cortical motor pattern generators, whereas the
“‘indirect/stop” and “hyperdirect” pathways produce a “surround” of GP/SN,, excitation, realized
as thalamic inhibition and halt of cortical motor activity. By way of the multiple basal ganglia-
thalamocortical circuits, pathologic activity in specific striatal neurons could aberrantly inhibit
basal ganglia output topographically, releasing not only distinct, unwanted tics, but also
unwelcome thoughts and behaviors. This pathological activation may be isolated to
subcompartments of the striatum that in a third model have functional relevance to TS (Canales

and Graybiel, 2000). First described by Graybiel and colleagues, striatal regions named
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striosomes stain only lightly for acetylcholinesterase (AChE), whereas the surrounding matrix
stains heavily for AChE (Holt et al., 1997). Matrix afferents come from many cortical areas and
efferents form the “direct/go” and “indirect/stop” pathways to the GP/SN,,. Striosomal-based
stereotypies observed in stimulant-treated mice lead to the theory that tics may result from
metabolic activity imbalance between the matrix and striosome (Mink, 2001; Saka and
Graybiel, 2003). In a final model of TS, Leckman and colleagues proposed that asynchronous
oscillations of basal ganglia-thalamocortical loops disrupt the tonic inhibitory output of GP;, thus
repeatedly and momentarily releasing the thalamus to excite cortical areas, producing tics
(Leckman et al., 2006c). In support of this, deep brain stimulation (DBS) and lesions of GP;,
thought to disrupt neural firing, ameliorate tics (Houeto et al., 2005; Zhuang et al., 2009).
Intriguingly, single-unit recordings during pallidotomy showed phasic discharge of GP;
correlating with electromyogram (EMG) recordings of intra-operative tics (Zhuang et al., 2009).
The authors proposed GPi activity preceding EMG onset up to 2 seconds might represent
premonitory urges. In a recent update on basal ganglia models, however, action selection (and
therefore improper action release) is proposed to be a function primarily of the cortex, not basal
ganglia, as basal ganglia subunits are tightly influenced by their respective cortical inputs
(DeLong and Wichmann, 2009). Regardless of the model preferred, a continued search is

necessary to clarify the pathophysiology of TS.

TS has baffled and captivated clinicians and researchers for over 125 years. Modern
technologies and theories continue to push the field closer to a pathophysiological and
etiological consensus. The multifarious dimensions of TS, however, befuddle this effort.
Clearer understanding of TS will come after ferreting out the impact comorbidities have on TS

phenomenology and pathophysiology.
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Chapter 2
Orienting In TS
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Eye Movements

We make countless eye movements every day, even every minute (three per second!;
Rayner, 1998). We execute different classes of eye movements when we read a book, track a
buzzing mosquito, or spot out our passenger window the telephone poles whizzing by on a
family car trip. These eye movements serve to orient each eye on the same object, effectively
centering the object of interest on our fovea, the retinal location of highest acuity. One
category of eye movements, saccades, quickly foveate an object or location in space with an
abrupt, small, jerky movement. Saccades are further classified as reflexive or voluntary, each

controlled by distinct, well-known, and well-studied neurocircuitry.

Reflexive saccades are stimulus driven, as they occur in response to a peripheral
stimulus. An instinctive glance to a suddenly appearing light is a reflexive saccade. This type
of saccade is generated in a “bottom-up” fashion in that midbrain reflexive control centers
detect the external stimulus and automatically orient the eyes to it. Reflexive saccades are
driven by the superior colliculus (SC, the midbrain saccade generator) as lesion of it alone

results in saccade slowing and a loss of express (fast) saccades (Schiller et al., 1987).

Voluntary saccades are internally driven, dependent on a plan of action informed by
prior information. Intentionally looking away from a suddenly appearing light involves a
voluntary saccade. This “simple” undertaking demands cognitive control, including inhibition,
generation, and working memory. To successfully look away from the light, you must inhibit
saccades to the appearing light, generate a saccade to the opposite point in space, and
remember what you are trying to accomplish. These components require “top-down” control
from the frontal cortex to the SC via the Oculomotor Loop in the basal ganglia (see Chapter 1).
Explicitly, the dorsolateral prefrontal cortex (DLPFC) inhibits inappropriate reflexive saccades
and the frontal eye field (FEF) triggers the generation of planned voluntary saccades (Pierrot-
Deseilligny et al., 2004). Further, the “direct/go” pathway releases the SC to produce a
saccade and the “indirect/stop” pathway prevents SC execution of an eye movement (refer to
Figure 1.2; Hikosaka et al., 2000).

The ability to override a reflexive response in preference of a voluntary one is
contingent on intact frontal brain regions. Patients with frontal cortex lesions have great
difficulty with the antisaccade task in which they must inhibit a reflexive saccade and instead
make a voluntary saccade (Guitton et al., 1985). Based on such patient and
neurophysiological data, the Tonic Inhibition Model asserts frontal cortical areas, subserving
voluntary control, modulate midbrain reflexive control by way of the basal ganglia’s tonic

inhibitory output (Figure 2.1; Sereno, 1992). Indeed, the basal ganglia perform response
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Figure 2.1 Model of reflexive and voluntary orienting

The Tonic Inhibition Model (Sereno, 1992) maintains that voluntary orienting centers in
the frontal lobe (orange oval) activate the basal ganglia to selectively inhibit the midbrain
reflexive orienting center. The midbrain is free to automatically respond to external stimuli. For
voluntary responses, though, frontal control centers modulate midbrain output by triggering the
basal ganglia to select the appropriate response through calculated release of the midbrain

from its tonic inhibition. SC, superior colliculus
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selection through interconnections with the frontal cortex and brainstem (Hikosaka et al., 2000).
Thus, the reflexive control center can respond to external stimuli as needed. To coordinate a
voluntary response, however, frontal cortices inhibit brainstem execution of reflexive actions in

order to delay the intended response until the appropriate time.

This interplay between reflexive and voluntary systems is evident in everyday
examples. When you are walking alone to the parking lot at twilight, a dancing shadow beside
some bushes causes you to instinctively jump. In this unnerving situation, your voluntary
frontal center only lightly impedes reflexive responses, allowing hypervigilance. Alternatively,
when you are rigorously studying in a bustling coffee shop (which, as an aside, | deem
counterproductive regardless the strength of your voluntary control), the sea of people and
vibrant colors don’t even cause you to look up. In this instance, your voluntary center strongly

dampens reflexive responding to allow maintained focus.

Value of Saccade Research

The direct study of saccadic eye movements has great utility. Saccades are a discrete
behavioral method with limited output, measureable with extraordinary precision and influenced
with slight paradigm and sensory changes (Hutton, 2008). Saccadic eye movements and their
neural command have long been studied in non-human primates and lesion patients (Hikosaka
and Wurtz, 1983; Bruce and Goldberg, 1985; Guitton et al., 1985; Pierrot-Deseilligny et al.,
1991; Everling et al., 1999). Also, cortical neuroanatomy of saccade control has been
investigated in healthy adults with intact oculomotor systems by inducing temporary “functional
lesions” with transcranial magnetic stimulation (TMS; Muri and Nyffeler, 2008). Consequently,

the neural circuitry underlying saccades is intimately known.

Compared to traditional psychological testing, eye movement tests are particularly well suited
for evaluating cognitive control and motor processes. First, task instructions are simple and
easily understood by all ages. Second, in eye movement tasks, encoding and response
processes are in the same modality (visual), whereas in typical tasks translation is required
from the stimulus input modality (visual, auditory) to behavior measures (motor, speech), which
dilutes the task’s ability to directly measure the desired cognitive process. Third, eye
movements share brain areas with cognitive control and motor processes (Luna et al., 2004)
and different (and experimentally separable) brain areas control reflexive and voluntary
saccades. Moreover, saccade tasks have been shown to have greater test-retest reliability

than neuropsychological tasks in healthy individuals and patients (Gooding et al., 2004; Hill et
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al., 2008) and be more sensitive measures of cognitive control (Broerse et al., 2001) and
treatment effects (Hill et al., 2008).

Further, studies of saccades eliminate confounds common to neuropsychological
testing. Neurological and psychiatric patient populations (e.g., Parkinson disease and
schizophrenia) demonstrate slowing in the initiation and execution of manual responses (e.g.,
key press) compared with healthy participants (Benson, 1990; Bermanzohn and Siris, 1992;
Jogems-Kosterman et al., 2001). Psychomotor slowing is specific to manual response tasks
but not eye movement tasks (Gale and Holzman, 2000; Reuter and Kathmann, 2004).
Whereas neuropsychological tests tap broad frontal areas, saccade paradigms exploit known,
distinct regions. Moreover, saccade tasks do not require additional higher order processing,

like for colors, pictures, or words.

Saccade paradigms are particularly effective measures of cognitive control in hard-to-
test populations, like patients and children. Eye movement tasks allow careful and easy
manipulation of task difficulty and produce robust and sensitive results. Assessment is quick
and avoids fatigue common to such participants. Significantly, hypotheses of a disease’s
neuropathological loci can be appraised by saccade task performance (Farber et al., 1999).
Indeed, patients with frontal cortex and basal ganglia neuropathology exhibit saccadic deficits
(Guitton et al., 1985; Briand et al., 1999). The utility of saccade tasks in patients and children is
demonstrated by successful treatment evaluation (Reilly et al., 2006), prediction of disease
outcome (Robert et al., 2009), utility as an endophenotype (Calkins et al., 2008) and biomarker
(Blekher et al., 2006), and assessment of cognitive development (Luna et al., 2004). Our lab
has extensive experience and success conducting eye movement research in patients and
children. We have demonstrated eye movement performance is linked to schizotypy in healthy
participants (Larrison et al., 2000), correlates with symptom severity (Briand et al., 2001;
Amador et al., 2006; Jeter et al., 2010), evaluates treatment efficacy (Larrison-Faucher et al.,
2004; Hood et al., 2007; Babin et al., in preparation 1), differentiates clinically-defined disease
subtypes (Jeter et al., 2009), and identifies a cognitively-impaired subtype of schizophrenia

(Babin et al., in preparation 2).

In addition to the specific advantages of eye movement studies described above in
neurological and psychiatric patient and child populations, saccade tasks are particularly well
suited for investigations in TS. As a disease characterized not only by release of situationally
unfitting movements and behaviors, but also insufficient generation of pertinent actions, TS
dysfunction is synonymous with misdirected cognitive control. Restated, TS patients have a

specific lack of response inhibition, response generation, and working memory. These faculties
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are also critically employed in voluntary eye movement tasks. Fittingly, common brain areas
instruct cognitive control and voluntary eye movements (Luna et al., 2004). Thus, dysfunctional
cognitive control, measureable with simple saccade paradigms, can be linked to mutual brain
regions. Specifically, the parallel basal ganglia-thalamocortical Motor and Oculomotor Loops
underwrite this relationship (see Chapter 1), making eye movement experiments useful for
understanding how the brain controls movement (Leigh and Zee, 1999). Unlike limb
movements, though, eye movements are simple movements not hindered by joints, muscle
load restrictions, or large ranges of motion, and so are easily measured. Eye movements are
natural, quick, and quantifiable. From decades of non-human primate and lesion patient
research, the neural circuitry controlling saccade generation is better understood (Leigh and
Zee, 1999). While a few research groups have capitalized on the advantages of oculomotor

research in TS, more studies are needed (Rommelse et al., 2008).

Not only are oculomotor tasks poised to effectively evaluate Motor Loop function, but
also they are suitable for appraisal of the other three basal ganglia-thalamocortical loops.
These parallel loops, namely the Dorsolateral Prefrontal Loop, the Lateral Orbitofrontal Loop,
and the Anterior Cingulate Loop, govern spatial working memory and attention, socially
appropriate response lability, and mood stability and motivational drive, respectively. Not
surprisingly, then, irregularity in these loops leads to ADHD and OCD, the conditions most
commonly coexisting with TS. Thus, in conjunction with eye movement investigations of TS
cognitive control, saccade tasks can examine the impact of comorbid ADHD and OCD on
cognitive control in TS patients. Such an endeavor is imperative to quantify and better
understand the specific functional weight TS individuals bear due to comorbid conditions
(Gooding and Basso, 2008; Rommelse et al., 2008). Parceling and attributing the impact of
comorbid ADHD and OCD will create more homogenous subtypes of TS necessary to advance

stymied genetic analyses (Gooding and Basso, 2008).

Model of Orienting in TS

TS patients are known to have abnormal frontal lobe anatomy and function, perhaps in
response to a primary dysfunction of the basal ganglia. As frontal cortices and the basal
ganglia are directly involved in the Oculomotor Loop, these disruptions have immediate
implications for the control of eye movements. According to the model of reflexive and
voluntary orienting in Figure 2.1, frontal deficit leads to poor performance on tasks of voluntary
orienting. Further, a weak frontal cortex reduces its excitation of the basal ganglia, which, in

turn, relents from its tonic inhibitory dominance over the midbrain reflexive control center (SC).
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Thus, performance on reflexive eye movement tasks is normal or even hyper-reflexive. Figure
2.2 details this hypothesized dysfunction in TS. In addition to impacting the SC, reduced basal

ganglia output allows the thalamus to excessively activate the cortex, producing tics.

Previous Eye Movement Studies in TS

Motivated by all the benefits saccadic research affords, the current study employed
behavioral tasks of saccadic response to assay cognitive control in TS. A handful of past
investigations have undertaken this endeavor, but taken together, they have emerged in a
cacophony of contradiction. Reporting findings from a reflexive saccade task, three groups
found normal response times in TS patients (Bollen et al., 1988; Straube et al., 1997; Nomura
et al., 2003), while Farber and colleagues (1999) reported faster response times than controls
and two teams cited slower response times for TS patients (Mostofsky et al., 2001; Munoz et
al., 2002). On eye movement tasks tapping voluntary function, all studies found slower
response times (Straube et al., 1997; Farber et al., 1999; Dursun et al., 2000; Mostofsky et al.,
2001; Munoz et al., 2002; Nomura et al., 2003). On measures of error rate (percent of
responses to an incorrect location), though, two research teams reported increased voluntary
antisaccade errors compared to controls (Farber et al., 1999; Dursun et al., 2000), yet three
others found no significant increase (Straube et al., 1997; Mostofsky et al., 2001; Munoz et al.,
2002).

In only a subset of the oculomotor studies were both reflexive and voluntary tasks
administered, enabling consideration of the results in terms of the underlying anatomical and
functional relationships between reflexive and voluntary control. While frontal cortices reinforce
the basal ganglia’s tonic inhibitory output to block midbrain-mediated automatic responses (see
Figure 2.1), the midbrain reflexive center is allowed to execute automatic responses when
momentarily released from basal ganglia domination. This interchange proffers the prediction
that a deficit in prefrontal activity can result in both deficits in voluntary orienting as well as
decreased inhibition producing normal or hyper-reflexive orienting (see Figure 2.2). Evidence
from Parkinson’s disease patients, as well as other clinical populations across a number of
paradigms, supports this assertion (Sereno and Holzman, 1995; Sereno and Holzman, 1996;
Briand et al., 1999; Larrison et al., 2000). For response time, three studies (Straube et al.,
1997; Farber et al., 1999; Nomura et al., 2003) aligned with the claim that decreased prefrontal
activity in TS (demonstrated by increased voluntary eye movement response time) should

result in decreased inhibition of reflexive orienting mechanisms (revealed in normal or
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Figure 2.2 Model of hypothesized effect of TS on orienting

Normal orienting is achieved when frontal voluntary control centers modulate the
midbrain reflexive center by way of the basal ganglia’s tonic inhibitory output. In TS, known
abnormalities in the frontal cortex lead to impaired voluntary orienting. Further, weak frontal
cortices are lax in properly engaging the basal ganglia to inhibit the reflexive control center. As
a result, reflexive orienting is normal or hyper-reflexive. Similar dysfunction in the Motor Loop
disinhibits the thalamus, allowing excessive excitation of motor actions (tics). 1° Motor, primary

motor cortex; SC, superior colliculus
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decreased reflexive eye movement response time) and two did not (Mostofsky et al., 2001;
Munoz et al., 2002). For error rate, two supported (Farber et al., 1999; Dursun et al., 2000) and
three contradicted the prediction (Straube et al., 1997; Mostofsky et al., 2001; Munoz et al.,

2002). The divergence of results prevents a clear understanding of the biological basis of TS.

How could the findings from these studies be so different? On closer inspection of the
study designs, three aspects emerge as confounding factors. When sufficient regard is not
given to the influence of these factors on oculomotor performance, the conclusions drawn from
a study will be attributed solely to disease effects, when in reality other obstructing factors are
at play (Reilly et al., 2008). Regrettably, most studies did not even consider culprit confounds;
only a few groups performed underpowered post hoc analyses. In the following paragraphs |
will enumerate the complicating factors of medication status, age, and comorbidity in prior eye
movement studies in TS and address why these aspects must be constrained to provide clear
ascertainment of cognitive control in pure TS. Table 2.1 and Table 2.2 catalog each study,

reviewing how study design features obfuscated results.

Medication status is the first confound frequently present in eye movement studies in
TS. Psychiatric medications are known to alter eye movement performance (for review, Reilly
et al., 2008). TS participants were commonly tested while actively taking pharmacological
treatments for their symptoms. Risperidone (dopamine [D,] and serotonin [SHT,a] antagonist)
is a common pharmacotherapy in TS and has been shown to slow reflexive saccade response
time (Sweeney et al., 1997; Nieman et al., 2000). Hence, it is possible TS studies that do not
control for medication may show saccadic response time increases due to medication
differences. For example, one previous study examined performance in risperidone-treated TS
patients and found increased reflexive eye movement response times (Munoz et al., 2002).
Interestingly, risperidone has been shown to decrease antisaccade errors (Burke and Reveley,
2002; Harris et al., 2006). Studies in risperidone-treated TS patients that do not control for
medication may show normal antisaccade error rate (Munoz et al., 2002) that may be due to
medication normalizing an antisaccade deficit in TS. While some groups did attempt to probe
for a drug effect and argued for its absence, such post hoc analyses are known to be

underpowered (Reilly et al., 2008).

A second confound of previous saccade work in TS is age. Not only is controlling for
age important because TS severity changes drastically throughout development and
neurobiological differences exist between children and adults with TS, but also many studies
have documented development of oculomotor function during childhood (Munoz et al., 1998;
Fukushima et al., 2000; Klein and Foerster, 2001; Luna et al., 2004). Reflexive saccade
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Table 2.1 Confounding factors and results of past eye movement studies in TS (l)
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ADHD, attention deficit hyperactivity disorder; OCD, obsessive compulsive disorder; y, years;

RT, response time; ER, error rate; + slower or greater than controls; — faster or less than

controls; 0 no difference from controls; SD, standard deviation; N/A, not applicable
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Table 2.2 Confounding factors and results of past eye movement studies in TS (II)
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ADHD, attention deficit hyperactivity disorder; OCD, obsessive compulsive disorder; y, years;

RT, response time; ER, error rate; + slower or greater than controls; — faster or less than

controls; 0 no difference from controls; CV, coefficient of variation; N/A, not applicable
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response time is greatly prolonged in 6-7 year olds, but decreases to adult levels by the age of
10-11 years. Studies that do not consider developmental differences in saccade parameters
may report response time increases due to age effects. Most previous studies enrolled adults
or a broad range of ages rather than only children (Straube et al., 1997; Farber et al., 1999;
Dursun et al., 2000; Munoz et al., 2002). Only two studies have considered oculomotor
development (Mostofsky et al., 2001; Nomura et al., 2003); one found increased reflexive
response time in participants less than 10 years old. Again, there are also important
developmental changes in antisaccade error rates. Antisaccade error rate decreases to near
adult levels around age 16 (Munoz et al., 1998; Fukushima et al., 2000; Klein and Foerster,
2001). Only one prior study considered an age effect on antisaccade errors and found more

errors in those less than 10 years old than those older than 10 years (Mostofsky et al., 2001).

Comorbid status is the final confound present in past oculomotor studies in TS. Most
TS patients have a concurrent pathology, or comorbidity, such as ADHD or OCD, which may
impact eye movement findings. In point of fact, multiple eye movement studies in children with
ADHD alone report increased reflexive response time variability (Mostofsky et al., 2001; Munoz
et al., 2003) and increased antisaccade response time and errors compared to controls (Klein
et al., 2003; Munoz et al., 2003; Karatekin, 2006). Only one study has been conducted in
children with OCD alone and compared to controls found increased antisaccade errors and
anticipatory errors in a memory-guided task (Rosenberg et al., 1997). Four prior studies in TS
did not consider the impact of concomitant conditions (Bollen et al., 1988; Straube et al., 1997;
Dursun et al., 2000; Nomura et al., 2003). Of the three studies that did, Farber and colleagues
(1999) hinted at differing performance in TS subpopulations. This study reported that while TS
antisaccade errors were significantly increased compared to controls, the increased errors
were from a subset comprising 19% of the patients. Straube and colleagues (1997) also
reported increased antisaccade errors, but the large error rate variability suggests
subpopulations. Only Mostofsky and colleagues (2001) controlled for ADHD and found TS
patients with ADHD had greater prosaccade response time and response time variability, more
antisaccade errors, and more anticipatory saccades during the delay period of a memory
saccade task compared to patients with only TS. This pattern of results suggests TS patients
with a comorbidity display unique, separable results (and underlying pathophysiology) from
patients with only TS. Also to be considered, age effects may occur in comorbid populations.
Only one study considered this in TS patients with ADHD and found a significant interaction

between age and diagnosis (Mostofsky et al., 2001).
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Current Study

The goal of my study was to obtain an accurate saccadic measure of cognitive control
in unmedicated children with TS and assess the influence of comorbid conditions. Further, this
study improved upon prior work in this field by controlling for medication status, age, and
comorbid conditions known to have produced conflicting results. These precautions ensured
my observed outcomes were a direct reflection of TS path