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Abstract

OBJECTIVES:

Evidence for inhibitory difficulties in individuals with ‘pure’ (no comorbid
diagnoses) Tourette Syndrome (TS) is inconsistent, and a complete
neurologica understanding of how tics are formed is lacking.

In Experiments 1 and 2 we postulated that individuals with unmedicated
TS, free of unmedicated comorbid symptomatology, would not differ from
controls in cognitive inhibition or motor inhibition success at any age.
However, individuals with TS would differ from controls in terms of motor
inhibition failures once at an age where normal development of motor
inhibition is expected to have stabilized.

In Experiments 3 and 4 we hypothesized that tics were the product of
incidentally learned associations between various motor movements,
elicited due to failures in motor inhibition.

METHODS:

In Experiments 1 and 2 the Stroop task and a tactile variant of the Simon
task were used to measure “cognitive inhibition” and “motor inhibition”
respectively. Both tasks measure the ability of individuals to inhibit a
prepotent response (semantic activation of words in the Stroop, and
ipsilateral motor responses in the Simon). Moreover interference in both
tasks during incongruent trials depends upon the correspondence between
the irrelevant stimulus attribute and the response. Reaction times and errors
were analyzed in TS and control groups split into younger (7=9 years) and
older (10-21) samples (n=40).

In Experiments 3 and 4 haf of the older participants in each group were
primed in an incidental motor association. A tactile stimulus, followed by a
response button press, was defined as the goal oriented action. A RESET
button press, allegedly to prompt the next trial, followed the response
button press and was therefore incidentally associated to it. All older
participants were later tested for problems inhibiting this association by
being told that pressing the RESET button was no longer necessary.



Inhibition problems were assessed in three different ways. number of times
the incidental motor association (i.e. RESET Button Press) was engaged in,
number of times the incidental motor association was initiated (i.e RESET
Button Initiation), and reported urge to engage in the incidental motor
association.

RESULTS:

In Experiments 1 and 2 the younger groups did not differ on any measures
of cognitive or motor inhibition success or failure. In the older groups,
individuals with TS committed significantly more errors than controls on
the Simon task.

In Experiments 3 and 4 al participants exposed to the incidental association
procedure reported a greater urge to engage in the associated movement
than unexposed participants. Only the exposed individuals with TS showed
failuresin inhibiting this incidental motor association.

CONCLUSIONS:

Experiment 1 suggested that cognitive inhibition difficulties are not present
in TS when comorbid conditions are controlled for. Experiment 2
suggested that motor inhibition failures are a feature of TS. Experiments 3
and 4 suggest that stereotypical movements may become associated with
numerous goal-directed behaviours. In the absence of appropriate motor
inhibition these associations strengthen over time.  When inhibition fails,
these goa-directed behaviours €licit the stereotypical movements at
seemingly random intervals and are considered ‘tics. This model gives
direction to future diagnostic testing and treatment methods, provides
explanations for a considerable body of phenomenological evidence and
past research, and suggests many future areas of exploration.
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INTRODUCTION

Tics, defined as sudden, rapid, recurrent, non-rhythmic, stereotyped motor movements or
vocdizations (APA, 1994) ae the essentid diagnostic festure of Tourette's Disorder.
Diagnogs of Tourette's Disorder usng DSM-IV criteria requires that “both multiple motor and
one or more vocd tics have been present a& some time during the illness, dthough not
necessarily concurrently.  The tics occur many times a day.... nealy every day or
intermittently throughout a period of more than 1 year, and diring this period there was never a
tic-free period of more than 3 consecutive months’ (APA, 1994). Symptom onset must be
before 18 years, the symptoms must cause marked distress or Sgnificant impairment in socid,
occupational, or other important areas of functioning, and symptoms cannot be due to a

substance or generd medical condition (APA, 1994).

These criteria for Tourette's Disorder [herein referred to by the more familiar term
Tourette Syndrome (TS)] amagamate the most severe criteria of two other tic disorders found
in the DSM-IV. Chronic Tic Disorder requires that tics be present for more than one year
(even though the presence of only motor or voca tics are required for this diagnosis), and
Trangent Tic Disorder requires that both motor and voca tics be present (even though the
presence of tics may be less than 12 months for this diagnoss). The criteria for TS ae

comparable to those delineated in the ICD- 10 nosology (World Hedlth Organization, 1992).

TS—Prevalence and Epidemiology
TS, once thought to be quite rare, is now beieved to be consderably more common than past

edimates indicated. In a recent review of the epidemiologicd literature, Robertson concluded



that, in generd, approximately one percent of children experience this disorder (Robertson,
2000; 2001). As recently as 1984 the prevalence of TS was recorded as 5 per 10 000 (Bruun,
1984). Some authors maintain that between 5 and 10 per 10 000 remains a reasonable estimate
of the incidence of TS (Zohar, Apter, King e d., 1999; Scahill, Tanner & Dure, 2001) while
others have submitted estimates as high as 300 per 10 000 (Mason et a., 1998). A number of

factors can cause variance in reported estimates of TS incidence however.

Fird, one's definition of phenotype is crucid. If one is screening only for the presence
of tics, reported frequencies are much higher than those reported for TS. Approximately 10-
12% of children may be identified (Robertson, 2001; Scahill, Tanner & Dure, 2001). Costdllo
et d. (1996) reported a prevdence of 4.2% for dl tic disorders from a community sample of
4000 (9-13) in North Carolina. Verhulst et a. (1997) estimated 4.3% of 780 adolescents from
the Netherlands met the diagnostic criteria for some form of tic disorder (1% TS, 2% chronic

tic disorder, 2.2% transent tic disorder).

Even when looking for TS in paticular, different research groups may use different
diagnogtic criteria. Any studies completed before 1994 used the diagnogtic criteria found in
the DSM-I1II-R: criteria that contain important differences from those outlined in the DSM-1V.
The criterion pertaining to age of symptom onset decreased from 21 in the DSM-111-R to 18 in
the DSM-IV (APA, 1994). Also, many in the TS research community have taken exception to
the “marked digress and sgnificant impairment’ criterion found in the DSM-IV (e.g. Freeman,
Fast & Kent, 1995) — research exids to show that tic severity and impairment correlate poorly

(Dykens, Sparrow, Cohen et d., 1999) as does symptom severity and attitude bwards one's
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disorder (McKinlay, 1998). If one is defining ‘disorder’ samply from a purey neurologicd,
"medical modd" perspective then disress and impairment are indeed irrdevant. Those who
define disorder following a medicd modd have eected to rgect criteria pertaining to distress
and impairment and adopt their own criteria The TS Classfication Study Group, for example,
developed criteria for a diagnosis of “Definite Tourette Syndrome” in 1993. These criteria are
more closely based on that d the DSM-I1I-R than the DSM-1V: the ‘impairment’ criterion does
not gppear, a criterion specifying that tics will periodicaly change in number, frequency, type,
location, and severity has been included, and the requirement that ‘motor and/or vocd tics
must be witnessed by a reliable examiner directly at some point, or be recorded by videotape or
cinematography’ has aso been added (Tourette Syndrome Classification Study Group, 1993).
If one is defining ‘disorder’ from a more functiona psychosocid perspective however,
asessing the presence of distress and imparment are crucid.  From this perspective, the
Dykens, Sparrow, Cohen et d. and McKinlay studies could be interpreted as demondtrating the
irrdlevance of the severity of abnorma neurology and the importance of other factors (such as

attitude) in diagnosing ‘disorder.’

Types of populations screened are dso important when consdering prevaence.
Sdecting a sample of children from specid education settings (such as resdentid schools)
results in a much higher prevdence of TS — perhaps as many as 612% of these children have
TS, and 26-28% have some diagnosable tic disorder (Robertson, 2000; Comings, 1990; Kurlan
et d., 1994a8). TS dso appears to be found in three to five times more maes then femdes
(Erenberg, Cruse & Rothner, 1986; Park et a., 1993; Robertson, 2000). Each of 65 gSites in 22

countries of the Tourette Syndrome Internationd Database Consortium (TIC) reported an
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excess of maes (dtes varied condderably in raios however — ranging from 10:1 to 3:1 with a
mean of 4.3:1 Freeman, Fad, Burd et d., 2000). TS can be found in al cultures, countries,
racid groups and socid classes (Gilles de la Tourette, 1885; Robertson, 1989; Robertson 1994)
and the greater prevalence of mdes reative to females having the disorder dso appears to be
dable across al cultures (Freeman, Fast, Burd et d., 2000). Despite these commonalities,
there may be important culturad differences. Incidence rates tend to vary across different
culturd groups. reports indicate that TS is reatively rare among American blacks (Robertson,
1989) and among Japanese (Robertson 2001). Prevadence in terms of particular symptoms aso
changes in different cultures. Coproldia appears in only 4% of Japanese samples (Nomura &
Segawa, 1982), but appears in 33% of TS samples in Europe and the United States. Some
countries like Canada may have an even higher incidence rate of coproldia among ther TS
samples (Stdey et d., 1997) than the typicd 33% cited in the USA and Europe (Robertson,

2000).

When assessing prevaence, the age of the population measured must be taken into
account.  Sex differences in TS-incidence rates appear to be less pronounced in adults (3:1)
than children (5.2:1; Freeman, Fast, Burd et a., 2000). Data collection methods are aso
important to note.  Clinic vs community samples, parents and teachers vs. dinicians as
informants, larger vs. smdler samples, and direct sample observation vs. reliance on aready-
identified clinicd cases can al influence prevaence estimates (Scahill, Tanner & Dure, 2001).
Scahill, Tanner and Dure dso note that while most epidemiologicd sudies are cross-sectiond,
more longitudind andyses are necessary for the reduction of fase negatives. The experience

of the researcher, such as higher ability to differentidly diagnose TS from other conditions
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such as Wilson's disease, Huntington's disease, dystonia, myoclonus, chorea, dyskinesa and
athetoss will affect prevadence assessments (Towbin, Peterson, Cohen & Leckman, 1999).
Findly, the interet the researccher holds in TS may affect incidence-rate assessments.
Robertson (2001) reported on an instance where a clinician’s tic diagnoses increased from 5%

to 17% dafter an interest in the area was cultivated.

TS—Course

Although dl current diagnogtic criteria will consder symptom onset up to age 18, in 96% of
cases symptoms present before age 11 (Robertson, 1989). A group from the Yae Child Study
Center followed 36 of their TS patients until 18 years of aje. Mean tic age of onset was 5.6
years (SD 2.3; Leckman, Zhang, Vitde e d., 1998). This is not dissmilar from findings by
the Tourette Syndrome International Database Consortium (mean tic age of onset was 6.4
years in their sample). Tics continued to worsen from onset until a mean age of 10.0 (SD=2.4)
after which time they decreased in most cases (Leckman, Zhang, Vitde et d., 1998).
Interestingly, Robertson suggests that vocd tics may follow a different pattern: in an address at
the Tourette Syndrome Foundation of Canada (TSFC) 2™ Internationd Research Symposium
she reported findings that vocal tics on average commence later -- at age 11 (Robertson, 2000;
2001). This observation has dso been made by Leckman, King & Cohen a Yade (1999) who
describe a phonic tic age of onset between 8 and 15 years of age. Thus the course of TS
appears to move from motor tics a an early age, and begins to encompass phonic tics only a a

later age.

13



During certain points in the course of TS, symptoms have the potentid to be quite
dissbling. Sdf-injury (body and head punching/dapping, poking, scraiching, and inflicting
serious eye injuries) is prevaent in 33% of severe cases, and is frequent in hospital-referred
samples (Robertson, Doran, Trimble & Lees, 1990). Sdf-injurious behaviours are pogtively
associated with tic severity, as ae scores on measures of obsessondity and hodtility
(Robertson, Doran, Trimble & Lees, 1990). Leckman and his Yde group found that, during
the course of the disorder, 22% of cases a ther worst-ever period found that symptoms
serioudy jeopardized or rendered impossible school functioning (Leckman, Zhang, Vitde et 4d.
1998). As individuals age, various physiologica problems caused by prolonged exposure to
violent tics can ds aixe Ceavicd myeopathy may devedop in individuds with twiding,
extending, and thrusting movements of the neck (Krauss & Jankovic, 1996); this condition has
led to a number of complications in adults with TS incduding gait disturbances, sensory
deficits, extremity weakness, and bladder dysfunction (Krauss & Jankovic, 1996). Anecdota
reports of multiple hernias and detached retinas exis as well dthough more research in this

areais needed to determine actual incidence rates of these particular sequelae.

TS was once believed to be a life-long condition. Current evidence on course and
prognoss is now a best equivoca. Goetz et d (1992) found that tics perasted in dl patients
from a sample of 58 adults diagnosed with TS in childhood. Symptoms were moderate to
severe in only 24% of these adults as compared to 60% who had moderate to severe symptoms
during their periods of poorest functioning earlier in life.  Severity of tics in childhood was dso
not predictive of tic severity in adulthood — according to ther data 75% of individuas with

moderate to severe tics as children had only a mild condition as adults (Goetz et d., 1992). de
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Groot et a. (1994), in a 5 year follow-up of 23 participants in three different age cohorts (7-12,
13-21, 21 and older), found that only 13% had experienced an improvement in tic symptoms
65.2% were unchanged and 21.7% had worsened. Importantly, de Groot and his colleagues
found no dgnificant differences in symptom severity across the three different age cohorts
(dthough the sample size, while argued to be representative by the authors, is smdl).  Another
body of research suggests much higher remittance rates however. Robertson (1994) and Bruun
and Budman (1992) estimate that 30-40% of children with savere tics will experience complete
diminishment of ther symptoms by late adolescence.  Smilaly, Erenberg, Cruse & Rothner
(1987), in a sample of 58 adolescents and young adults (aged 15-25; i 18 years) found that
73% had reported consderable lessening of their tics.  Although figures vary widdy it seems
to be safe to conclude that while tics may or may not disgppear in adulthood, they will at least
abate somewhat in many individuals. In corroboration of this postulate, Singer and Wakup in
a 1991 review estimated that approximately 1/3° of TS cases will completely remit, /3 will
decrease significantly, and /3 will remain symptomaticaly stable throughout life. It should
be noted, however, that even in cases where tic symptoms do reduce or ameliorate entirely,
other conditions comorbid with TS (eg. Obsessve-Compulsve Disorder (OCD) and other
anxiety disorders, conduct disorder, substance abuse) may increase (Comings, 1990; de Groot,

Bornstein, Spetie & Burriss, 1994).

TS— Symptom Phenomenology:
Although diagnodtic criteria differ, there is a universd agreement that tics involve frequent and
dereotypicdl movements and sounds (Comings, 1990), dthough manifedtations are wide-

ranging and often unique to each individud. To dae this in the opposte way, more nove
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movements and noises in an individud’s repertoire tend not to become tics. Leckman and
colleegues suggest, “Tics may be seen as fragments of norma motor action or vocd
productions that are misplaced in context....” (Leckman et d., 2001). Others have echoed this
belief tha ones symptom repertoire evolves, and is endhrined, from once purpossful
movements (Ziemann et a., 1997). As Oliver Sacks doquently dtated, tics may represent
‘hieroglyphic, petrified resdues of the padt....as if the Tourettic body becomes an expressve

archive— abat jumbled — of one's life experiences’ (Sacks, 1995).

Motor tics may be smple — abrupt, meaningless movements involving one muscle
group such as eye blinking — or motor tics may be quite complex. Complex motor tics (such as
head shaking, jumping, touching, echopraxia, and copropraxia) are coordinated and sequenced
(Jankovic, 1997), longer and more involved (Leckman et d., 2001) and may or may not seem
purposeful.  The orchestrated blending of a number of smple motor tics, caled paroxysms, can

be aform of complex motor tic aswell (Leckman et ., 2001).

Phonic tics (argued to be a more accurate description than ‘voca tics because sounds —
such as whidling -- may be produced without utilizing the voca cords) may aso be smple or
complex. Single meaningless sounds define ample phonic tics, while more linguigticaly
meaningful utterances (pdildia, echoldia, coproldia) are consgdered complex phonic tics.
Interestingly, complex ‘phonic’ tics (eg. coproldia) can aso appear during Sgning in patients

who are mute (Lang, 1992).
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Tics may be dassfied as clonic (abrupt, fast, and brief movements), dystonic (dow and
sustained movements) or tonic (isometric muscle contractions such as adomind  tenang;
Jankovic, 1997). According to Jankovic (1997), tics may be categorized as a suppressible form
of involuntary movement. Doing S0 requires intense mentd effort and results in a build-up and
eventud ‘rebound’ effect, however (Leckman et d., 2001). Tics may also be categorized as
semivoluntary/unvoluntary in that they occur in response to inner sensory stimuli or unwanted
fedings and compulsons. These inner sensaions or fedings that precede tics in TS, while
sometimes cdled sensory tics (Karp & Halett, 1996; Ziemann, Paulus, & Rothenberger, 1997)

are more often referred to as ‘ premonitory urges .

Premonitory urges are reported to occur in over 80% - 92% of cases (Cohen &
Leckman, 1992; Jankovic, 1997); the discomfort usudly arises in a pat of the body (or is
associated with an extracorporea object) that is involved in the subsequent motor act (Karp &
Halett, 1996). Premonitory urges may aso teke the form of less specific urges, anger, or
awxiely. A graduate dudent with TS, in a paper on premonitory urges, postulated an
“atentiond tic’ theoreticd framework (Kane, 1994). He argued that these urges are not
unique sensory events, but rather are manifestaions of somatosensory hyperawareness that
sve as the aversve dimulus toward which tics are purposvely directed. The postion that
tics are in fact a purposeful execution to reieve involuntary sensations (sometimes requiring a
number of repetitions to achieve this ‘jus right' feding) is one tha is hdd by many researchers
(Jankovic, 1997, Ziemann et d., 1997, Van Amerigan, Mancini & Oakman, 1998).
Premonitory urges appear to increase as clients age in that more adolescents and adults report

them than children (Leckman et d., 2001). Premonitory urges are aso more likely associated
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with dystonic tics (Jankovic, 1997), and improve or worsen as the tics do (Leckman et 4d.,

2001).

Tics gppear in bouts with brief intertic intervals (Leckman, King & Cohen, 1999).
These bouts coincide with burst patterns seen in the neurons of the substantia nigra, and appear
in bouts themsdves, furthermore these bouts of bouts also appear in bouts. In fact higher order
combinations of bouts (bouts of bouts of bouts of bouts) have been measured over weeks and
months (Peterson & Leckman, 1998). Thus, individud tics are a consequence of bouts of
neurona firing that occurs across seconds — some seconds there are more tics than others.
These sequences of tics occur in bouts across hours — some hours there are more bouts than
others. Hourly bouts of tics occur in bouts across days - some days there are more bouts than
others. Daily bouts follow a bout pattern across weeks — some weeks there are more bouts than
others. Findly, weekly bouts occur in grand bouts across months - there are some months that
have more bouts than others. These “grand bouts’ may be a contributing factor to another

quality of tics the waxing and waning of symptoms across time and Stuations.

Much of the research into the waxing and waning of tics has focussed on various
physca and psychologica dtressors as the precipitating factors (Bruun & Budman, 1992).
Excitement, anxiety, boredom, fatigue, dress, premengrua syndrome, dopaminergic drugs,
and dimulants have al been suggested as sources of tic exacerbation (Silva, Munoz,
Barickman & Friedhoff, 1995; Robertson, 1989; Bruun & Budman, 1992). Likewise, a
number of factors have been associated with tic reduction: didtraction, intense concentration

during highly complex tasks and reading (Bruun & Budman, 1992; Silva, Munoz, Barickman
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& Friedhoff, 1995). Tics dso seem to subsde during what might be described as primd
behaviour patterns (i.e. during orgasm or deep; Robertson, 1989; Silva, Munoz, Barickman &

Friedhoff, 1995).

Tics are influenced by atention and are suggestible. Focusing one's attention on a
particular movement or noise can exacerbate the urge and/or increase the presentation of that
tic. In 1980 Joseph Bliss caught the attention of the research community on this and other
phenomenologicad aspects of tics in a semind paper concerning his own TS experiences. He
wrote, “Intense concentration on the dte can, itsdlf, precipitate the action...” (Bliss, 1980).
This phenomenon leads to the unfortunate irony that the more one atempts to conscioudy
suppress a tic, the worse the need for expresson becomes. It adso sets up a paradox: for one to

ever lose atic, one must not ever redizethat it is gone.

In cdosing, a number of anecdotd reports dso exist concerning the phenomenology of
tics that are worth mentioning. It seems that te longer one has a tic, the more difficult it is to
remove from on€'s repertoire.  The quietest time for tics in terms of both premonitory urge and
implementing the response is when one fird awakes in the momning.  Findly, nove
environments tend to reduce tics — a good illudration of this is the ‘Doctor's Office
Syndrome’.  Infamous among caregivers, this unfortunate Stuation occurs when an obvioudy
symptomatic child, to the utter dismay and embarrassment of the concerned and frazzled
parent, shows no tics in front of the diagnodician (Silva, Munoz, Barickman & Friedhoff,

1995).
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TS—Treatment

A number of sources review the pharmaceuticals used in the trestment of TS (eg. see Sandor,
1995; Tourette Syndrome Association - Southern Cdifornia Chapter). In generd the fird,
second, and third lines of defence have become antihypertensives, aypica antipsychotics, and
classic neuroleptics respectively  (Kurlan, 2001). Literature on  non-pharmaceutical
interventions for TS is more difficult to find (Chodosh & Messnger, 1997) and many of these
treetments have not been adequatdly dudied. Everything from sdf-hypnosis (Kohen, 1995),
acupuncture (Wu, Li & Kang, 1996), tenson reduction techniques (Evers & van de Wetering,
1994), botulinum toxin injections (Singer, Wendlandt, Krieger, & Giuliano, 2001), nicotine
(Slver, Shytle & Sanberg, 1999), transcranid magnetic simulation, craniosacra manipulation,
immunothergpies, homeopathy and dternative diet (Budman, 2000) has been suggested. In
very rare and extreme cases where severe tics were accompanied and complicated by severe
OCD and sdf-mutilation, bilaterd limbic leucotomies have been performed. In one case sudy,
lesons to the inferior medid quadrants of the fronta lobes and lesions in the anterior cingulate
gyrus were made (Robertson, Doran et d., 1990). In a second case study, lesons in the
anterior hypothalamus and the inferior aspects of the cingulate gyrus were performed (Sawle,
Lees, Hymas et d., 1993). Both successfully and substantidly reduced obsessons and sef-
injury, however only the frontd lobe-anterior cingulate operation had an effect on tic

reduction.

A growing number of physicians believe that the “Neuroleptic Era’ of TS is ending —

more and more professonds take the stance that medications are not always appropriate and

may in fact create more problems than they ameliorate (Walkup, 2000). Perhaps coming years
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will provide more empiricd sudies concerning the costs and benefits of pharmaceutica
treetment. Leckman, King & Cohen, in their overview chapter of tics and tic disorders,
mention that new thergpeutic interventions may aise from a deeper underganding of neurond
pladticity and how it is that tics and premonitory urges can be modified (1999). For example, it
is well known that individuds with TS who are sdf-conscious about ther tics and afraid of
ridicule, odracization, or persecution can ‘camouflage ther tics by incorporating them into

purposeful acts called parakinesias.

Vaious behaviourad techniques have receved some attention in the last 30 years —
messed negative practice, contingency management and  sdf-monitoring  (King,  Scahill,
Findley & Cohen, 1999). The best-edtablished and most encouraging means of modifying
habit or tic symptoms is Habit Reversal Training (HRT). This technique involves a number of
steps (taken from Azrin & Nunn, 1973):

a.) Recording: Habit frequency is documented.

b.) Awareness training: The dient, while looking a& himhersdf in a mirror, describes
each habit. Habits and tics are consgtently brought to the dient’s atention until (s)he
is adle to recognize them without assstance. Triggers for the habit are identified,
including early behaviourd waning sgns and environments where the habit tends to
occur.

c.) Competing response practice: Clients engage in an opposng and sudtainable
movement or noise each time (She feds the urge to tic or a the tic onset. The

competing response is chosen to be socidly unobtrusive, compatible with god-directed
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actions, and to strengthen muscles opposite to the tic. Various competing responses
used and studied over the years have been tabulated by Carr (1995).

d.) Habit control motivation: Discusing the negatives of the habit and providing postives
(i.e. praise) for habit frequency reduction.

e.) Generalization training: Rehearsd during imagined exposure, practice, and everyday

Stuation application.

Reaults from HRT dudies have been very podtive the initid study on 12 individuds
with various habits and tics found a mean reduction of 90% after one sesson, and 99% after a
3-month follow-up (King, Scahill, Findley & Cohen, 1999). A 1990 study on 10 TS clients
yielded a mean tic reduction of 93% a home and 93.5% in the clinic — HRT worked for motor
and phonic tics in children and adults, reduced tic severity and frequency, and aso
demondrated an effectiveness over and above benefits derived from medication (Azrin &
Peterson, 1990). Peterson & Azrin in 1992 achieved a 55% reduction in tics using competing
reponse done: sdf-monitoring done resulted in a 44% tic reduction and relaxation training
alone reduced tics by 32%. Each of the sx TS dlients used in this experiment were trained in
dl 3 techniques and observed for 10 minutes whilss employing the technique  Findly,
Peterson and Azrin (1993) conducted a review of controlled group outcome studies of both
pharmacologicd and HRT treatments. It was concluded that HRT reduced tics 30-40% more

than classic neuroleptics and 70% more than antihypertensives without producing side effects.
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TS—Neurological Substrates
Individuds with TS gppear to have abnormdities in the cortico-striato-thaamo-cortica
(CSTC) circuitry - an interconnected circuit involving the frontal lobes, the basd ganglia and
the thdamus. This complex circuit, often refered to as the anterior cerebrd system, is
believed to be important in inhibition (Harris, Schuerholz, Singer et d., 1995). Deficient
inhibitory contral in this circuitry has been suggested as the locus of TS symptoms - either a
primarily subcortical disorder &ffecting the motor cortex through disnhibited afferent sgnas
or impared inhibition directly at the levd of the motor cortex or both has been suggested
(Ziemann, Paulus & Rothenberger, 1997). The CSTC system adso mediates nor-conscious
fooms of leaning, cdled implicit learning, in which the acquidtion and expresson of
information is not accompanied by awareness of its content or its influence on behaviour
(Rauch & Savage, 1997). In a paper on perseverative and Stereotyped behaviours Ridley
(1994) states:

“Repetitive  behaviour is.... a feature of.... some neurologica disorders

including.... Tourette's syndrome.... Stereotyped behaviour seems to be related

mainly to excess dopaminergic activity in the basd ganglia while perseveraive

behaviour can be produced by lesons of the fronta lobes.... [T]he frontd lobes

have a modulating effect on (i) the activation of motor activity by the basd

ganglia, (ii) in the generation of sdf-initisted behaviour, i.e vadlition, and (iii) in

the neurad mechaniams which permit different modes of neurd function (eg.

percalving, remembering or thinking) to be identified. Falures in these three

functions could result in excessve and repetitive motor activity [and] simulus-

bound behaviour [i.e. “the excessve execution of the most probable response to

the environment”]” (Ridley, 1994).

It makes intuitive sense then that CSTC circuitry might be involved in TS. Not

aurprisngly a condderable amount of neurological evidence has confirmed the presence of

abnormdities in a number of subcortical dructures comprisng this neurological pathway.
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Imaging Sudies of the lenticular regions (i.e the putamen and globus pdlidus) of 14
neuroleptic-nai’ ve patients with TS have indicated a loss of the norma L > R neuroanatomical
asymmetry found in control samples this is due to a dgnificant left volume reduction of, on
average, 10.7% (Peterson, Riddle, Cohen et a, 1993; Singer et d., 1993; Sandor, 1999).
Furthermore, Yazgan, Peterson, Wexler & Leckman, usng 11 adult TS patients evidencing this
lack of noomd L > R lenticular asymmetry, found that a dgnificant lack of the normd
functiond asymmetries on relaed neuropsychologicd measures dso exided (Yazgan,
Peterson, Wexler & Leckman, 1995). Hyde, Stacey, Coppola et d. (1995) conducted
morphometric analyses of the MRI's of MZ twins concordant for tic disorder but discordant for
tic severity. Significant volume reductions of the right caudate (i = 6%; particularly the right
anterior) and a trend towards left caudate reduction were found in the more severe as compared
to the less savere twin. A normd L > R asymmelry in the laterad ventricles was lost: moreover
those afflicted members of twin pairs with greater ventricular symmetry had more severe tics
(i.e a dgnificant corrdatiion between ventricular symmetry and tic severity). Findly, bilaterd
and symmetricd lesons of the globus palidus with a “tiger's eye’ appearance were reported
by Demirkol and colleagues when they conducted an MRI scan of an individud with TS
comorbid with OCD, Attention-Deficit Hyperactivity Disorder (ADHD), and duttering who

did not respond to a variety of medication classes (Demirkol et d., 1999).

Functiond neuroimaging sudies (i.e. PET, SPECT) have adso found abnormadlities in
the CSTC circuitry. Studies have generaly reported hypometabolism or low regiond cerebrd
blood flow in the basad ganglia (Peterson, 2001). The largest study compared 16 TS cases (14

mae, 2 femde) to 16 controls (11 maes, 5 femdes) al with an gpproximate mean age of 335
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years (Braun, 1993). Reative to the controls, the TS group was reported to have decreased
blood flow to the basd ganglia (caudate, putamen and globus pdlidus) pardimbic, ventrad
prefronta, and brangem regions, paticulaly on the left sde. No left-right asymmetries were
noted for the controls. Interestingly, the TS group showed an increase in metabolism to the
superior sensorimotor cortex — in a follon-up sudy “an dtered functiond relationship between
the ventrd driatum and sensorimotor cortices’ was podtulated given that metabolism rates
were postively corrdated in TS patients but inversdly related in controls (Stoetter et a., 1992).
Fndly, hypopefusons in the head of the left caudate have been noted in SPECT sudies

(Moriarty et a., 1995; 1997).

Research has confirmed the exigtence of numerous CSTC circuits including a “motor”
circuit and other more “cognitive’ circuits (Alexander, DeLong & Strick 1986); the cortica
connections of the five circuits discovered thus far cover dmost the entire frontal Iobe
(Graybeil, 1999). One loop, involving the prefrontal cortex and caudate nucleus, is important
in df-regulation, set-maintenance, sdective inhibition of verba and nonverba responses,
cognitive flexibility, planning, prioritizing, organizing, and preparedness-to-act.  As many of
these functions are characteristic features of ADHD, ADHD has been implicated as one
possible result of a dysfunction in this “cognitive’ loop (Boucugnani & Jones, 1989). A CSTC
creuit linking the latera orbitofrontal cortex to the ventrdmedid caudate has been implicated
in TS (Sawle et d., 1993) while others have suggested a circuit involving the primary motor
cortex (Brotchie, lansek, & Horne, 1991) or a “motor” circuit (as described by Alexander,
Del.ong & Strick, 1986) looping from the sensorimotor strip to the putamen and back up to the

supplementary motor areas (Rauch, 1999).
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What each loop is respongble for, and which deficits or disorders are associated with
eech loop, is dill not clear. Given this date of uncertainty, we bdieve that successful
inhibition, and the falures that can occur in inhibition, are often under-specified concepts. We
view the core deficit in TS to be a falure of “motor inhibition” rather than higher-leve
“cognitive inhibition” problems.  Support for this contention comes from the continuum of
sveity in TS, Mild forms are characterized by motor and phonic tics whereas only in the
more severe forms, and typicaly only when comorbid conditions are present, does one see
more ‘complex’ tics involving a falure to inhibit higher-level cognitive behaviours (eg.
coproldia; Freeman et d., 2000). While one may dso often see “cognitive inhibition”
problems (eg. atentiond problems) in TS beyond those seen in complex tics (e.g. Borngein,
1991a; Baron-Cohen et d., 1994) these dements may be due to comorbid conditions like

ADHD or OCD - problemsthat are neither required for diagnosis, nor presentin al TS cases.

In corroboration of this conception of TS as a “motor inhibition” problem, tasks that
emphasize “motor inhibition” such as the Luria Hand Alternation task and motor sequencing
tasks have been shown to present ggnificant difficulties for TS samples (BaronCohen,

Robertson & Moriarty, 1993; Baron-Cohen et d., 1994; Georgiou et a., 1995).

Findings from disciplines other than neuropsychology suggest motor control difficulties
as wdl. Some evidence that ocular motor control circuitry associated with saccade inhibition
is mildly affected in individuds with TS (Farber, Swerdow & Clementz, 1999). Saccade
durations were shorter and ther mean veocities were higher than in norma controls. In

addition, the proportion of anticipatory saccades was higher in individuds with TS (Farber,

26



Swerdiow, Clementz, 1999). A research group in Germany interested in Redtless Leg
Syndrome (RLS) has documented that, relative to age and sex maiched controls, 7 drug-free
individuds with TS demordtrated dgnificantly more periodic limb movements (both legs and
ams) during deep (Voderholzer et d., 1997). Findly, an invedtigation into motor cortex
excitability in TS through transcranid magnetic stimulaion (TMS) was conducted by
Ziemann, Paulus, and Rothenberger (1997). TMS is accomplished by passng a powerful but
brief magnetic current through the skull; this induces highly focal eectrica currents in various
cortica regions (George e d., 2001). Pared-pulse TMS, the technique employed in the
Ziemann, Paulus and Rothenberger study, involves quickly following one pulse with another.
The authors delivered the paired pulse TMS to the hand area of the left motor cortex, diciting
motor-evoked potentids and measuring the cortica slent period (the period of time following
this motor-evoked potentia that the muscles are inective).  Intracortical inhibition and
feclitation were produced by a subthreshold conditioning stimulus in a pared gimulus
paradigm (see Ziemann, Rothwel & Ridding, 1996) and measured. These researchers found
that the 20 right-handed adults with TS that they studied displayed norma motor thresholds,
which is indicative of a normd leve of excitability a the membrane levd. However, they dso
exhibited both a shortened corticd slent period and deficient intracorticad inhibition when
electromyographic (EMG) recordings were made. The authors suggest that these deficiencies
reflect abnormd inhibition through the basd ganglia-thdamic-corticd motor loop (Ziemann,
Paulus, and Rothenberger; 1997) — shortened cortica slent periods reflect problems in the
motor cortex, intracortical inhibition difficulties reflect problems in subcorticd afferents to the

motor cortex.
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It is possble that even some of the “cognitive inhibition” difficulties described in this
body of literature may, upon closer andyss, be artefacts of underlying motor difficulties.  For
example, Shucard and colleagues (1997) measured the performance of 22 boys with TS on a
Continuous Performance Test and found tha, dthough this group demonsrated a norma
cgpacity for discriminating targets from nonrtargets during the task, they showed sgnificantly
dower reaction times (RT's) than controls — a finding replicated by others (Harris, Schuerholz,
Singer e d., 1995). Severity of complex vocd tics was found to be predictive of RT
performance — the more severe the tics, the dower the RT's.  According to Shucard et d.,
(1997) posshle explanations for these findings included interference associated with tic
suppresson and a generd imparment of motor performance.  Thus, dthough Continuous
Paformance Test differences are traditiondly linked to cognitive inhibition difficulties, the RT
deficiencies noted among the TS group in this sudy may have resulted from participants
having to suppress unwanted motor activity (tics), while a the same time making motor

responses (key presses) in response to visudly presented targets.

While few controlled empirica sudies have examined executive functioning in TS, and
of those studies comorbidity and medication issues have been generdly disregarded, there are a
handful of dudies that did sample executive functioning in individuds with ‘pure TS (for a
review see Pennington & Ozonoff, 1996). These sudies involved tasks that emphasized more
traditiond ‘cognitive measures of inhibition such as a Go-Nogo task, a Negative Priming task
and a Continuous Peformance task. Results for ‘pure TS samples did not reved deficits in
any of these executive functions (Ozonoff et d., 1994; Ozonoff et d., 1998; Sherman e 4.,

1998). TS samples with comorbid ADHD, however, demondrated deficits in impulsivity (Go-
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Nogo), the ability to inhibit the processng of irrdevant visud digracter simuli (Negdaive
Piming), and sustained atention (Continuous Performance). Harris, Schuerholz, Singer et 4.
(1995) gave 10 executive function tasks to non-medicated groups of individuas diagnosed
with TS, ADHD, or both disorders. They found that al three groups had dower RT's than
controls.  Furthermore, they found that, for dl three groups, RT's were more variable than the
RT's of controls. The TS-only group had the fewest executive function problems however,
followed by the ADHD group and the group diagnosed with both dsorders. In corroboration
with Pennington and Ozonoff they concluded that executive function difficulties in TS ae
related ingtead to comorbid conditions and not TS itsdf (Harris, Schuerholz, Snger et 4.,
1995). Therefore sudies of executive function difficulties in TS may have produced
conflicting results because the various executive function tasks employed may have
differentidly dravn upon different types of inhibition (“motor”, or “cognitive’).  Further,
dthough CSTC dircuitry is implicated in both TS and ADHD, different and separable circuits

may very well be involved in each of these disorders.

If TS indeed reflects a problem in inhibiting motor behaviours, rather than in inhibiting
higher-levd  cognitive behaviours then the anaiomica location of the defict should
preferentidly involve the subcortical Sructures of the CSTC circuitry (i.e. the basd ganglia),
rather than the fronta-lobe components of this circuit. That being sad it is recognized that the
subcortical  circuits and the cortical circuits must work together to demondrate successful
inhibition. Since developmentdly the frontd lobes are the latest to develop, it may be that
both children with TS and those without TS may demondrate inhibition problems early in the

developmentd sequence.  As the frontd lobes develop with age, the entire CSTC circuit may
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work more effectivdly and inhibition falures will be reduced. If this is the case then
differences between TS and controls, in terms of falures of inhibition, might only emerge later
in the devdopmentd sequence.  Succinctly, younger children should have problems with
inhibition in genera because the fronta lobes are not developed enough to adequately inhibit
prepotent motor, or cognitive responses.  Older children without TS will have fronta lobes that
are developed enough to show norma inhibition of prepotent motor and cognitive responses.
Older children with TS, while ale to inhibit higher-level COGNITIVE responses due to the
adequate development of ther fronta lobes should ill have problems inhibiting prepotent
MOTOR responses, however, because of dysfunction of the basa-ganglia components of the

CSTC circuit.

In deciding what tests would be useful in providing empirica support for our view of
TS a number d factors were congdered. 1) Tests should be capable of assessing the integrity
of the frontal lobes - tests should demondrate the ability to plan, and implement performance
optimization draegies  2) Teds should differentidly draw upon higher-levd  “cognitive

inhibition” or lower-leve “motor inhibition”.

Usng such tests our predictions are tha as children both individuds with TS and
controls would have problems with “cognitive’ and “motor” inhibition, but with increasng
fronta lobe development control children would ‘grow out’ of this problem. As older
individuds, participants with TS would be able to 1) invoke performance optimization

drategies indicative of integrated fronta lobes, 2) would be able to demondrate reatively
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norma “cognitive inhibition”, but 3) would show problems with lower-level “motor

inhibition”.

In the present experiments we chose to use variants of the Stroop and Simon tasks to
assess “cognitive inhibition” and “motor inhibition” capability respectively. The Stroop and
Smon effects are operdiondly defined as differences in RT's between congruent and
incongruent trids.  Such differences, however, are not dways "pure’ measures of inhibition.
Pat of these congruent/incongruent trid differences may reflect the dSrategies that participants
use to carry out these tasks. Logan and Zbrodoff (1979), Lowe and Mitterer (1982), and
Cheesman and Meikle (1986) demonsrated drategic influences on the magnitude of the
Stroop effect by varying the congruent tria probability (defined as the percentage of
congruent, relaive to incongruent trids). At low congruent trid probability levels (eg. 25%)
the most cost effective drategy is to do one's best to ignore the interfering word at al times,
Since 75% of trids are incongruent (eg., RED displayed in blue) most of the time the word
(eg. RED) will be incompatible with the required response (blue). Thus the best drategy is to
vigoroudy inhibit the tendency to respond to the word, and focus on€e's atention exclusively on
naming the colour. At higher congruent trid probability levels (eg., 75%), most of the time
the word matches the required response (RED displayed in red). Thus if participants reax
their inhibition of words somewhat, overdl the drategy will ke beneficid. That is, 75% of the
time, dlowing the word to reach semantic leve activation, will serve to increase the activation
of the correct colour response, and thereby facilitate correct trid RT's (eg., see Cohen, Dunbar
& McCleland, 1990). It is only on the 1 trid out of 4 where the word is incompatible with the

required colour response where this strategy incurs a cost. The pattern of results driven by
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these performance optimization srategies is depicted in Figure 1 beow, which shows larger
Stroop effects in the 75% congruent trid probability condition than in the 25% congruent trid

probability condition.

Figure 1 indicates how Stroop effects in the 75% condition can be parsed into ‘pure
inhibition’ ® effects plus the effect of participants implementing a performance optimization
drategy. A dgmilar paten of results reflecting ‘pure inhibition” & low congruent trid
probabilities and a mixture of inhibition and drategic effects a higher congruent trid

probabilities can be seen on the Simon task aswell (Hommel, 1994a; Hommel, 1994b).

'One might argue that in the 25% condition, where most of the trials are incongruent one could read the word and
use the word to facilitate naming of the OPPOSITE response (e.g., when the word BLUE is presented, most of the
time the correct response will be to say red). If so, then both the 75% and 25% conditions would reflect strategic
influences on Stroop effect size. In the 25% condition, however, strategic effects are extremely unlikely to be
invoked because using the word to name the opposite colour takes too much time to implement. Dixon &
Laurence (1992) demonstrated that it takes at least 250 msec to implement this type of strategy. Since the average
Stroop effect is only of the order of about 60 msec, participants are much better off vigorously inhibiting the
tendency to say the word, and attempting to name the colour as fast as possible. Furthermore, experiments by
Lowe & Mitterer demonstrate that, when RT and errors are taken into account, linear systematic decreases in
Stroop effects are found as congruent trial probabilities are decreased from 75% to 50% to 25% (Lowe &
Mitterer, 1982). Even in the 50% congruent trial probability condition, one that might be argued to be the “true”
strategy-free condition, inhibition is not as free of strategic effects as in the 25% congruent trial probability
condition. Thus, although we cannot unequivocally say that the 25% condition is devoid of strategic effects, we
will use the term "pure-inhibition” to label this condition with the understanding that, within this context,
performance optimization strategic effects are minimized relative to the 75% condition where strategic effects

serveto increase the overall size of the Stroop effect
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Figure 1. Performance Optimization Effect.

Recdl that when deciding what tests to adopt we postulated that 1) Tests should be
cgpable of assessing the integrity of the fronta lobes by demondrating the ability to implement
performance optimization drategies 2) Tedts should differentidly draw upon higher-levd
“cognitive inhibition” or lower-levd “motor inhibition”. As shown in the figure, the ability of
the fronta lobes to implement a performance optimization strategy is reflected by the increased
sze of the Stroop or Smon effect in high (75%) congruent trid probability conditions. As

such these tests are good candidates for fulfilling the first of our requirements.

Next we consdered the second of our requirements (tests that can measure “cognitive’
or “motor” inhibition). On our variant of the Stroop task participants were presented with
colour-words (either RED or BLUE). The colour that the word was displayed in was either

congruent with the presented word (eg., RED was displayed in red), or incongruent with the
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presented word (RED was displayed in blue). Participants were asked to ignore the word and
amply name the colour of the simulus as quickly as possble. On our verson of the Smon
task participants placed one hand atop a box desgned to administer different kinds of tactile
dimulaion (eg, a buzzing sensaion or a drumming sensation). If they fdt a buzzing
sensation they were to press a response button on the left, f they fdt a drumming sensation
they were to press a response button on the right. Tactile simulation was presented to either
the pinky finger, or to the index finger. For a person with their left hand atop the box, the
pinky finger was on the left, and the index finger was on the right, for a person with ther right
hand aop the box, these relations were reversed. Congruent trias occurred when the finger
that was stimulated was on the same side as the button that had to be pressed (eg., a left finger
was gimulated and the type of vibration indicated that the response button on the left must be
pressed).  An incongruent trial occurred when the finger that was stimulated was on the
opposite sde of the button that had to be pressed (e.g., a left finger was stimulated, but the type

of vibration indicated that the response button on the right had to be pressed).

Thus, on incongruent trids both Stroop and Simon tasks involved the inhibition of
prepotent responses.  In the Stroop task one had to inhibit the prepotent tendency to read the
presented word. In the Simon task one had to inhibit the prepotent tendency to respond on the
sde of space where the tactile stimulation occurred. Both Stroop and Simon tasks measured
the ability of participants to inhibit these prepotent responses, and in both tasks interference
during incongruent trias depended upon the correspondence between the irrdevant stimulus
attribute and the response (O'Leary & Barber, 1993). The most important difference between

the two tasks, for our purposes, was the levdl and type of inhibition necessary to correctly
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respond in each task. We proposed that the Stroop task drew upon higher “cognitive
inhibition” because participants were required to inhibit the semantic-meening levd activaion
of WORDS on incongruent trids. Furthermore, Stroop interference is considered by many to
be a classic test of frontd lobe integrity (eg., Holst and Villki, 1988; Perret, 1974). We
proposed that the Simon task, by contrast drew upon “motor inhibition” because on
incongruent trias one is required to inhibit the prepotent tendency to make a motor response
with a digit on the sSde of space where tactile simulation occurred. Indeed, there is a generd
consensus that Stroop and Simon tasks involve separate response-selection processes — the
former being a more cognitive congruence, the latter being a more spatid correspondence
(Smon & Berbaum, 1990; O'Leary & Barber, 1993). As such these tests are also good

candidates for fulfilling the second of our requirements.

Inhibition capability could be measured in two ways by its success or by its falure
RT on incongruent trids is a good measure of successful inhibition, (on Stroop and Simon
tasks RTs are measured only for correct responses). When messuring successful inhibition,
errors rates play the important but relatively minor role of ruling out the possbility that RTs
were contaminated by speed-accuracy tradeoffs. When messuring inhibition falures however,
error rates take pride of place. An example of an error would be saying ‘blue’ when the correct
response is ‘red’ in the Stroop task, or pressng the left-most button when the correct response
is the right-mogt button in the Smon task. Most experimenta designs involving the Stroop do
not consder errors in their andyses. Since we believed TS to be a disorder characterized by

gooradic inhibition falure however, erors in the 25% congruent trid probability ‘pure
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inhibition’ condition were conddered to be quite meaningful and the best measure of inhibition

falure

In sum then, we proposed that children with TS and control children would have
problems with both “cognitive’ and “motor” inhibition. As control children age and ther
fronta lobes develop “cognitive’ and “motor” inhibition problems would be dleviated. As TS
children age, they would begin to demondrate norma *“cognitive” inhibition, but will dill
demondrate problems with “motor” inhibition - as evidenced by a greater number of *motor
inhibition” falures. Our fird two experiments were intended to test these generd hypotheses.
Experiments 3 and 4 were desgned to demondrate how falures in motor inhibition might be

used to account for tic phenomenology.

Prior to describing these experiments in detall we wish to rote that the ordering of the
experiments as they are presented in this thess do not match the chronology in which they
were tested. In actudity Experiment 3 was conducted first; Experiments 1 and 2, run
concurrently in a counterbalanced order, followed. Experiment 4 was conducted last.
Although this sequence was required for practicd reasons, the order in which these
experiments are numbered affords a more naturd theoreticad flow when describing the results.
Hence, for the sake of clarity and for ease of explication we present the experiments in an order
different from the chronology in which they were conducted.

In addition, when these experiments were initidly desgned we had not planned to
dratify groups by age. Following testing it became clear that younger and older groups were

performing these tasks very differently. Upon reflection there were good theoretical reasons
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for such age-related performance differences, hence we made predictions concerning older and

younger participants based on age-rated differencesin frontal 1obe development.
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EXPERIMENT 1-

STROOP TASK PERFORMANCE OF YOUNGER AND OLDER TOURETTE
SYNDROME AND CONTROL PARTICIPANTS

Numerous sudies have confounded TS, hypothesized to be a problem in inhibiting lower-leve
motor behaviours, with ADHD, a commonly comorbid diagnoss associated with “cognitive
inhibition” defidts.  We sought to demondrate the lack of “cognitive inhibition” difficulties in
a group of individuals diagnosed with TS but free of comorbid ADHD symptomatology. The
negative impact of ADHD on Stroop performance is wel documented (Lufi, Cohen, & Parisht
Plass, 1990; Grodzinsky & Diamond, 1992; Carter, Cameron, Krener et a., 1995; Seidman,
Biederman, Faraone, et al., 1997; Katz, Wood, Goldstein et al., 1998; Taylor & Miller, 1997).
To the best of our knowledge the Stroop task has never been gpplied to a TS sample in which
ADHD symptoms were either never present or were trested with medication. One extant study
tested 12 adults (11 male, 1 Emae, mean age 29) who met DSM-III-R criteria for TS on the
Stroop task. All paticipants were free of any dementia, but haf were medicated (5 with
neuroleptics, 2 with Fluoxetine, an SSRI). The TS sample was found to be more depressed,
but was matched on age and education and had the same numbers of maes to femaes.  For
our purposes the most sdient finding was that the TS group showed more Stroop interference
than the matched controls. Importantly, however, the sample did not appear to have been
screened for comorbid ADHD (Georgiou et d., 1995b). Thus it is unclear how much of these

Stroop imparments were attributable to TS and how much they were attributable to ADHD

symptomatology.
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Although in our studies we would have preferred “pure’ participants with TS, practica
congderations forced us to include participants with some comorbid diagnoses to ensure an
adequate sample sze.  Since untrested ADHD participants might suffer from *“cognitive
inhibition” falures, induding comorbid ADHD participants in our sample of participants with
TS could potentidly contribute variance to our data To minimize this unwanted source of
variability it was ensured that these participants had current prescriptions for some form of
dimulant medication -- research has shown that individuds medicated for ADHD no longer
demondtrate differences on the Stroop task (in fact non-ggnificant group differences between
ADHD and control samples on a Stroop task has been used as a gauge of pharmaceutical

effectiveness Miller, Kavcic & Leslie 1996; Spencer et d., 1998).2

In order to test our developmentd predictions participants were divided into two groups

—ayounger sample (ages seven to nine) and an older sample (agesten to 21). It was important

2 we recognized, however, that including participants taking medication for ADHD yielded a further
complication - namely the possibility that medications prescribed for ADHD might have influenced TS
presentation and therefore our results. In fact it was believed for some time that stimulant medications caused TS
(Lowe et al., 1982). This concern was later demonstrated to be unwarranted (e.g. Price et al., 1986). Today it is
generally believed that stimulant medications may exacerbate tics in a particular subset of the TS population when
the drug is first introduced, but that these initial symptom aggravations often later subside (Gilbert, 2001).
Common preventative techniques now employed in clinics include prescribing low dosages of stimulant
medications, waiting out flare-ups, and avoiding ertain types of stimulant medication known to worsen TS
symptoms more regularly (e.g. Dextroamphetamine; Kurlan, 2001). In summary, although we proposed to
include participants with TS with comorbid ADHD as long as they were taking medication, as a precautionary

measure we tracked the influence of medicated ADHD on performance when analyzing our results.

39



that one sample represent an age where one would expect frontal lobe function to ill be
within development while the other sample represent an age where one could reasonably
assume that frontal function has stabilized. Some executive function studies have used

children asyoung as six (Harris et d. 1995) and nine (e.g. Ozonoff, Strayer, McMahon &
Filloux 1994) years, and Baron-Cohen, Robertson & Moriarty (1993) argue that by age 5 or 6
children develop the capacity to edit Smultaneoudy competing intentions (an example of this
would be to atend to one and only one dimension of a compound stimulus such as the colour
of the word RED digplayed in blue asin the Stroop task). Thus we felt that children who were
between six and nine years old would be old enough to complete Stroop and Simon type tasks,
but would be young enough to reflect the expanding frontal development of our younger

sample.

Agesten and older seemed an appropriate cut-off point to reflect the stabilized fronta
function of our older sample. Stuss (1992) reports that age-related prefrontal RNA
development matures by approximately age 9. Motor reaction inhibition develops most
between 6 and 8 (Becker, Isaac and Hynd, 1987) and attentiona functions (i.e. sdlective
attention, disregard distractions) develop between five and nine (Humphrey 1982). Choosing
an age cut-off point dightly higher than those suggested in this literature is additiond

insurance that these executive functions have fully sabilized in the average child.

In lignt of our didinction between inhibition successes and inhibition falures our

concrete a priori hypotheses concerning Stroop performance were specified in terms of what

we predicted for RT’s and what we predicted for errors.
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Reaction Times

Hypothess 1) Younger and older participants would demondrate differences in
implementing a peformance optimization drategy. We predicted that the pattern
depicted by the RT's in Figure 1 would be more pronounced in the older participants
(more < shaped patterns) whereas for younger children we predicted less of an effect of
congruent trid probability (more = shaped patterns). Statistical support for this
prediction would take the form of a congruency (congruent, incongruent) by congruent-
trial probability (25%, 75%) by age (older, younger) interaction.

Hypothesis 2) TS and control groups would not show differentid performance in terms
of their ability to implement performance optimization drategies. Since we believe the
dte of TS problems to be the basd ganglia rather than the fronta lobes, we did not
predict differences in the frontadly mediaed ability to implement performance
optimization drategies. Support for this prediction would be a non-sgnificant group
(TS, control) by congruency (congruent, incongruent) by congruent-trid probability

(25%, 75%) by age (older, younger) interaction.

Errors
Hypothess 3) As previoudy argued, the best measure of falures of inhibition are the
errors committed in the 25% congruent trid probability ‘pure inhibition’ condition. We
predicted that younger children would show more falures of inhibition than older
children. This hypothess was tested by assessng the sgnificance of the age (younger,
older) by congruency (congruent, incongruent) interaction for the 25% ‘pure inhibition’

condition. Because we were gspecificdly interested in differences between older and
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younger children in failures of inhibition it was deemed necessary to compare the
performance of older and younger children in the condition where such failures should
occur mogt often. Thus in addition to conducting the higher order age by congruency
interaction we adso conducted a smple man effect of age on incongruent trids in the
25% condition. Here we predict that younger children will make dggnificantly more
errors on incongruent trids than older children.

Hypothess 4) We predicted that TS and controls would not differ in terms of their
falures of “cognitive inhibition”, as reflected by the erors committed in the 25%
congruent trid probability ‘pure inhibition’ condition.  This prediction would be
subgtantiated by a non-ggnificant interaction between group (TS, contral), age
(younger, older), and congruency (congruent, incongruent). In addition we dso
predicted that when either the older subjects were considered in isolation, or when the
younger subjects were consdered in isolation, there would be no sgnificant difference

between group (TS, control) and congruency (congruent, incongruent).

PARTICIPANTS

Volunteers for dl experiments were recruited through a solicitation package mailed out by the
TSFC. Members within one hour of ether testing location (TSFC Nationd Office in Toronto,
Universty of Waterloo Psychology Lab) and between the ages of 7 and 21 were randomly
selected through a membership database search (by area code and age) and contacted (n=300).
The <olicitation package included a letter of invitation from the researchers, a background
questionnaire, a consent to be contacted form, and a letter from the TSFC endorsing the project

and asuring that a declination to participate would not influence their membership in any way.
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Participants were dso solicited through short solicitation advertisements appearing in TSFC

dfiliate newdetters.

Fifty-three interested families returned the background information sheet to the
researchers (return addressed, stamped envelopes were provided), and interested members of
the family sgned the consent to be contacted form (n=96). Individuds with TS either without
a comorbid diagnoss of ADHD or medicated for ADHD were preferred. A totd of eght
individuds with ADHD were included in the sample (four in the older participants and four in
the younger); in addition, there were 3 diagnoses of OCD, 2 of learning disorders, 2 of rage, 1
of deep disorder, and 1 of unspecified anxiety. Two participants were also said to demongtrate
obsessve-compulsve behaviours. While Georgiou e d. (1995b) found no dgnificant
differences on the Simon task between individuds with TS medicated or unmedicated with
conventional neuroleptics or SSRI's, we 4ill chose to accept only participants currently
unmedicated with neuroleptics to control for any potentia source of variance tha varigble may
present.  Siblings under the age of 21, not diagnosed with TS or any other disorder, and in the
same age range were preferred as controls.  Information regarding diagnoses for both groups
was based on parent report. Based on these exclusonary criteria 34 families were contacted
(n=45). During the course of aranging and running gppointments 7 families discontinued ther
involvement leaving 27 families participaing (n=38). Two children of depatment members,
free of diagnoses, were added to the control group to bring the sample size to 40. Participants
were compensated at a rate of $8.00 per hour, and were assigned a number (for family) and

letter (for family member) for data entry purposes to ensure anonymity. Both control and TS
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groups were split into younger and older samples. Mean ages in the younger sample were 7.78

(control) and 8.5 (TS) and mean ages in the older sample were 13.2 (control) and 12.36 (TS).

Stroop data for seven participants were inexplicably lost through computer error

(including three older participants with comorbid TS and ADHD) leaving a find sample sze of

33 (see Table 1 below).
TS Control | TS Contral
(Qld) | (Old) (Young) | (Young) | TOTAL
4 3 9 4 20
Female |3 6 0 4 13
TOTAL |7 9 9 8 33

Table 1: Participant analysis for Experiment 1.

METHODS

The apparatus was a Macintosh Power PC (7100/66AV) computer interfaced with a 14 inch
VGA colour monitor and programmed with PsyScope software (Cohen et d., 1993). One of
two colour-words (RED or BLUE) appeared in the centre of the screen displayed in one of two
colours (red or blue); 24 point Chicago font was ed and trial order was randomized for each
partticipant. Participants were ingtructed to ignore the colour-words and respond by naming the
video display colours as quickly and accurately as possble. Paticipants spoke into a Sony
dynamic microphone connected to the computer via a CMU Button box. Voice RT

(operdtiondized as the time between simulus presentation and the tripping of the voice key)



was recorded. After the voice key was tripped, the stimuli dissppeared from view. The
experimenter indicated, via a key-press, whether the participant's response was correct, an
“error” (defined as providing the incorrect response in its entirety or blurting a portion of the
incorrect response before responding correctly), or a discarded trial due to technical problem
(eg., the voice key being tripped by extraneous noise in the halway, by a vocd tic, eic). A
500 ms inter-trid interval separated the experimenter’s key press and the presentation of the

next gimulus.

Two conditions of 224 test trias each were presented in blocked format. In the firg
block, congruent trials randomly appeared 25% of the time. In the second block congruent
trias randomly appeared 75% of the time. Sixteen practice trials succeeded each block.
Practice trids contained the same congruent tria probabilities as the block they preceded. A
gngle fiveeminute breek was offered a each hdfway point. Blocks were counterbaanced

across participants and interspersed with the sessons of Experiment 2.

RESULTSAND DISCUSSION

Outlier andyses were conducted usng the Van Sds & Jolicoeur (1994) technique. As
mentioned, because even medicated ADHD could introduce unknown variance into our results
(through effects of the medication or inadequate amdioration of the ADHD symptoms) the
data were andyzed in two ways as a precautionary measure. Individuas with comorbid but
treated ADHD were included in the TS group for one set of analyses to maximize sample size.
In the second set of andyses data from these participants were excluded - the TS group was

free of participants with comorbid ADHD.
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Inhibition Successesin Stroop Performance

Success of inhibition was consdered in terms of RT data RT data was andyzed using a 4way
mixed model ANOVA. Congruency (congruent, incongruent), and congruent tria probability
(25%, 75%), were the within subject factors, and age (older, younger) and group (TS, control)

were the between subject factors.

ADHD Included: The 4-way ANOVA reveded a dgnificant main effect of congruency
(RT was dgnificantly fagter for congruent trials than incongruent trids, F(1,29) =89.26,
p<.001)) and a dgnificant man effect of age (older participants were faster than younger
paticipants, F(1,29) =19.21, p<.001). A dgnificant interaction of congruency (congruert,
incongruent) and congruent tria probability (25%, 75%); F(1,29) =30.45, p<.001 was revealed.
There was dso a dgnificant interaction between congruency (congruent, incongruent) and age
(older, younger); F(1,29) =8.68, p=.006. The 4way interaction d congruency, congruent tria
probability, age, and group was non-sgnificant (F(1,29) =.007, p=.934). Additiond man
effects and interactions relevant to our hypotheses are listed below:
Hypothess 1) Our hypothesis that younger and older participants would demonstrate
differences in implementing a performance optimization drategy was supported by a
ggnificant  3-way interaction of congruency (congruent, incongruent), congruent tria
probability (25%, 75%) and age (older, younger) (F(1,29) =5.09, p=.032). We were
aurprised to find that the patterns demongtrated by the older and younger participants
were opposite to what we had predicted — that is, the younger participants in both
groups agppeared to show greater performance optimization effects (more < shaped

patterns) than both groups of older participants. As can be seen in Figures 2 (below),
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the mogt dramdic difference between the younger versus older individuds involves the

dope of the lines for congruent trids in the 25% and 75% conditions. Although the

younger children show dramatic improvements in RT's the older participants show

little if any improvements in congruent trid colour naming.
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Figure 2: RT as a function of congruent trial probability for both young and old TS and

control samples on the Stroop task.

One interpretation of the data presented in Figure 2 is tha in a less wdl-

devdoped frontd inhibition sysem children would show devadating effects of

incongruency. Looking a Figure 2, one can compare the error rates of older and

younger children when responding to incongruent trids.
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rales among the younger children might dicit an ovedl dowing of RT's as a
compensatory mechanism.  Such an interpretation would account for the large man
effect of age in this group (younger children were overdl 25291 msec dower than ther
older counterparts). The older participants would presumably have better developed
inhibition skills than the younger paticipants and could, given a better ability to
‘weather’ incongruent trids, afford to respond faster. Hence in the 75% congruent tria
probability condition, where rdaxing one's inhibition of words somewha would be an
ovedl beneficd drategy, the younger paticipants would have considerably more
room to improve than the older participants.

Hypothess 2) The hypothess that the TS and control groups would not show
differentid peformance in tems of thar &bility to implement peformance
optimization strategies was supported by the lack of a sgnificant group (TS, contral) by
congruency (congruent, incongruent) by congruent trial probability (25%, 75%), by age
(older, younger) interaction (F(1,29) =.007, p=.934). Because theoreticaly we had
predicted that only the older participants would show frontaly mediated performance
optimization drategies, we re-anadyzed the differences between the older TS and
control groups done. A non-sgnificant group (TS, control) by congruency (congruent,
incongruent) by congruent trid probability (25%, 75%), interaction (F(1,14) =.330,
p=.575) aso suggested that there were no differences between controls and participants
with TS in the &bility to implement a peformance optimization drategy in the older

participants where frontally mediated Strategies were predicted to have stabilized.
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ADHD Excluded: The four way ANOVA reveded a dgnificant man effect of
congruency (RT was dgnificantly faster for congruent trids than incongruent trids, (F(1,24)
=92.27, p<.001), and age (F(1,24) =13.29, p=.001). A dggnificant interaction of congruency
(congruent, incongruent) and congruent tria probability (25%, 75%); F(1,24) =25.52, p<.001
was reveded. There was dso a dgnificant interaction between congruency (congruent,
incongruent) and age (older, younger); F(1,24) =4.76, p=.039. The 4way interaction was non
sgnificant (F(1,24) =.001, p=.979). Additiond man effects and interactions relevant to our
hypotheses are liged below but in terms of our hypotheses, excluding participants with TS
with comorbid ADHD did not lead us to change our interpretation of the data:

Hypothess 1) Our hypothess that younger and older participants would demongrate

differences in implementing a performance optimization drategy was supported by a

magindly dgnificatt  3-way interaction of congruency (congruent, incongruent),

congruent trial probability (25%, 75%) and age (older, younger) (F(1,24) =4.1, p=.054).

Hypothess 2) The hypothess that the TS and control groups would not show

differentid perfformance in tems of ther ability to implement peformance

optimization dtrategies was supported by the lack of a dgnificant group (TS, control) by
congruency (congruent, incongruent) by congruent tria probability (25%, 75%), by age

(older, younger) interaction (F(1,24) =.001, p=.979). Because theoreticadly we had

predicted that only the older participants would show frontaly mediated performance

optimization drategies, we re-andyzed the differences between the older TS and
control groups done. A non-dgnificant group (TS, control) by congruency (congruent,
incongruent) by congruent trid probability (25%, 75%), interaction (F(1,13) =.774,

p=.395) aso suggested that there were no differences between controls and participants
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with TS in the dbility to implement a performance optimization drategy in the older

participants where frontaly mediated Strategies were predicted to have stabilized.

These analyses supported our hypothesis that there would be no group differences in
the employment of a performance optimization strategy. While these analyses supported our
hypothesis that there would be developmental differences in drategic ability across younger
and older samples, the data configuration was opposite to what we had predicted. The large
effect of congruent tria probability demonstrated by the younger sample, however, appeared to
be derived from the fact that the younger participants dowed their overdl peformance to
compensate for inhibition difficulties (as evidenced by ther high eror raes); this dowing
endbled them grester room to improve their performance on congruent trids in the 75%
congruent trid probability condition. This pattern of results, combined with the fact that there
were no differences between participants with TS and controls, suggested that,
developmentaly, this drategic ability is present in both TS and norma populations by a lesst

age seven and does not vary as one ages.
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Figure 3: RT as a function of congruent trial probability for the older control sample on the

Stroop task.
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Figure 4: RT as a function of congruent trial probability for the younger control sample on the

Stroop task.
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Figure 6: RT as a function of congruent trial probability for the younger TS sample on the

Stroop task.

Inhibition Failuresin Stroop Performance

Falure of inhibition was conddered in terms of errors. Error data from the 25% congruency
‘pure inhibition’ condition was andyzed usng a 3-way mixed moded ANOVA. Age (older,
younger) and group (TS, control) were the between subject factors and congruency (congruent,

incongruent) was the within subject factor.



ADHD Included. This analyss reveded a main effect of congruency (more errors were
committed on incongruent trids than congruent trids (F(1,29) =27.47, p<.001)). Other man
effects and interactions relevant to our hypotheses are listed below:

Hypothess 3) Our prediction that younger children would demonstrate more falures of
inhibition than older children was not supported; an age (older, younger) by
congruency (congruent, incongruent) interaction was nontsgnificant (F(1,29) =2.71,
p=.111). Because of its theoreticd importance a smple man effect was caculaed
despite the absence of this interaction. To test the hypothess that younger children
would maeke more errors than older children due to inadequate fronta lobe
devedlopment, we compared young and older participants on incongruent tria
performance (where the mogt errors would be expected). This one-talled comparison
was sgnificant (t(31) =1.67, p=.05).

Hypothesis 4) We predicted that TS and controls would not differ in terms of ther

falures of “cognitive inhibition”, as reflected by the erors committed in the 25%

congruent tria probability ‘pure inhibition’ condition. This prediction was supported

by a non-ggnificant interaction between group (TS, control), age (younger, older), and

congruency (congruent, incongruent; F(1,29) =.002, p=.963.

In order to highlight contrasts between Stroop task performance (where we
predict no group effects at any age) and Simon task performance (where sgnificant
group effects are predicted in the older but not the younger participants) we conducted
two ample interaction effects tests on each age group separately. The relevant data are

presented in Table 22 One dmple interaction effect of congruency (congruent,
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incongruent) and group (TS, control) in the 25% congruent ‘pure inhibition’ condition
was conducted on the older participants. This 2-way smple interaction effect was not
sgnificant (F(1,14) =.1, p=.756). As can be seen in the left portion of Table 2, older
individuals with TS committed approximately as many erors on the Stroop as older
controls. A comparable smple interaction effect was conducted on the younger
participants.  This congruency by group interaction was adso not sgnificant (F(1,15)
=005, p=.946). As can be seen in the right portion of Table 2, younger individuas
with TS committed approximately as many errors on the Stroop as younger controls.
These nontggnificant smple interaction effects provide further evidence that falures in
inhibition on the Stroop task occur no more frequently in participants with TS than in
controls, irrespective of age. These smple interaction effects are expected to be in

contrast to parale calculations on the Smon task conducted in Experiment 2.

TS Controls TS Controls
incongruent 12.71 11.22 incongruent 22 21.25
congruent 1.29 111 congruent 1 1

Table 2: Mean number of Stroop errors committed by older and younger TS and control
participants in the 25% congruent trial probability ‘pure inhibition’ condition (ADHD

included).
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ADHD Excluded. The same 3way andyses of variance were conducted when those in
the TS group with comorbid ADHD were excluded from the anadyss. Excuding these
participants reveded a pattern of data more consonant with our hypotheses.

This anayss reveded a man effect of congruency (more errors were committed on
incongruent trids than congruent trids (F(1,24) =31.995, p<.001)) and a dgnificant man
effect of age (F(1,24) = 443, p=.046). Other main effects and interactions relevant to our
hypotheses are listed below:

Hypothess 3) Our prediction that younger children would demonstrate more falures of

inhibition than older children was now supported by a dgnificant age (older, younger)

by congruency interaction (F(1,24) =5.421, p=.029). Simple main effects reveaed that
younger children on incongruent trids committed more errors than older children on
incongruent trias (t(26)=2.12, p=.022).

Hypothesis 4) We predicted that TS and controls would not differ in terms of their

falures of “cognitive inhibition”, as reflected by the erors committed in the 25%

congruent tria probability ‘pure inhibition’ condition. This prediction was supported

by a non-ggnificat interaction between group (TS, control), age (younger, older), and

congruency (congruent, incongruent; F(1,24) =.625, p=.437).

Agan to highlight contrasts between Stroop (where we predict no group effects)
and Simon task peformance (where dgnificat group effects are predicted) we
conducted two smple interaction effects tests on each age group separately. The
relevant data are presented in Table 3. One smple interaction effect of congruency

(congruent, incongruent) and group (TS, contral) in the 25% congruent ‘pure
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inhibition’ condition was conducted on the older paticipants. This 2-way smple
interaction effect was not sgnificant (F(1,13) =.146, p=.708). As can be seen in the left
portion of Table 3, older individuds with TS committed gpproximady as many errors
on the Stroop as older controls. A comparable smple interaction effect was conducted
on the younger participants. This congruency by group interaction was aso not
sgnificant (F(1,11) =1.27, p=.284). As can be seen in the right portion of Table 3,
younger individuas with TS committed approximatey as many erors on the Stroop as
younger controls.  These nonggnificant ample interaction effects provide further
evidence that falures in inhibition on the Stroop task occur no more frequently in
partticipants with TS than in controls, irrespective of age.  Once agan, these smple
interaction effects are expected to be in contrast to paradld caculations on the Simon

task conducted in Experiment 2.

TS Controls TS Controls
incongruent 13.33 11.22 I ncongruent 22 21.25
congruent 15 111 Congruent 0.8 1

Table 3: Mean number of Stroop errors committed by older and younger TS and control
participants in the 25% congruent trial probability ‘pure inhibition’ condition (ADHD

excluded).
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GENERAL DISCUSSION OF EXPERIMENT 1

The results of Experiment 1 can be reviewed in terms of both age and group differences for
both inhibition successes and inhibition falures  With regards to inhibition successes the
younger and older participants were both capable of implementing performance optimization
drategies dthough, contrary to our expectations, dgnificantly dower overdl RTs among the
younger paticipants meant that their performance optimization effects were more pronounced
than the older participants. Data dso indicated that individuas with TS were as capable as

controls of adopting performance optimization Strategies.

In terms of inhibition falures younger paticipants committed ggnificantly more errors
than older participants overal, however the TS group showed no indication that they are any
less successful than controls in inhibiting higher-level prepotent cognitive responses.  In sum,
data from Experiment 1 provided strong evidence tha while “cognitive inhibition” difficulties
decrease as one ages, these difficulties are not any more present in TS than in the norma
population irrespective of age. This corroborates the conclusons of Pennington & Ozonoff
and Harris, Schuerholz, Singer e d. (1995) who suggested that executive functioning is intact
in individuds with TS &fter comorbid conditions have been controlled by medication or

eliminated from the sample.

59



EXPERIMENT 2 -

SIMON TASK PERFORMANCE OF YOUNGER AND OLDER TOURETTE
SYNDROME AND CONTROL PARTICIPANTS

After demondrating the lack of difficulties in “cognitive inhibition” in a TS sample free of
uncontrolled comorbid symptomatology we next wished to demondrae that this population
does experience difficulties in “motor inhibition”. For comparison purposes we required a
more purdy “motoric” task: one that would adso look a task interference in incongruent trias
dependent upon the correspondence between the irrdevant simulus dtribute and an

incompatible MOTOR response. For this reason we chose to use the Simon task.

Research has demondrated that RT to a particular simulus is sgnificantly faster when
the location of the stimulus, athough irrdevant, corresponds with that of the response (for
example, a simulus prompting a response with the right hand appearing on the individud’s
right, rather than left). In the tactile domain, if you are exploring the environment by touch,
and you fed an object, it makes sense to interact with the object with the hand that fdt the
object, rather than the opposite hand. Thus, in generd, if a stimulus appears on the left, people
are better a responding with an gppendage on the left. If a simulus appears on the right,
people are better at responding with an appendage on the right. Furthermore, people in generd
have difficulty inhibiting these prepotent tendencies, (i.e. one tekes longer and makes more
erors when the location of stimuli, and the gppendage used to respond to it, do not
correspond).  There is “a strong stereotypic tendency to respond initidly to the directiond
component of a simulus rather than to its symbolic content” (Simon, 1990). This phenomenon

is known as the Smon effect.
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Most researchers believe the Simon effect is due to the fact that we attend to the
podtion of the dimulus during encoding. While it is easy to understand the evolutionary
adaptiveness of encoding an object’s postion in space relative to onesdf, atention to this
information can be irrdevant in certain contexts, leading to difficulties in response sdection
and inhibition (Homme, 1994b; Buckolz, O'Donndl & McAUliffe, 1996; Stoffer, 1991;
Proctor & Wang, 1997; Proctor, 1992). While not al in the fidd share this view (eg., see
Hasbroucqg & Guiard, 1992 for an opposing view), the "response-sdection” hypothess is
currently the most commonly accepted one (Lu & Proctor, 1995). The “strong dereotypic
tendency” (Simon, 1980) towards automatic activation of ipslateral response codes in response
to location cues is very persistent (even across 1800 trias: Proctor & Lu, 1999) and has been
found in species other than humans as wel: single-cdl recordings in the motor cortex of rhesus
monkeys reveded that, in noncorresponding trids, the incorrect but spatidly congruent
response is gill activated to a degree before the proper response is carried out (Georgopoulos

et al, 1989).

Only one dudy testing individuds with TS on the Smon task could be found
(Georgiou, Bradshaw, Phillips e d., 1995). Fve conditions of progressvdy increesng
complexity were given to 10 made participants diagnosed with TS and with a mean age of 31
All five conditions involved traditiond RT responses to the presentation of visuospatid stimuli
on a computer screen.  In the third condition, which represented a traditiona test of the Simon
effect, individuds with TS made dgnificantly more erors on incongruent trids as compared

with congruent trids — this difference was not found in controls matched for age, sex, 1Q, and
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Short Test of Mentd Status scores (Georgiou, Bradshaw, Phillips et d., 1995). It is not clear,
however, whether participants with TS were screened for comorbid ADHD. To the best of our
knowledge, no evidence on Smon task performance in the ADHD population exists. In an
effort then to clearly demarcate the influences of TS and ADHD on the Simon task we used
participants with TS ether without a comorbid diagnoss of ADHD or paticipants with TS
who were medicated for their ADHD symptoms. To ‘carve the “motor inhibition” circuitry as
cleenly as possible we devised a motoric verson of the Smon task in which tactile stimuli

cued motor responses.

Tactile stimuli were purposaly chosen for their easy discriminatiion: Homme (1994a)
demongrated that dowing down the processng of dimulus information reduced the Simon
efect and immediate dimulus discrimination alowed for a much grester Smon effect. A
within-hand desgn was aso purposefully chosen: Buckolz, O'Donndl & MCcAUliffe (1996)
found a grester Smon effect for within-hand than between-hand conditions (athough they had
participants use only ther right hands). It dso seemed tha a within-hand desgn would
remove any vaiance or complicaing factors due to any differences in  hemispheric

asymmetries among the participants with TS and controls.

In light of our didinction between inhibition successes and inhibition falures our

concrete a priori hypotheses concerning Simon performance were specified in terms of what

we predicted for RT’ s and what we predicted for errors.
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Reaction Times

Hypothess 1) Younger and older participants would again demondrate differences in
implementing a peformance optimization drategy. We predicted that the pattern
depicted by the RT’s in Figure 1 would be more pronounced in the older participants
(more < shaped patterns) whereas for younger children we predicted less of an effect of
congruent trid probability (more = shaped patterns). Statisticad support for this
prediction would take the form of a congruency (congruent, incongruent) by congruent
tria probability (25%, 75%) by age (older, younger) interaction.

Hypothesis 2) TS and control groups would not show differentid performance in terms
of their ability to implement performance optimization drategies. Since we beieve the
dte of TS problems to be the basd ganglia rather than the frontad lobes, we did not
predict differences in the frontadly mediaed ability to implement performance
optimization drategies. Agan, support for this prediction would be a non-ggnificat
group (TS, control) by congruency (congruent, incongruent) by congruent trid

probability (25%, 75%) by age (older, younger) interaction.

Errors
Hypothess 3) As previoudy argued, the best measure of falures of inhibition are the
errors committed in the 25% congruent tria probability ‘pure inhibition’ condition. We
predicted that younger children would show more falures of inhibition than older
children. Because we are predicting increased erors in older participants with TS on
the Simon task (see Hypothesis 4 below), the best test of this hypothesis is to assess the

ggnificance of an age (younger, older) by congruency (congruent, incongruent)

63



interaction among the control group. Because we are interested in differences in error
rates between older and younger participants it was deemed necessary to contrast the
performance of these samples in the condition where errors would be most pronounced
(the incongruent trids of the 25% congruent trid probability ‘pure inhibition’
condition). Thus in addition to conducting the higher order age by congruency
interaction we aso conducted a smple man effect of age on peformance of
incongruent trids in the 25% congruent trid probability ‘pure inhibition’ condition.
Here we predicted more erors in the incongruent condition for younger control
participants than for older control participants.

Hypothess 4) We anticipated group differences in terms of falures of “motor
inhibition” as reflected by the errors committed in the 25% congruent trid probability
‘pure inhibition’ condition. We expected the TS group to commit more erors than
controls but predicted that these group differences would only emerge late in the
developmental sequence — we proposed that as children both individuas with TS and
controls would have problems with “motor inhibition”, but that incressng frontd lobe
development would dlow controls to ‘grow out’ of this problem. These predictions
would be subgtantiated by a dgnificant 3-way interaction of congruency (congruent,
incongruent), group (TS, control), and age (older, younger). Consequently, smple
interaction effects should yidd a dgnificant interaction  between  congruency
(congruent, incongruent) and group (TS, control) in the older, but not younger,
participants. Because we are interested in differences in error rates between TS and
control groups, theoreticaly it makes sense to contrast the performance of these groups

in the condition where errors would be most pronounced (the incongruent trids of the
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25% congruent trial probability ‘pure inhibition’” condition). Thus we assessed the
dgnificance of a dmple main effect of group on incongruent trids in the 25%
condition. Here we predict that older participants with TS will make ggnificantly more

errors on incongruent tria's than older control participants.

PARTICIPANTS

Participants from Experiment 1 were used. Because the logt data described in Experiment 1
was limited to Stroop data the sample sSze was higher by seven participants (n=40). Eight
members of the TS sample had comorbid diagnoses of ADHD (four in the older sample and

four in the younger sample): These participants had current prescriptions for some form of

gimulant medication
TS Control | TS Contral
(Old) | (OId) (Young) | (Young) | TOTAL
7 4 10 5 26
Female | 4 6 0 4 14
TOTAL |11 10 10 9 40

Table 4: Participant analysis for Experiment 2.

METHOD
The response box consisted of two sensors 5.5 centimetres apart on the top pand of the box;

these sensors connected to speskers controlled by an IBM ThinkPad 380 XD (Pentium 233)

lgptop computer via an amplifier, and programmed usng SuperLab Pro software. Response
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buttons a further 2.5 centimetres outsde each sensor were built, and connected back to the
laptop computer.  Participants placed a hand of their choosing on the box so that ther index
and pinky fingers rested on the sensors, hand was dternated hdfway through each sesson a a
programmed break period a which time participants could choose to continue or take five
minutes rest. Sensors would emit ether a 150 Hz dne wave vibration (diciting a buzzing
sensdtion) or a 15 Hz sguare wave vibraion (eliciting a drumming sensgtion), each 250 ms in
duration, a random times and on random sdes. Participants were told that the 150 Hz sne
wave dimuli indicated a leftmost finger response and the 15 Hz square wave stimuli indicated
a rightmost finger response regardless of hand and stimuli presentation location. Hence both
congruent (where response Sde indicated by the vibration maiches vibration location) and
incongruent (where response side indicated by the vibration does not meatch vibration location)
trids existed. As in the Stroop task both 25% and 75% congruent sessions, each with 224 test
trids, were programmed. A block (16) of additiona practice trids was given a the beginning
of each sesson to ensure that each participant understood the task; practice trids were smilar
in content to the experimenta session that they preceded. The response box emitted different
noises depending on whether a sine or square wave trid was occurring.  As these audio cues
could potentidly influence results, participants lisened to white noise recorded on casseite
over earphones while engaged in the sessons.  The experimenter remaned in the room to

monitor the equipment and to ensure that participants switched hands at the hafway point.

RESULTS AND DISCUSSI ON

Outlier andyses were conducted using the Van Sds & Jolicoeur (1994) technique. As

mentioned, because even medicated ADHD could introduce unknown variance into our results
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(through €ffects of the medication or inadequate amdioration of the ADHD symptoms) the
data were once again andyzed in two ways as a precautionary measure. Individuds with TS
with comorbid and trested ADHD were included in one set of andyses to maximize sample

size. Inthe second set of analyses these participants were excluded.

Inhibition Successesin Simon Performance

Success of inhibition was consdered in terms of RT data RT data was andyzed usng a 4way
mixed modd ANOVA. Congruency (congruent, incongruent), and congruent trid probability
(25%, 75%), were the within subject factors, and age (older, younger) and group (TS, control)

were the between subject factors.

ADHD Included: The 4-way ANOVA reveded a sgnificant main effect of congruency
(RT was ggnificantly faster for congruent trids than incongruent trids, F(1,36) =109.74,
p<.001) and a ggnificant man effect of age (older paticipants were faster than younger
participants;, F(1,36) =37.83, p<.001). There was ds0 a sgnificant interaction of congruency
(congruent, incongruent) and congruent tria probability (25%, 75%); F(1,36) =57.51, p<.001.
The 4-way interaction of congruency, congruent tria probability, age, and group was non
ggnificant (F(1,36) =.106, p=.747). Other man effects and interactions relevant to our
hypotheses are listed below:

Hypothess 1) Our hypothess that younger and older participants would demongrate

differences in implementing a peformance optimization drategy was supported by a

magindly dgnificatt 3-way interaction of congruency (congruent, incongruent),
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congruent trid probability (25%, 75%) and age (older, younger; F(1,36) =3.07,

p=.088); the data patterns were in the same direction asin Experiment 1.
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900 A
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S 700 -
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400 . . .
25% 75%
Congruent Congruent

Figure 7: RT as a function of congruent trial probability for both young and old TS and

control samples on the Smon task.

Hypothesis 2) The hypothesis that the older TS and control groups would not show
differentid performance in tems of ther &bility to implement peformance
optimization Strategies was supported by the lack of a sgnificant group (TS, contral) by
congruency (congruent, incongruent) by congruent trial probability (25%, 75%), by age
(older, younger) interaction (F(1,36) =.106, p=.747). Because theoreticaly we had

predicted that only the older participants would show frontaly mediated performance
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optimization drategies, we re-andyzed the differences between the older TS and
control groups done. A non-sgnificant group (TS, control) by congruency (congruent,
incongruent) by congruent tria probability (25%, 75%), interaction (F(1,19) =.373,
p=.549) suggested that there were no differences between controls and participants with
TS in the adility to implement a peformance optimization drategy in the older

participants where frontally mediated strategies were predicted to have stabilized.

ADHD Excluded: The 4way ANOVA reveded a dgnificant man effect of congruency
(RT was dggnificantly faster for congruent trids than incongruent trids, F(1,28) =67.75,
p<.00l) and age (F(1,28) =26.35 p<.00l). There was adso a ggnificant interaction of
congruency (congruent, incongruent) and congruent tria probability (25%, 75%); F(1,28)
=42.02, p<.001. The 4-way (congruency by congruent trid probability by age by group)
interaction was non-ggnificant (F(1,28) =.042, p=.838). Other main effects and interactions
relevant to our hypotheses are lised below — in generd, however, excluding participants with
TS with comorbid ADHD did not lead us to change our interpretation of the data:
Hypothess 1) Our hypothesis that younger and older participants would demondrate
differences in implementing a performance optimization drategy was not supported by
a 3-way interaction of congruency (congruent, incongruent), congruent trid probability
(25%, 75%) and age (older, younger; F(1,28) =2.4, p=.133); while this interaction was
not sgnificant the data patterns were in the same direction as in Experiment 1. As such
we concluded that the combined effects of the younger participants being dower, and
therefore having more room to improve ther peformance than the older sample,

contributed to the patterns of results seen in Figure 7.
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Hypothess 2) The hypothess that the older TS and control groups would not show
differentid  peformance in terms of ther &bility to implement peformance
optimization Strategies was supported by the lack of a sgnificant group (TS, control) by
congruency (congruent, incongruent) by congruent trid probability (25%, 75%), by age
(older, younger) interaction (F(1,28) =.042, p=.838). Because theoreticaly we had
predicted that only the older participants would show frontaly mediated performance
optimization drategies, we re-andyzed the differences between the older TS and
control groups done. A non-sgnificant group (TS, control) by congruency (congruent,
incongruent) by congruent trid probability (25%, 75%), interaction (F(1,28) =.272,
p=.606) suggested that there were no differences between controls and participants with
TS in the ability to implement a peformance optimization draegy in the older

participants where frontally mediated Strategies were predicted to have stabilized.

These andyses supported our hypothesis that there were no group differences in the
employment of a performance optimization drategy, and our hypothess that there would be
developmentd differences in drategic ability across younger and older samples.  This pattern
of results suggested that, deveopmentaly, this draegic ability is present in both TS and
norma populations by at least age seven and does not vary as one ages (see Figures 8 to 11
bdow). As with the data in Experiment 1, any vaiaion in the peformance optimization
patterns related to age appeared to be a consequence of the overal dowing of RT's among the
younger paticipants. This gave them more room to improve ther RT's in the performance

optimization condition relaive to their older counterparts.
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Figure 8: RT as afunction of congruent trial probability for the older control sample on the

Smon task.
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Figure 9: RT as a function of congruent trial probability for the younger control sample on the

Simon task.
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Figure 10: RT as a function of congruent trial probability for the older TS sample on the

Smon task.
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Figure 11: RT as a function of congruent trial probability for the younger TS sample on the

S mon task.

Inhibition Failuresin Smon Performance

Failure of inhibition was conddered in terms of errors. Error data from the 25% congruency
‘pure inhibition’” condition were andyzed usng a 3-way mixed mode ANOVA. Age (older,
younger) and group (TS, control) were the between subject factors and congruency (congruent,

incongruent) was the within subject factor.
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ADHD Included. This andyss reveded a man effect of congruency (more errors were
committed on incongruent trias than congruent trids (F(1,36) =29.61, p<.001)). Other main
effects and interactions relevant to our hypotheses are listed below:

Hypothess 3) Because we predicted that older participants with TS would not show
age related decreases in errors on the Simon task (see Hypothess 4 below), the best test
of this hypothess was to assess the dgnificance of an age (younger, older) by
congruency (congruent, incongruent) interaction only among the control group. This
interaction was margindly dgnificant (F(1,17) =4.05, p=.06). Smple man effects
reveded dgnificantly more errors in the incongruent condition for younger participants
than for older participants (t(17) =2.26, p=.02). In the analyses above we are interested
in documenting ‘normd’ age-rdated increases in the ability to inhibit prepotent motor
responses; the next set of analyses demondrates that, with respect to “motor inhibition”
cgpabilities, individuas with TS when compared to controls do not follow this ‘normal’
developmental sequence.

Hypothesis 4) We predicted that TS and controls would differ in terms of ther falures

of “motor inhibition” late in the developmenta sequence, as reflected by the erors

committed in the 25% congruent trid probability ‘pure inhibition’ condition by older
partticipants. This prediction was supported by a dgnificant interaction between group

(TS, contral), age (younger, older), and congruency (congruent, incongruent; F(1,36)

=7.006, p=.012).

In order to highlight contrasts between Stroop (where we predicted no group

effects) and Smon task performance (where significant group effects are predicted) we
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conducted a series of ample interaction and smple main effects tests on each age group
separately.  The relevant data are presented in Table 5. One smple interaction effect of
congruency (congruent, incongruent) and group (TS, control) in the 25% congruent
‘pure inhibition” condition was conducted on the older participants. This 2way smple
interaction effect was found to be only margindly sgnificant (F(1,19 =3.75, p=.068).
However a sample main effect of group reveded that participants with TS committed
sgnificantly more errors than controls (t(19) =1.99, p=.03). As can be seen in the left
portion of Table 5, participants with TS committed more errors on incongruent trias of
the 25% congruent trid probability ‘pure inhibition” condition than controls. A
comparable smple interaction effect was conducted on the younger participants. This
congruency by group interaction was adso margindly dgnificant (F1,17) =3.23,
p=.087). Looking at the right sde of Table 5 however, one can see that the younger
controls appeared to commit MORE errors than the younger individuads with TS
However an independent samples T-test of incongruent means in the 25% congruent
‘pure inhibition' condition demondrated that, unlike in the older participants, the TS
and control groups did not differ in number of erors (t(17) =155, p=.141). These
ample interaction, and smple main, effects provide further evidence that falures in
inhibition on the Smon task occur more frequently in older participants with TS than in
older controls. These smple interaction, and smple main, effects are in contrast to
pardld cdculations on the Stroop task conducted in Experiment 1 where failures in
inhibition did not differ between groups a any age. As can be seen in Table 5, the
margindly dgnificant smple interection effect in the younger participants was due to

the fact that controls made more errors than individuds with TS. As will be seen in the
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next st of andyses, where ADHD is excluded from the TS group, eror differences
between groups become less pronounced in the younger participants and more
pronounced in the older condition. The especidly good peformance of those
individuals medicated for ADHD (see Fgure 13) may be dtributable to a

‘hyperfrontaity’ effect — an effect discussed more fully addressed in a subsequent

section.
TS Controls TS Controls
I ncongruent 13.36 6.6 incongruent 95 16.22
Congruent 3.55 3.2 congruent 54 4.33

Table 5: Mean number of Smon errors committed by older and younger TS and control
participants in the 25% congruent trial probability ‘pure inhibition’ condition (ADHD

included).

ADHD Excluded. The same 3way andyses of variance were conducted when those in
the TS group with comorbid ADHD were excluded from the andyss  Excuding these
participants reveded a data pattern that was somewhat smilar to the data pattern obtained
when participants with TS with comorbid ADHD were included.

This andyss reveded a man effect of congruency (more errors were committed on
incongruent trials than congruent trids (F(1,28) =33.72, p<.001)). Other main effects and

interactions relevant to our hypotheses are listed below:
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Hypothesis 3) Because we predicted that older participants with TS would not show
age related decreases in errors on the Simon task (see Hypothesis 4 below), the best test
of this hypothess was to assess the dgnificance of an age (younger, older) by
congruency (congruent, incongruent) interaction only among the control group. As no
control participants were diagnosed with ADHD these results did not differ from those
reported above in Hypothess 3 of the ADHD Included andyses. Tha is this
interaction was margindly dgnificant (F(1,17) =4.05, p=.06). Smple man effects
reveded dgnificantly more erors in the incongruent condition for younger participants
than for older participants (t(17) =2.26, p=.02). In the analyses above we are interested
in documenting ‘normd’ age-related increases in the ability to inhibit prepotent motor
responses, the next set of andyses demondrates that, with respect to “motor inhibition”
cgpabilities, individuds with TS when compared to controls do not follow this ‘normad’
developmenta sequence.

Hypothesis 4) We predicted that TS and controls would differ in terms of ther falures
of “motor inhibition” late in the developmental sequence, as reflected by the errors
committed in the 25% congruent trid probability ‘pure inhibition’ condition by older
partticipants.  This prediction was supported by a significant interaction between group
(TS, control), age (younger, older), and congruency (congruent, incongruent; F(1,28)

=8.39, p=.007).

Agan, to highlight contrasts between Stroop (where we predict no group

effects) and Simon task performance (where significant group effects are predicted) we

conducted a series of ample interaction effect and smple main effect tests on each age
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group separately. The relevant data are presented in Table 6. One smple interaction
effect of congruency (congruent, incongruent) and group (TS, control) in the 25%
congruent ‘pure inhibition’ condition was conducted on the older participants. This 2-
way smple interaction effect was found to be sgnificant (F(1,15 =12.55, p=.003). A
ample main effect of group reveded that paticipants with TS committed sgnificantly
more errors than controls (t(15) =3.93, p<.001). As can be seen in the left portion of
Table 6, participants with TS committed more errors on incongruent trids of the 25%
congruent trid probability ‘pure inhibition’” condition than controls. A comparable
sample interaction effect was conducted on the younger participants. This congruency
by group interaction was not sgnificant (F(1,13) =1.38, p=.261). Looking at the right
sde of Table 5 however, one can see that the younger controls did not commit
ggnificantly more erors than the younger individuds with TS.  An independent
samples T-test of incongruent means in the 25% congruent ‘pure inhibition’ condition
demondrated that, unlike in the older participants, the TS and control groups did not
differ in number of errors (t(13) =.864, p=403). These smple main effects and smple
interaction effects provide further evidence that falures in inhibition on the Smon task
occur more frequently in participants with TS than in controls a an older age. These
ample main effects and smple interaction effects are in contrast to parale caculations
on the Stroop task conducted in Experiment 1 where falures in inhibition did not differ

between groups at any age® (see Table 3).

3 For completeness, we analyzed all of the error data from Experiments 1 and 2 together in a 5-way group (TS,
control) by congruent trial probability (25%, 75%) by congruency (congruent, incongruent) by task (Stroop,

Simon) by age (older, younger) analysis of variance. We expected that we would not have sufficient power to
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TS Controls TS Controls
incongruent 18.71 6.6 incongruent 115 16.22
congruent 4 3.2 congruent 6 4.33

Table 6: Mean number of Smon errors committed by older and younger TS and control
participants in the 25% congruent trial probability ‘pure inhibition’ condition (ADHD

excluded).

These results provided evidence that falures in inhibition occurred equaly often for
younger TS and younger control participants. As children aged, however, motor inhibition
falures occurred sgnificantly more often for participants with TS than controls. Put another
way, falures in “motor inhibition” decreased across the developmentad path in the normd
population but remained the same in the TS populaion. The concluson that older participants
with TS had dgnificantly more falures in motor inhibition than older controls was based on

the results of tests of our a priori predictions concerning the performance of participants with

detect significance for this five way interaction; this expectation was fulfilled (F(1,29) =1.391, p=.248). Knowing
in advance that we would be unlikely to have enough subjects to detect a five-way interaction we chose to make
more manageable a priori predictions concerning simple-interaction effects and interactions. Our views coincide
with those of Howell who suggest that it is perfectly legitimate to test for simple main effects irrespective of
whether or not higher order interactions are significant provided that the main effects are of sufficient theoretical

importance.
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TS and controls in the Simon task. The dgnificant group effects differed from Experiment 1

where the performance of participants with TS was Satistically comparable to controls.

Figure 12 demondrates the effects of induding and exduding paticipants with
comorbid ADHD. These data depict the errors on incongruent trids in the 25% congruent tria
probability condition. Including those with medicated ADHD in the sample may have led to
an underestimation of the average number of errors committed by the older participants with
TS This saved to diminish a man effect in falures of motor inhibition across the older
participants (where we anticipated individuds with TS would commit more errors). It dso
saved to augment differences in falures of motor inhibition across the younger participants
(leading to controls committing margindly more erors than individuds with TS) resulting in a
margindly ggnificant interection effect. Given these unwanted potential complications due to
comorbid ADHD symptomatology and/or medications for ADHD symptomatology, we strove
to test group differences between individuds with TS who were comorbid for ADHD and

individuds with TS who were not.
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Figure 12: Mean comparisons on incongruent trial errorsin the 25% congruent trial
probability ‘pureinhibition” condition

In most of the analyses contained above, because of our smdl sample sze, we were
limited in our ability to directly compare the performances of those TS individuds with a
comorbid diagnoss of ADHD (TS +ADHD) and those TS individuds without a comorbid
diagnoss of ADHD (TS —ADHD). Only the older TS group contained sufficient numbers of
individuas with (n=4) and without (n=7) comorbid ADHD to dlow meaningful datidica

comparisons directly comparing these two TS groups with controls.

Data pertinent to Hypothess 4 (data from the 25% congruent trid probability ‘pure
inhibition’ condition), were andysed usng a 2 X 3 mixed modd ANOVA where congruency
(congruent, incongruent) was the within subject factor and group (TStADHD, TS-ADHD,
control) was the between subjects factor. The andyss reveded a man effect of congruency
(F(1,18) =21.649, p<.001) and more importantly a sgnificant interaction between congruency

and group (F(2,18) =9.64, p=.001). Figure 14 graphically depictsthis anayss.
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Figure 13: Smon task errors on incongruent trials in the 25% congruent trial probability

condition as a function of Group.

Wha was immediady driking was how much the presence or absence of ADHD
changed the performance of the TS group on the Smon task. Those with a comorbid diagnosis
of ADHD looked very smilar in peformance to the age-matched control participants. One
interpretation of this result might be that the presence of a simulant medicaion, when
combined with a short-duration, nove task requiring condgderable vigilance, served to heighten
the inhibition capabilities of the frontd lobes. Possbly, over the short duration of the ted, this
‘hyperfrontdity’ could have temporarily overridden any basd ganglia problems.  Support for
this interpretation comes from the wel-documented finding that tics can be suppressed during

periods of intense menta concentration.  If the stimulant medication served to heighten such
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concentration, it may have served to normaize the error rates of the older participants with TS
— meaking them virtudly indisinguishable from controls. Indeed, it was the impresson of the
experimenter that tics were not agpparent in this group during the task. Regardless of the
interpretation of these reaults, the pattern of data presented in Figure 13 provides a sriking
demongration of how the presence of comorbid diagnoses and/or medications for these
comorbid conditions can dter dudy results.  Further, the profound influence of dimulant
medication and or ADHD comorbidity dramatically underscores the importance of controlling

for these variables in experimentd stuations.

GENERAL DISCUSSION OF EXPERIMENT 2

The results of Experiment 2 can again be reviewed in terms of both age and group differences
for both inhibition successes and inhibition falures  With regard to inhibition success the
younger and older participants were both cgpable of implementing performance optimization
drategies, sgnificantly dower RTs in the younger participants overal meant, though, that ther
performance optimization effects could be more pronounced. Data aso indicated that
individuds with TS were as capable as controls of adopting performance optimization
drategies. In terms of inhibition falures younger participants committed dgnificantly more
erors than older participants overdl. From a developmenta perspective, it can be seen that
falures in motoric inhibition occurred in younger children with and without TS up until a least
age 9. Ove time inhibition capability gppeared to improve in the norma populaion but not in
the TS populaion. In sum, data from Experiment 2 supported our contention that individuas
with TS would have difficulties inhibiting motor movements a an age-appropriate leve.

However WHEN individuds successfully inhibited movements they did so a a Speed
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equivdent to norma.  This obsarvation fits wdl with the literdture pertaining to tic
phenomenon, which describes involuntary movements in TS as intermittent and “burd-like’ in
nature (Peterson & Leckman, 1998), more “unvoluntary” and suppressble than completey
involuntary (Tourette Syndrome Classfication Study Group, 1993) and attributable more to the

poor regulation of inhibition than an actud globa loss of the ability to inhibit.
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EXPERIMENT 3 -

THE INCIDENTAL ASSOCIATIONS THEORY OF TIC FORMATION:
DESCRIPTION OF THE MODEL AND A TEST ON OLDER TOURETTE
SYNDROME AND CONTROL PARTICIPANTS

Having established that falures in motoric inhibition are a feature of TS, we proposed and
tested a new modd of tic formation based on falures in motoric inhibition and drawing on
further neurologica findings. The Incidenta Associations Theory of Tic Formation, in brief,
suggests that many incidentd motor associaions between frequent, stereotypicd movements
and other everyday god-oriented movements (such as walking through a doorway and blinking
gmultaneoudy) occur regularly in dl individuds ~— These incidentd associations are not
aopropriately inhibited in individuds with TS however, thus giving the associaions the
opportunity to drengthen in individuds with TS each time incidentaly pared sets of neurons
fire together. Eventudly these incidentad associations become numerous and strong enough to
cause the frequent and sereotypical movement to appear a numerous and seemingly random
points throughout a day. Wha emerges then is what we would recognize and describe as

“tics’.

The basd ganglia are part of the CSTC circuitry that we hypothesized to be the location
of the “motor inhibition” difficulties seen in Experiment 2. The basd ganglia are organized
anaomicaly to serve as a sysem that possesses a reservoir of movement patterns learned
through unconscious association (Rauch, 1999; Mink, 2001). The basd ganglia are comprised
of a number of excitatory input Structures (caudate, putamen, and subthalamic nucleus, STN)

and inhibitory output structures (globus palidus pars interna (GP) and externa (GPe), and the
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subgtantia nigra pars compacta and reticulata). Numerous inputs from al cortica lobes are
received, processed and filtered. The driatum (caudate and putamen) is important in learning
and executing sequentid skills and habits.  Cdled an “executive secretary” by some (Rauch,
1999), Graybid (1998) suggests that the basd ganglia may be involved in ‘chunking
behaviour patterns for release when exposed to a particular context — after a habit is learned,
Graybid has found that driatum activity is highest a the beginning and end of its production.
For example, a rat that has learned the sequence involved in completing a maze evidences high
driagtlum activity only when it begins and finishes the course; during the execution of the
learned pettern dristum activity is lower. It is as if a whole motor pettern fires as one
interconnected encgpsulated module necessitating only activation and cessation (Graybid,
1999). Based on activation by the cortex, tempered through information of the current
gtuation and of predicted future input, the basal ganglia sdect the most gppropriate

movement(s) to execute.

Two different pathways exist for each CSTC circuit. A direct pathway begins with
excitaion from the cortex to the striatum and progresses from the driatum to the GP to the
thaamus, the thalamus then connects back to the cortex (see the light arrows in Figure 14).
Inhibition from the activated dristum prevents GR from inhibiting the thdamus thus the
thaamus is free to excite the cortex. This generd disnhibition is modified through sdective
re-inhibition or ‘pruning’ by an indirect pathway. The indirect pathway begins with inhibitory
sgnds sent from the striatum to the GPe and progresses from the GPe to the STN to the GPi to
the thalamus, the thdamus then connects back to the cortex (see the bold arrows in Fgure

14). Inhibition from the ectivated stristum prevents GPe from inhibiting the STN. The STN is
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then free to activate the GR.  Gpi then inhibits thdamus, removing the excitatory influence of

the thalamus onto the cortex.  Thus the cortex isinhibited.

Substantia Nigra

pars compacta
o
Cortex |+, Striaum |- | Globus Pallidus | - Thalamus | + Cortex
interna 3 -

N 2

Globus Pallidus | - Subthalamic
externa > nucleus

Figure 14: Smplified schematic diagram of basal ganglia circuitry. Light arrows denote the
direct pathway and bold arrows denote the indirect pathway. “+” signs denote excitatory

signals, “ -“ signs denote inhibitory signals, and “ +/-* denotes a modulatory effect.

Neurological evidence points to problems within the indirect ‘pruning pathway in TS,
goecificaly the locus of this problem seems to lie in dopamine D2 receptors found in the
driatum. These receptors are inhibitory, so when activated by dopaminergic neurons sent from
the subgtantia nigra pars ompacta (SNpc; see Figure 14), the strigtum’s inhibitory control over
GPe is compromised. With this firs gep in the indirect pathway disrupted, dl subsequent
gseps are hdted: GPe is free to inhibit STN so STN cannot excite GPi to inhibit the thaamus.
Hence generd cortical activation from the direct pathway (including the activetion of any

incidental associations) remains unimpeded or ‘unpruned’.
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Evidence that the inhibitory dopamine D2 receptors are supersendtive in individuas
with TS, and that a subsequent chronic disruption of the indirect pathway plays a role in TS,
has been obtaned from imaging studies (Singer et d., 1992). Mog driking are the results
from a SPECT sudy that used increased dopamine D2 receptor binding in the head of the
caudate nucleus to predict symptom severity in unmedicated MZ twins (Wolf et d., 1996) —
the corrdation was nearly pefect (r=.99). Excitaiory glutamate in GP and subgtantia nigra
pars reticulata (SNpr) of individuds with TS is low (Leckman, Peterson ¢. d. 1997), meaning
tha STN is not activating the GP and so the GP cannot gppropriately inhibit the thdamus.

Ultimately this results in an excess of motor movement signas being sent to the cortex.

A find piece of evidence comes from pharmaceutical treatment literature. Haoperidal,
a classc neuroleptic and the longest used medicind trestment for tic reduction, works by
primarily blocking dopamine from communicating with D2 receptors (Comings, 1990); this

prevents the inhibition of the strigtum and increases the efficacy of the indirect pathway.

In summary, then, the basd ganglia fire off whole packages of associated movements
in response to cortica will. Direct pathway activation of movement paiterns are not properly
modified, pruned, or sdectivdly renhibited by indirect pathway activation in individuds with
TS. On a neuropsychological level Baron-Cohen et a. (1993, 1994) have theorized that an
“intention editor’, a conceptud dructure that essentidly ‘prunes smultaneoudy activated and
competing intentions, may be faulty in TS individuds. The indirect CSTC pathway serving

motor function may very well be this speculative structure as it gppliesto TS.
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Our logic was that ALL individuds, whether they are diagnosed with TS or not, fall
prey to incidental associations — individuds engage in innumerable and unredaed motor
actions smultaneoudy every day, and Hebbian rules dictate “synapses which are active when a
post-synaptic membrane is depolarized are incremented” (Hebb, 1949). Only in individuds
where these serendipitous connections cannot be properly extinguished or ‘pruned’ due to the
imperfect operation of the indirect pathway will these ‘extra movements fal to be inhibited
though. With each faled inhibition the associaions would drengthen.  Given that various
dereotypicd  movements (such as eye-blinking) do occur in individuds on a very frequent
bass throughout a day, the opportunities for these movements to become incidentaly
associated with a great number of other goal-oriented movements (such as walking through a

doorway) would be gredt.

In addition to the continua drengthening of an extensve number of incidenta
associations, a number of norma  learning processes could be assumed to  occur.
Gengdizaion may occur when, for example, an individud learns to blink when waking
through a dmilar doorway to the one in which the incidental association origindly occurred.
Accommodation in a Piagetian cognitive development sense may occur when, for example, an
individud’s mentd organization around blinking and doorways adjudts, the individud begins
to blink when waking through ANY doorway following enough assmilaions of individua
“blinking-and-walking-through-doorway”  learning  exposures. A paticular frequent and
dereotypicd movement such as eye blinking provides ample opportunity for incidentd
asociations.  Given the sheer number of incidental associations possble (i.e. blinking becomes

associated with doorways, with water fountains, with clocks, with looking a one's co-worker,
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etc.), assuming the occurrence of generdization and accommodation, and given that observers
are likdy not cadoguing the various precursors to the frequent and Stereotyped movement,
this movement would begin to agppear a seemingly random intevas.  Ultimady this
movement gains the gppearance of what are diagnodticdly referred to as ‘tics. In actud fact
however, we propose that this “tic’ is the product of multiple individud paring episodes

strengthened over time.

According to the proposed modd one of the most generd claims that could be made is
that those with TS would have difficulty bresking the bonds between events that have become
associated.  As afirgt test of this modd we proposed to teach participants with TS and controls
to asociate two movements.  Specificaly, participants placed their hand atop the stimulus box
used in the Simon experiments.  Participants were told that they would be parteking in a RT
tak. They were indructed that each time they felt simulation in one of ther fingers they were
to make a button press response as quickly as possble, and that RT's would be recorded to see
how quickly they could make these responses. Participants were then told to press a RESET
button to initiate the next trid. Thus in this task athough the primary association was between
a tactile simulus and a button press response, there was aso a second, incidental association,
between one button press response and a second (RESET) button press response.  Once these
movements were associated, we predicted that participants with TS would have trouble
"pruning” or inhibiting the second movement (the RESET button response) after meking the
first button press response. To test this hypothesis participants were called back to redo the

experiment: now they were told that this RESET button response was no longer required.
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We proposed to measure problems with inhibition of a previoudy learned incidenta
associdion in three different ways. The firgd and most draightforward way was to measure the
number of RESET Button Presses during the second sesson (where they were told that it was
no longer necessary to press the RESET button). A second measure of problems inhibiting a
previoudy learned incidental association was the number of movements initisted towards the
RESET button (what we referred to as RESET Button Initiations).  During the second session,
gnce participants were told that RESET Button Presses were unnecessary, the most efficient
means of peforming the task was to 1) fed the tactile stimulus, 2) make the required response,
and 3) return one's hand to rest upon the top of the tactile simulator in preparation for the next
trid. RESET Button Initiations were operationdly defined as a discernable movement towards
the reset button, rather than to the podtion atop the tectile stimulator. This “RESET Button
Initiations” measure was thought to be a more senstive measure than RESET Button Presses
because in addition to including complete presses, it dso included partid movements towards
the RESET button. Such initiations can be condrued of as failures of suppression (both
complete and incomplete) of a formerly associated movement. The third measure of problems
inhibiting a previoudy learned incidenta association was a retrospective measure, taken after
the experiment was over, in which participants were asked to rae their urge to press the

RESET button on a5 point Likert scale.

If participants with TS pressed or made initiations towards pressng the RESET button
more often than controls it would be important to show tha this tendency truly reflects the
ingbility to inhibit a formerly associated (but no longer required) response rather than a type of

environmentd dependency syndrome or smply the random manifesation of tic movements.

92



In order to rule out these hypotheses it was necessary to include groups of TS and control
participants who were presented with the same testing equipment, but were never taught to
press the RESET button at time 1. If these groups were not inclined to press the RESET
button, then any differences in RESET Button Presses or RESET Button Initigtions could be

ascribed to inhibition failures.

Finaly, recdl that the proposed model dates that incidental associations would occur in
dl individuds — these associaions would only surface through strengthening, generdization
and accommodation when combined with poor “motor inhibition”. Hence we anticipated that
ALL participants exposed to the incidental association procedure would experience some sense
of ‘incompletion’ a not pressing the RESET button. It followed that those who were capable
of inhibiting this second movement — the exposed control group — would nevertheless report
some urge to engage in it. It can ke hypothesized that those with poor inhibition capabilities —
the exposed TS group — may have satiated this urge through their RESET Button Presses and
RESET Buitton Initiations and hence would not report the same degree of urge as the exposed
controls. Literature on TS makes clear that individuas with TS tic in order to resolve a feding
of discomfort or anxiety — compelling descriptions of this have been offered by children as

young as seven years of age (Leckman, King & Cohen, 1999).

Thus, our concrete a priori predictions were asfollows:
Hypothess 1. RESET Button Presses) Both TS and control groups who were not
exposed to the incidenta association procedure would not show any propengty to press

the RESET button. Participants with TS exposed to an incidental association between
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two movements would be poorer a inhibiting the second (RESET Button Press)
movement than control participants exposed to this same incidenta association.
Satidicdly we sought to andyze RESET Button Presses usng a group (TS, control)
by condition (exposed, unexposed) analyss of variance in which we predicted a main
effect of exposure, and a ggnificant group by condition interaction attributable to
exposed participants with TS making more RESET Button Presses than any other
group. Contrasts of theoretica interest involved a comparison between exposed
participants with TS and unexposed participants with TS (to demongrate the learning
component of the model) and a comparison between exposed participants with TS and
exposed controls (to demondrate the falure-in-motor-inhibition component of the
model). Because of ther theoreticd importance we conducted smple man effects
contrasting these groups. Here we predicted that exposed participants with TS would
make more RESET Button Presses than unexposed participants with TS, and exposed
controls.

Hypothess 2: RESET Button Initiations) The same predictions were made for RESET
Button Initiations as for RESET Button Presses - a main effect of exposure, and a
ggnificat group by exposure interaction due to exposed participants with TS making
more RESET Button Initiations than any other group. Contrasts of theoretical interest
involved a comparison between exposed participants with TS and unexposed
participants with TS (to demondrate the learning component of the mode) and a
comparison between exposed participants with TS and exposed controls (to
demondrate the falure-in-motor-inhibition component of the modd). Because of ther

theoretical importance we conducted simple man effects contrasting these groups.
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Here we predicted that exposed participants with TS would make more RESET Button
Initiations than unexposed participants with TS, and exposed controls.

Hypothess 3: Urges) Both TS and control groups who were not exposed to the
incidental association procedure would not have any urge to press the RESET button.
We predicted minima urge scores in both groups. Control groups exposed to the
incidental association procedure would report a greater urge to press the RESET button
than the exposed TS group. Statidticaly we sought to analyze urges using a group (TS,
Control) by condition (exposed, unexposed) analysis of variance. We predicted a main
effect of exposure where dl exposed groups would report sgnificantly higher urge
scores than dl unexposed groups. We adso predicted a significant group by condition
interaction attributable to exposed controls reporting greater urges to press the RESET

button than any other group.

PARTICIPANTS

All participants from Expeiments 1 and 2 were used (n=40) and were randomly divided
between exposed and unexposed procedures. Given the results of Experiment 2, namely that
group differences in motor inhibition failures only arise once controls have ‘grown out' of the
problem and individuds with TS have not, only the older participants were andyzed. Because
we had not dratified cel membership by age, this unfortunately resulted in an imbadance of the

numbers of exposed individuas with TS and controlsin the older cohort.
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METHOD

The response box from Experiment 2 was used with one modification. A large red button on
the danted face of the box, positioned so that the hed of the participant’'s hand rested above it,
was activated in this experiment. This RESET button controlled the initistion of each new

dimulusin the session following atria response.

Participants were randomly divided between 2-day and 1-day procedures. Individuas
chosen to participate for two days were asked to come to an gppointment the day immediady
before the Simon and Stroop tasks were giver'. On this day participants were told that they
would take part in a Smple RT experiment (720 trids). Both the sne and square wave stimuli
were used, but the sne wave consstently occurred in the Eftmost sensor and the square wave
condgtently occurred in the rightmost sensor.  Paticipants were ingructed to press the
response button on the left when they fdt the buzzing sensation (Sne wave), and the response
button on the right when they fdt the drumming sensation (square wave). Paticipants were

then told that in order to initiate each new tria after striking the appropriate response button

4 Thisraises an interesting issue. Since our contention isthat this first appointment sets up associations, it is
possible that the exposed older participants might differ from the unexposed ol der participants on their
Experiment 2 performance. To seeif exposure had an effect we conducted a multiple regression on errorsin the
25% congruent trial probability ‘ pure inhibition’ condition. Exposure was entered first, followed by group
(control, TS+ADHD, TS—ADHD). Betavaluesindicated significant effects for exposure (t=3.846, p=.001);
however group still accounted for a significant unique amount of the variance remaining once exposure effects
were removed (t=-2.737, p=.014). Although this analysisindicates the results of Experiment 2 cannot be
considered an artefact of exposure, in retrospect had we known that exposure would have a significant effect on

error rates we would have matched numbers of exposed TS and controls more carefully (i.e. by age).
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they would need to press the red RESET button with the hed of their hand. Thus, both TS and
control groups were exposed to an incidental motor association — pressing the response button,
and immediately afterwards pressng the RESET button. Five breaks were programmed into
the task; a each break participants were instructed to switch hands so that each hand was used

in dternation three times.

The following day, and before commencing the Smon and Stroop tasks, both the group
exposed to the incidenta association (the exposed group) and the unexposed group were asked
to paticipate in a RT sesson of 24 trids without usng the RESET button. Participants were
mided into believing that the RESET button had only been used prior to that day as a result of
computer program limitation, but that the evening before (or, in the case of the exposed groups,
between ther vists) the researchers had been able to overcome this technicd difficulty and had
programmed the gpparatus to reset automaticaly. Participants were informed that the RESET
button was no longer connected to the computer and no longer required atention, but if they
dill pressed it there would be no consequence (“The RESET button is now completely
disconnected, so0 if you 4ill fed most comfortable pressing it that's ok, it won't do anything
and is no big ded. | just wanted you to know tha you don't have to if you don't want to”).
Individuds with TS and controls in the ‘unexposed” groups, upon ther arivd, adso
participated in this ‘RT’ experiment. These participants were smply told that al participants
prior to themsaves had needed to utilize the RESET button; usng indructions identical to
those given to the exposed groups, these participants were told that the RESET button had been

disconnected, making pressng the button unnecessary but inconsequentia if one were to do so

anyway.
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The experimenter remained in the room to conduct messurements. He recorded the
number of times each group pressed the RESET button and the number of times participants
initiated a RESET movement, defined as a detectable movement towards pressing the RESET
button without actualy pressng it. Findly, a the concluson of the sesson participants were
asked to rate on a scde from 1 to 5 how srongly they felt an urge to press the RESET button.
Agan to combat any audio clues participants wore headphones playing white noise during the

trids.

RESULTSAND DISCUSSION
Prdiminary data screening reveded violations of the assumption of homogeneity of variance
for RESET Button Presses and RESET Button Initigtions. Data were therefore transformed

usng naturd logarithms to normdlize this data

RESET Button Presses

Unexposed groups. Daa for the participants in the unexposed group are presented in
the left hand portion of Table 7. In the control group none of the Sx unexposed participants
pressed the button. In the TS unexposed group one of the four subjects pressed the RESET
button (5 times) - the other three subjects did not press the button. This participant with TS
who pressed the button, however, retrospectively reported no urge to press this button (his
rating on the Liket scde was the minimum urge score).  Given that zero RESET Button

Presses was the mode in both groups these data lead us to reect the notion of "environmenta
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dependency”. That is neither controls nor participants with TS, upon seeing the red RESET

button, felt compelled to press this button.

Exposed groups. The number of RESET Button Presses by the TS and control
participants in the exposed groups are reported in the right hand portion of Table 7. Although
the TS group on average pressed the RESET button more often than controls (TS = 11.71,
controls = 1.75) as can be seen in the table there was tremendous varigbility in the TS group
relative to the controls. Since means were roughly proportiond to standard deviations, data
were trandformed usng natura logarithms [because of the large number of zero's the formula
used was Y' = 10g10 (Y +1)].

Trandformed data were anadyzed using a group (TS, control) by exposure (exposed,
unexposed) andyss of variance. The man effect of exposure was significant (F(1,17)=3.03,
1-taled p=.05). The group by exposure interaction was not dgnificant (F(1,17)= .158,
p=.698). Smple man effects indicated that exposed participants with TS were not
ggnificantly different from unexposed paticipants with TS (t(9) =-1.19, 1-tailed p=.132) or
exposed controls (t(9)=-.990, 1 tailed p=.174).

In summary, dthough exposed groups overdl pressed the RESET button sgnificantly
more often than unexposed groups, within the exposed groups participants with TS were no
more likey to engage in RESET Button Presses than controls.  With smdl sample szes such
as these however, it may be necessary to use a more sendtive measure to detect group
differences in the propensity for motor responses to become incidentally associated. One such

measure isinitiations toward the RESET button (RESET Button Initiations) described next.
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Unexposed TS: Unexposed Contrals: Exposed TS: Exposed Controls:
RESET Button RESET Button RESET Button RESET Button
Presses Presses Presses Presses
0 0 64 0
0 0 11 1
5 0 4 5
0 0 2 0
0 1
0 0

0
Mean = 1.25 Mean =0 Mean =11.71 Mean = 1.75

Table 7: Number of RESET Button Presses by groups exposed and unexposed to the Incidental

Associations procedure.

RESET Button Initiations

Unexposed Groups. None of the controls initiated any movements towards the RESET
button. In the TS group one of the four participants made 5 RESET Button Initiations (in this
cae, 5 actud RESET Button Presses). Again, this same participant was the one who
retrospectively reported no urge to press this button - his rating on the Likert scde was the
minimum urge score.  These data lead us to rgect the "environmental dependency” notion.
Usng the RESET Button Initistions measure, we concude that neither controls nor

participants with TS, upon seeing the red RESET button, were compelled to press this button.
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Exposed Groups. The number of RESET Button Initigtions by the TS and control
participants in the exposed groups are reported in Table 8. Although the TS group on average
made more RESET Button Initiations than controls (TS = 28.86, controls = 8.75) as can be
seen in the table there was tremendous variability in the TS group relative to the controls.
Since means were roughly proportional to standard deviations, data were transformed using
naturd logarithms [because of the large number of zero's the formula used was Y' = loglO
(Y+1)].

Trandformed RESET Button Initiation data were andyzed using a group (TS, control)
by exposure (exposed, unexposed) andyss of variance. The man effect of exposure was
sgnificant (F(1,17) =37.731 p<.001). The group by exposure interaction was not significant
(F(1,17)= 1332, p=264). Smple main effects however indicated that exposed participants
with TS made dggnificantly more initigions toward the RESET button than unexposed
participants with TS (t(9) =-5.17, one-tailed p<.001) and exposed controls (t(9)=-2.08, one-
tailed p=.034).

In summary, using this more sendtive messure of the propensity for motor acts to
become incidentally associated, we were able to show tha following exposure to such an
incidental associdion, participants with TS were more likdy than unexposed participants with
TS and exposed controls to demongrate difficulties in bresking gpart this association even

when the resulting motor behaviours were explicitly declared to be of no vaue.
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Unexposed TS: Unexposed Exposed TS: Exposed Contrals:
RESET Button Controls: RESET Button RESET Button
Initiations RESET Button Initiations Initiations

Initiations
0 0 86 0
0 0 27 18
5 0 15 12
0 0 16 5
0 35
0 6
17
Mean = 1.25 Mean =0 Mean = 28.86 Mean = 8.75

Table 8: Number of RESET Button Initiations by groups exposed and unexposed to the

I ncidental Association procedure.

Urges

Unexposed Groups. Only one of the six control participants reported any urge at dl to
engage in the RESET Button Press movement (a rating of 3). In the TS group none of the
participants reported any urge. These data lead us to rgect the "environmental dependency”
notion. Neither controls nor participants with TS, upon seeing the red RESET button, reported

any compulsion to press this button.
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Exposed Groups. The urges reported by the TS and control participants in the exposed
groups are reported in Table 9. The control group on average reported higher urges to engage
in the RESET Button Press movement than the TS group (controls = 2.75, TS=2). A 2 (TS,
control) by 2 (exposed, unexposed) ANOVA was conducted on the urge rating data  This
anadyss reveded a ggnificant main effect of exposure (F(1,17) =10.150, p=.005) indicating
that, as we predicted, ALL participants exposed to the incidenta association felt a greater urge
to engage in the second unnecessary movement than unexposed participants. The group by
exposure condition interaction was not sgnificant (F(1,17) =.302, p=590). Contrary to our
hypothesis that exposed controls would evidence higher urge scores than the exposed TS
group, and dthough the data was in the proper direction, the smple main effect comparing
exposed controls to exposed participants with TS was not significant (F(1,17)=1.473, p=.256).
The logic for this somewha counter-intuitive hypothess is explaned in the introduction to
Experiment 3. In order to properly test the hypothess that any exposed group which engaged
in the incidental association would satiate any cultivated urge more than any exposed group
which did not, it is necessary tha the experimenta design create a strong enough incidenta
association in exposed groups for any decline in urge to be detected. It may be the current
desgn, where exposure to the incidentd asociaion was merdy a dngle sesson of

aoproximately 45 minutes duration, isinsufficiently sengtive to investigate this.
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Unexposed TS: | Unexposed Control: | Exposed TS: | Exposed Controls:
Reported Urge Reported Urge Reported Urge | Reported Urge
1 1 3 3
1 1 2 1
1 1 2 3
1 1 1 4
3 2
1 3
1
Mean =1 Mean = 1.33 Mean =2 Mean = 2.75

Table 9: Urges reported by groups exposed and unexposed to the Incidental

Associations procedure (1 = no urge, 5 = maximum urge).

Based on these findings, we could concude that while participants primed in this

incidental association may be more tempted to press the button than unexposed participants,

only the exposed and motoricaly dignhibited individuals with TS seem to act upon it.

the limitations of this experiment in tegting the Incidentd Associations Modd (i.e. ‘true tics

would be the product of incidenta associations that have strengthened over considerably more

time and trids than this design could permit), these results were most encouraging.
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EXPERIMENT 4 —

REPLICATION OF DATA FROM EXPERIMENT 3 USING CONTROL
PARTICIPANTS FROM NON-RISK FAMILIES

In Experiment 3 the control group was comprised of sblings of the individuds with TS. While
usng individuds from dmilar environments can control for many types of variance in a sudy
there is a danger that, because TS is an inherited condition with poorly understood
trangmisson, sblings may cary dements of the disorder. Indeed, a number of control
participants in the above experiment seemed to respond more like the TS group than the

control group.

Furthermore, participants in Experiment 3 had been randomly sdlected for exposure to
the incidenta association procedure.  This random selection procedure did not dratify for age
(hence seven individuds with TS from the older group were exposed as compared to only four
older controls); moreover both individuds and controls were randomly chosen -- participants

were not age or sex-matched across exposed groups.

For these reasons we chose to redo the analyses between exposed groups in Experiment
3 usng an age and sex mached sample of controls without any trace of TS or comorbid
conditions reported in the family. Because in Experiment 3 al measures indicated sgnificant
effects of exposure, we focused only on the key contrast between exposed participants with TS

and exposed controls.
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Our concrete a priori predictions were that exposed participants with TS would make
more RESET Button Presses, and more RESET Button Initiations toward the RESET button
than exposed controls. In terms of retrospective ratings of urges we hoped to show that

controls would report greater urges to press the RESET button than individuaswith TS,

METHOD

Seven individuas, age and sex matched to the exising seven individuds with TS who had
been exposed to the incidentd association procedure in Experiment 3, were sent olicitation
packages or contacted by phone through the Universty of Waterloo Cognition and Perception
Subject Pool. Solicited individuds were explicitly asked if they, or to ther knowledge any
member of their family, was or had ever been diagnosed with TS, ADHD, or OCD. All
participants confirmed that they had not. One participant reported a diagnosis of asthma for
which he used an inhder. All other participants reported that they had received no diagnoses

nor took any medications of any kind.

The methods used were identicd to those ddineated in Experiment 3 except that dl
seven participants were chosen for the 2day procedure. All seven participants were run out of

alab in the Univergty of Waterloo Psychology Department.

RESULTSAND DISCUSSION
RESET Button Presses
The number of RESET Button Presses by the TS and control participants in the exposed

groups are reported in Table 10. Although the TS group on average pressed the RESET button
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more often than controls (TS = 11.71, controls = 0.29) the variability of the TS group
necesstated transforming the data prior to anadyss. As before data were transformed using
naturd logarithms (Y' = log10(Y +1).

An independent t-test on these log-normdized data reveded that participants with TS

pressed the RESET button significantly more often than controls (t(12) =2.14, 1-tailed p=.026).

In summary, when participants with TS were contrasted against controls who were
presumed to be free of any genetic predispostions for TS, ADHD or OCD, we were able to
demondrate that participants with TS showed gregter difficulty inhibiting an incidentd

association than this control group.

Exposed TS: Exposed Controls:
RESET Button Presses | RESET Button Presses
64 0
11 1
4 1
2 0
1 0
0 0
0 0
Mean =11.71 Mean = 0.29

Table 10: Number of RESET Button Presses by groups exposed to the Incidental Associations

procedure (replication).
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RESET Button Initiations
The number of RESET Button Initiations by the TS and control participants in the exposed
groups are reported in Table 11.  Although the TS group on average made more RESET Button
Initigtions than controls (TS = 28.86, controls = 1.57) as can be seen in the table the
tremendous varidbility in the TS group relative to the controls necesstated transforming the
data prior to andyss. As before data were trandformed usng naturd logarithms (Y' =
log10(Y +1).

An independent t-test on these log normdized data reveded that participants with TS
initited movements towards the RESET button dgnificantly more often than controls (1(12)

=6.52, p<.001).
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Exposed TS Exposed Controls:
RESET Button Initiations | RESET Button Initiations
86 0
27 3
15 6
16 2
35 0
6 0
17 0
Mean = 28.86 Mean = 1.57

Table 11: Number of RESET Button Initiations by groups exposed to the Incidental

Association procedure (replication).

Urges

The urges reported by the TS and control participants in the exposed groups are
reported in Table 12. The control group on average reported higher urges to engage in the
RESET Button Press movement than the TS group (controls 214, TS = 2). An independent
samples t-test reveded that these differences were not dgnificant (t(12) =281, 1 taled

p=.392).
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Exposed TS Exposed Controls:
Reported Urge Reported Urge
3 1
2 3
2 2
1 4
2 1
3 2
1 2
Mean =2 Mean = 2.14

Table 12: Number of Urges by groups exposed to the Incidental Associations procedure

(replication).

Based on these findings, we could again concdlude that while al participants primed in
this incidentd associaion may be equdly tempted to engage in the incidentally associated
RESET Button Press movement, only the motoricdly disnhibited individuds with TS act
upon it. The drength of this replicaion lays in the dgnificant difference in actud RESET
Button Presses — aguably a cleaner measure of inhibition falures than RESET Button
Initiations or the retrospective urge measure.  As measurements were coded and recorded in

Experiments 3 and 4 by the primary experimenter who was not blind to group membership,

these results are less prone to any rea or perceived experimenter bias.
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GENERAL DISCUSSION

Pennington and Ozonoff (1996), in ther review of executive functioning in TS, suggested that
untii a gudy differentiates and independently examines multiple components of executive
functions no definitive condusions about inhibitory deficits in TS can be made. The firgt part
of this thess was an atempt to draw more definitive conclusons about fallures of inhibition in
TS by pasng inhibition problems into “cognitive inhibition” and “motor inhibition”
difficuties. Experiments 1 and 2 demongrated that dthough participants with TS do not have
problems with “cognitive inhibition’, they do demondrate difficulties in “motor inhibition”.
Given our efforts to ensure that participants with untreated comorbid symptomatology were not
included in the sample (as described in the Participants section of Experiment 1) we were able
to show that individuas with TS can be expected to perform normadly on the Stroop Colour
Word task. We further found that, in corroboration with another study where control of
ADHD symptoms was not reported, individuds with TS commit more errors than controls on

the Simon task.

A comprehensve modd of tic formation, cgpable of accounting for al avalable tic
phenomenology, has to date not been presented in the literature. The second part of this thesis
was an dtempt to podulate such a modd, drawing and building on the conclusons from
Experiments 1 and 2. Experiment 3 demondrated that incidentally learned associations form
between various motor movements serendipitousy occurring together and, because of the
demondrated difficulties in motoric inhibition, could continue to drengthen. In every-day
application this process may lead to the networking of smple movements (like eye-blinking) to

countless daly god-oriented actions (like waking through a doorway).  Experiment 4
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replicated and strengthened the results of Experiment 3 by comparing older participants with
TS to an age and sex maiched sample of individuas free of any potentid genetic loading for

TS or its comorbid conditions.

Excellent reviews by Mink (2001) and Peterson et d. (1999) describe in intricate detall
the physiology and neurcanatomicd circuitry rdlevant to TS incduding the direct and indirect
CSTC pathways. Mink dresses that while certain disruptions in the functions of the basa
ganglia (the ‘editing or ‘pruning of competing responses) would readily account for
unwanted competing motor patterns, to explain tics one must “account for their Stereotyped,
repetitive nature’.  While Leckman has suggested that pre-wired rather than learned
movements may be wha ae dignhibited in the TS brain, this explanaion would have
difficulty accounting for much of the tic phenomenology reported in the introduction to this
thess  While Mink pogtulates a number of mechanisms that could potentidly be responsble
for an “unwanted.... specific sat of driatd neurons [becoming] overactive in discrete repested
episodes’, the learning mode proposed in this thess may be one of the find pieces to this most
intriguing puzzle, providing a framework from which to comprehendvely explan both the
findings pertaning to tic phenomenology as wel as providing a further context for
understanding some of the more puzzling research findings reported in the literature.  Outlined
below are accounts of each tic feature cited in the introduction to this thess, by means of the
mode’s centrd assumptions. These assumptions provide many predictions that subsequent

research can support or refute based on empirical testing.
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Phenomenological Findings

Tics are frequent, stereotyped movements and sounds — movements and sounds that
occur rarely in a given individual tend not to become tics. The Incidentad Associations modd
postulates that stereotyped movements or noises may become associated with god-directed
behaviours, actions and sounds. When these associations become strong enough that the god-
directed actions or sounds can dlicit the stereotyped movement or noise, and when a sufficient
number of these god-directed actions or sounds are associated with the movement or noise, the
gppearance of these movements or noises occurs frequently and a seemingly random intervals.
These movements or noises then ‘become tics. Given these principles, the only movements or
noises that COULD be consdered as ‘tic candidates are ones that occur often enough, and
smilarly enough each time, to be incidentaly associated to countless god-directed actions.
Conversdly, while a unique movement or noise for the individud can be assumed to ill be
incidentdly associated with whatever other god-directed actions were being performed
concurrently, this unique movement occurs only once or occurs differently on each occason of
its execution. Hence the opportunity for numerous incidental associations of this movement or
noise with god-directed actions to occur or strengthen does not exist. Therefore this unique

movement or noise will not be icited regularly and would not ever develop into atic.

Tics may be seen as enshrined fragments of normal motor action or vocal
productions that are misplaced in context. To discuss incidentd associaions in terms of
‘god-directed actions and ‘movements or noises is redly no more than a linguigic
convenience to ad in underganding. In actud fact both behaviours are purposeful when they

initialy serendipitoudy occur together; the only difference between them is tha the movement
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or noise that will eventualy ‘become a tic occurs on a regular enough basis ad in a standard
enough fashion to be susceptible to multiple learning opportunities.  To illudrate, blinking may
become a tic in that it is a movement that is simulated to occur each time an individua walks
through a doorway, dts at their desk, picks yp a book, and so on. There was, however, initidly
a point a which each of those blinks occurred a each of those times because they served a
purpose (i.e. to lubricate the cornea). In that sense tics are ‘norma’ movements and noises —
what is ‘aonormal’ is that these norma movements or noises, through srengthened incidenta
associdions, have had the timing of their emergence usurped: they have been coupled to
various other actions or sounds. Hence they no longer only occur when there is a function to
them — they can dso be dicited out-of-context by simuli to which they have become

incidentally associated.

Tics are environmentally influenced. Tics tend to “follow” the environment of the
individud. For instance, someone who works in physca labour seems to experience more
motoric tics and less phonic tics than an individuad whose job emphaszes verba ills
Incidenta associations develop from on€'s daily routines — it would seem mogt plausble then
that tics reflect those daly routines. Tics may even be unique to a paticular environment.
Based on the present modd, one would predict that environmentally unique tics would be
comprised of movements or noises and god-directed actions or sounds that are performed, and
have been incidentdly associated, in that sdlect environment done. A persond example of the
fird author would be a flicking of the left wris. This tic only occurs in summer, in his
backyard, when watering plants and holding an active garden hose in his left hand. Holding a

garden hose and flicking on€'s wrist to am the water stream in the desired direction are related
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(hence ripe territory for incidenta associations to occur) yet holding a garden hose is a very
context-gpecific action (hence many months will pass and memory of the tic disappears until

gardening Sseason again arrives).

Tics appear between the ages of 5 and 6. Our results from Experiment 2 suggest thet
the falures of motoric inhibition seen in individuds with TS are the result of a devdopmenta
delay — in other words, the improper firing of the indirect CSTC circuit in individuds with TS
is only abnormd in that this population does not eventudly grow out of this deficit. Assuming
this is true, incidenta associations must be occurring and strengthening in al children from
birth.  Why is it then that most young children don't have tics? While a high percentage of
children DO evidence tics and tic disorders as they grow (as reviewed in the introduction to
this thess) the vast mgority of children do not. It seems safe to conclude then that motoric
inhibition develops and drengthens before any incidenta associations become strong enough
and numerous enough to begin diciting frequent and Stereotyped movements out of context.
Congdering the sheer number of associations needed to give the impresson of random
expression, and given the time it would teke for these serendipitous, smultaneous occurrences
to occur together by chance often enough to achieve the srength necessary for one action or
sound to dicit another movement or noise, it is not surprisng that many years of infancy and
childhood may pass before tics emerge in an individua. For some, it is during this time period
that motor inhibitory skills develop and prevent the expresson of incidentally associated

movements and sounds. For others, these skills are delayed and so tics emerge.
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Tics follow a pattern of increasing severity throughout childhood. Continuing with
the above logic, if motor inhibition remains ddayed or sporadic in an individud then this
afords these incidentd associaions opportunity to continudly drengthen over time.  In
addition, a person develops a greater repertoire of learned motor patterns as they grow,
develop, learn and engage in new activities and sounds. All of these ‘new grounds are fertile
for incidentd associations to potentidly develop. Also recdl from the introduction of this
thess evidence tha complex tics develop later than smple tics Complex tics involve more
involved combinations of complex god-directed behaviours and incidentdly associated
movements and noises. 1t may well be that these more involved combinations of god directed
behaviours and movements require more time to develop. One type of complex tic, cdled a
paroxysm, was described in the introduction as being an orchestrated chaining together of
numerous smple tics. It is sraightforward to see how a tic, once established, could begin to
develop incidental associations to a new movement or noise in a sort of second- third- or
fourth-order conditioning. By this reasoning complex tics ipso facto must follow smple tics

(‘first order’ incidenta associations) developmentally.

Tics are preceded by, and are unvoluntary responses to, an "itch” or premonitory
urge sensation. By definition, according to the Incidenta Association modd, tics are dicited
— they do not amply occur in a vacuum. An individud is compelled to engage in a particular
movement or noise as part of a learned and strengthened sequence of behaviours — to not do so
disrupts a pattern acquired over a great dea of time and experience. Suppression then would
bring about a sense of motor or phonic “incompletion”, focussed on the area of the body or on

the object that has been incidentdly associated to ‘engage’ at that point in the pattern. The
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sensation would be akin to the angst of being pulled away from a task (for example the writing
of a letter) before finishing it. Just as the associations between each component of the pattern
grow dronger with additionad paring of diciting simuli and tic response, premonitory urges
grow over time. In this sense tics are a mirror to the strength of incidental associations. as
these associations become more or less primed in different circumstances the tics likewise will

wax and wane.

Tics wax and wane with stress. Experiment 2 provides evidence that individuads with
TS ae not completdy incgpable of motoric inhibition — RT’'s for successful inhibitions did not
differ from those of controls. Moreover, the fact that the magnitude of the Smon effect in the
TS group was indiginguishable from controls reveds tha while inhibiting a prepotent motor
response incurs a cod in teems of RT, individuds with TS are capable of successfully
inhibiting these prepotent motor responses. That falures of inhibition were higher in the TS
group may indicate that this ability to inhibit is smply more sporadic. Given these motor
inhibition fluctuations, while incidental associaions would be ever-present they would only be
acted upon (i.e tics would only be dicited) during times of motor inhibition falure.  Recal
from the introduction to this thess that stress has been found to be a determinant in the waxing
and waning course of tics It is not difficult to see how physical or psychologicd strain could
negatively impact on€s normd neurologicad  functioning and execerbate  exiding
vulnerabilities.  In the case of TS, dress would result in an even less efficient use of the
indirect ‘pruning CSTC pahway rexulting in more activation of incidentaly associated
movements and, to the eye, a waxing of symptoms. Peterson and colleagues have conducted

some promising research in this area (1998). In their study 22 adult patients (18-55 years; |
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35.7 years) underwent functional magnetic resonance imaging during periods of voluntary tic
suppression and spontaneous tic expresson. Consderably more activation of the basd
ganglia, thalamus, and connecting cortex were noted during suppresson periods. More
importantly, however, the magnitudes of regiond dgnd change in the basd ganglia and
thalamus corrdated inversdy with the severity of tic symptoms. In other words, using a ‘lesky
brakes anaogy, more severe tics were predictive of less cgpability in engaging the appropriate
CSTC circuitry for suppresson (Peterson et d., 1998). While this study considered severity
between subjects, assuming constant neurology in each subject, a Smilar study conducted
within-subject, where patients are asked to suppress under varying stress levels, could be most
beneficid in hdping to explan the waxing and waning course of TS, It is reasonadle to
presume that, snce dress plays a role in symptom severity, this could be demongrated on the
neurological leve. Perhgps dso tying into this picture is neurologicad research that dopamine
release from the substantia nigra is burd-like in fashion. In addition to perhagps explaining the
relative increeses and decreases in inhibitory cgpability (reflecting the waxing and waning of
tics) these findings may dso explan ‘micro’ waxing and waning — the typica burst-like pattern

that tics follow on an hourly and daily basis.

Tics disappear during highly complex tasks involving considerable focus and/or
concentration. While movements or noises incidental to a god-directed action will become
somewhat associated with that action, the purposeful components associate as well.  Indeed,
the purposeful components of a complex god-directed behaviour will occur together much
more religbly and in a much more consstent order each time that behaviour is performed than

the incidentd movement or noise will. For example, when waking through a doorway one
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adways mug firg extend on€s am and twist the doorknob with one's hand BEFORE moving
one's legs. On the other hand, a blink may occur a any point in this sequence. Moreover,
doorknob twisting and sriding will ALWAYS be components of walking through a doorway
whereas blinking may only occasondly occur during this pattern.  Thus it is safe to beieve
that incidental associations to any one of the purpossful components of a complex goa-
directed behaviour will not be as strong as the associations between the purposeful components
of the complex god-directed behaviour themsdves. The fact that incidentally associated
movements ill occur is evidence that the genera disnhibition of the direct CSTC pathway is
aufficient to spread to these ‘lesser’ associations and activate them. It is conceivable, however,
that in the case of a highly complex task with a variety of smultaneous demands the cognitive
resources required to carry out the tic are dl devoted to the orchestration of the required
purpossful movements.  In this Stuaion the incidenta associdions Hill exist but they are not

activated; this would exhibit as an absence of ether premonitory urges or tics.

Tics are suggestible. Drawing from the ‘spreading activation’ notion suggested above,
dtracting one's attention to a particular body part, object, or behaviour would trigger the
arousal of any associaions to it, incuding incidentd ones.  Thus a premonitory urge to engage
in these movements or noises is induced. This could hep explan the well-known observation
that individuas with TS, exposed to another's symptoms, can begin to pick up those symptoms

themsalves (Ziemann, Paulus, & Rothenberger, 1997).

Tics do not appear to infiltrate primal behaviour patterns such as sexual relations.

Deeply ingrained, phylogenetic "action paiterns’ are rdatively fixed and automatic from birth
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— they are unlearned. Given this, these patterns would not susceptible to incidental learning

gther.

The longer one has a tic, the more difficult it isto eliminate it from one’ s repertoire.
While an anecdotal report, this is an observation that could be readily predicted from this
model. An ‘olde’ tic is one that is more deeply “entrenched” in its associations, has had
opportunity to attach itsedf to many more god-directed behaviours, and is more generaized

and accommodated.

Premonitory urges and tics are at their quietest when one first wakes in the morning.
Before an individud rises in the morning, daily routines and customary movements and sounds
have yet to be engaged in. Since tics are joined TO these customary routines, no impetus for
their expresson exids yet. Only after one initistes one's first goa-directed actions or sounds
of the day can the urge to complete any movements or noises tied to those actions or sounds be

activated.

Tics wane in novel environments or during novel experiences and/or actions. The
common example of this phenomenon, cited in the introduction to this thess, is the Doctor’'s
Office Syndrome. Besides the obvious fact that suppresson may play a role, by definition a
nove crcumdance is one in which you have no past associations. This would include
incidental associations as well. Hence any novel tasks, dghts, or individuds are free of linked
movements and noises.  Common solutions used by experienced dinicians to thwart the

Doctor’s Office Syndrome are: extended duraions of time in the office and/or multiple vists to
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the doctor's office until tics sart to manifest, and ‘catching’ the individuad (via videotape or
two-way mirrors) in a more accustomed environment where the tics commonly occur. In the
language of the Incidental Associations Modd, the first technique affords opportunities for
incidental associations to form in (or perhgps more accurately generdize to) the new
environment. The second technique removes or minimizes the nove environments so that the

doctor may observe the pre-exiging incidenta associaions.

Habit-Reversal Training is a highly effective technique for tic management. Based
on the premises of the modd, pharmaceutics and HRT gpproach tic reduction in completely
different ways. The former atempts to amdiorate the problems in motor inhibition falures
without any concern for pre-existing incidenta associations. This is perhgps why some parents
anecdotdly report that their children continue to tic, but do so in dow motion as if under water
— medications merdy thwart the expresson of tics rather than fixing the fundamenta problem.
HRT, on the other hand, confronts and diminates the associations themsdves. That HRT
generalizes better after trestment than medications is of little surprise then snce HRT, when
successful, extinguishes each incidentd association s0 that tic movements, dong with any
urges to engage in them, are gone. It is interesting to note that, despite the fact that a learning
modd of tic formation did not exig in 1973, Azrin and Dunn in ther origind conception of
HRT included the identification of dgns, people, places and Stuations that triggered tics (Azrin

& Nunn, 1973).
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Past Research

Conditioned blocking is impaired in individuds with TS (Oades & Muller, 1997). The
Incidental Associations Modd provides new context for this peculiar finding.  Conditioned
blocking refers to the trandent suppresson of learning that a new dimulus has the same
consequences as an dready present conditioned dimulus.  An example would be if an
individua, after learning that an gppearance by an ice-cream truck on one's sreet is contingent
upon a ringing bell, did not learn that the appearance of the truck is aso contingent upon a
paticular time of day (4:07 p.m.). Time of day as a rdiable predictor of an ice-cream truck
was blocked from learning because another reliable simulus had aready been conditioned —in
other words the learning is redundant and unnecessary. Oades and Muller demongtrated that
associations, even when unnecessary, were made nonethdess in TS patients — conditioned
blocking was independent of age. Children 11 years of age and older with TS were
sgnificantly worse a conditioned blocking than controls and children with ADHD (Oades &
Muller, 1997). Not being able to inhibit new, unnecessary associations is the hdlmark of the
proposed modd of tic formation, and so these findings can be congtrued as a rather eegant

demondtration of the modd’ s principle tenets and a fortuitous find in the literature.

Georgiou, Bradshaw et d. (1995) found evidence that motor sequencing in the absence
of externa cues was poor in 12 individuds with TS (after contralling for medication and
depresson). They found that reductions in externa cues for sequenced movements did not
afect movement initigtion but did dow movement execution (moving from one button to
next). They hypothesized that motor sequencing generated by the basd ganglia may be faulty,

and so externa cues that are accessed through the laterd premotor cortex must be relied upon.
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When these cues are removed, the authors proposed, participants with TS would then have to
rely on internal cues from the faulty basal ganglia Perhaps internd cueing is a problem, and
causes dow movement execution, because of competition between numerous incidentaly
associated responses. When adequate external cues are provided, these help the appropriate
goal-directed response to be “louder” than other incidentally associated responses competing

for activation and so the appropriate response is more easily and quickly initiated.

Neurologicd findings discussed in the introduction to this thess can now be better
understood as well. Hypoperfusions and hypometabolism in basd ganglia Structures can dl be
understood as being the result of underdevelopment of the ‘pruning’ functions these structures
are supposed to engage in as components of the indirect CSTC pathway. Braun et d. (1993)
and Stoetter et a. (1992) noted a hypermetabolism of the sensorimotor cortex in individuds
with TS — if gppropriate inhibition of unnecessary movements and noises is not being sgndled
by the basd ganglia due to a defective indirect pathway then overactivity of the sensorimotor

cortex is to be expected.

Should the Incidental Associgtions Modd of Tic Formation be accurate, this would
have dgnificant and broad clinical implications.  Diagnodtic tests for TS could seek the
susceptibility of an individua to engage in serendipitous motor associations, and trestments
that focus on the extinguishing of learned associations, like HRT, could be further developed
and emphasized. It may dso be a driking demondration of the concept of neurond pladticity —

the idea that pre-wired neurology can and will be modified by learning.
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Potentia chalenges for mode are discussed below:

Why do tics often end or decrease in adulthood? First, symptoms do not aways abate
over the life course of people with TS (see the review of this literature in the introduction to
this thess). Second, the Incidental Association theory rests on two premises, both of which
must reman true for tics to be exhibited: incidenta associations must form through
environmental  experience, and the individud must experience a faling of motor inhibitory
ability through their dtered neurologicd organization. Recal tha results from Experiments 3
and 4 demondrated that incidental associations can be engendered in individuas without TS as
wdl — exposed control participants retroactively reported sgnificantly sronger urges to engage
in the RESET Button Press movement than both unexposed controls and individuds with TS.
Given that incidental associations are not unique to those with TS, the reason controls did not
succumb to them is because ther motor inhibition exceeded that of the TS group (as
demondrated in Experiment 2). Also recdl tha faling in motor inhibition in individuds with
TS appears to be a maturationd ddlay. While for some this may be a permanent impediment,
for others this dday may eventudly completdly or patidly amdiorate over time. In the firg
scenario, tics would be life-long. In the second scenario, tic frequency and number would

decrease or disappear atogether.

Why do tics appear spontaneously? If tics are the product of incidental associations
occurring for years, why do we not see a more gradua onset of individuad tics? Using a risng
submarine as a metgphor for the gradud drengthening of incidenta associations, the “sudden”

breaking to the surface is only an illuson of spontanaity — in actud fact its ascent might smply
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have gone undetected. Incidentd associations likewise are conceded until they are of
aufficient drength for one action to dicit another.  Only the appearance of the actud tic

movement, wrenched from its gppropriate context, is abrupt: its origin is not.

Why do we not see thousands of different tics in an individual instead of rather
constant repertoires? In other words, if countless god-directed actions and sounds are
involved in the development of tics, why aren't countless movements and noises too? Why
iS't a person’'s every movement and noise tied to every other movement and noise? One
answer is tha we can assume, if in a given sdting multiple competing responses exis, the

strongest association ‘wins and is the determining factor.

A better answer can be offered however. The Incidenta Association modd states that
it takes many repetitions of the same serendipitous associations to strengthen into one tic.
While it is true that countless incidental associations between innumerable actions and sounds
must take place, it is important to consder that a sngle random association event would not be
aufficent to engender a conscious compdling urge to engage in the eicited movement or noise
(i.e. become a tic). Incidenta associations will not adequately strengthen to the point where
tics are dicited unless the same association randomly takes place on a congstent enough bass.
Given this condraint, while an immeesurable number of incidenta associations could and
would occur in an individud with TS, the number that would randomly yet consstently occur
is consderably lower. Hence a potentid tic repertoire is radicaly smdler than on€'s repertoire

of incidenta associations.
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The Incidentd Associaions modd provides a multitude of directions for future
ressarch.  Concerning the failure-of-motor-inhibition component of the modd, further and
different teds demondrating this preferentid deficit in individuds with TS should be
performed to replicate the findings of Experiments 1 and 2. An important question to ask is
whether even severe forms of TS are purdy disorders of motor inhibition. In asking this
quegtion it would be important to carefully operationdize the term “severity”. One should not
confound ‘severity of tic symptoms with ‘comorbidity’, where other more “cognitive’ CSTC
circuitry components ae likdy involved. One should aso be caeful to not confound
‘increased frequency and number of tics, and ‘the introduction of complex tics, which agan
may be more likey to involve more “cognitiveé’ CSTC dircuitry (such as the disnhibition of
words as in coproldia or echoldia). Freeman e d (2000), in their epidemiologicd andyss of
international data, dtate that impressve levels of complex tics are only seen when comorbid
conditions exigt. Given this, perhaps complex tics only occur in comorbid cases of TS and are
an indication that further diagnoses are warranted. An interesting future study could be to
andyze the relationships between tic symptom severity, comorbidity of ADHD and OCD, and
complex tics — can one have “severe’ TS without having complex tics and/or any comorbid
diagnoses, and if so would these cases demondrate failures in domains other than motoric

inhibition?

Additiond tests of the learning component of the modd ae daso required.
Subgtantiations of anecdotally reported tic phenomenology reported to fit the modd, and the
proffered explanations for why these phenomena may be occurring, require confirmation. For

example, it was suggested that tics might wane during orgasm because this behaviour pattern
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is prima and occurs independently of ANY form of learning. If this is true, can research
demondtrate corresponding wane periods during other ‘fixed patens like fighting,
madtication, and/or sucking/swdlowing? Also, while complex tics do gopear to develop from
ample tics (Leckman et d., 2001), and while this fits wel with the Incidentd Associations
modd, is it the case that complex tics always follow smple tics and are initid tics always of

the smple variety?

Further dudies into the ‘rules of incidenta associations need to be performed. In the
present study a stimulus (tectile vibration) and response button press were defined as the goa
oriented action, and the subsequent RESET Button Press was another movement not
specificaly (or explicitly explaned to be) rdaed to the principd <imulus response
associaion.  One shortcoming of this design was that a RESET Button Press followed each and
every response button press.  This would be andogous to an individud reliadly blinking
EACH TIME they wak through a doorway. Obvioudy this does not occur in everyday life —
in fact if it did one might expect that the basd ganglia in ALL individuds would learn to
condder eye blinking to be a purpossful component of waking through a doorway. Thus this
association would be indiginguishable from dl others within the sored “waking-through-
doorway” motor pattern, and eye-blinking movements would occur in dl individuds waking
through doorways. In the future one might wish to make the learning even more ‘incidental’
by changing the probability with which the RESET Button Press might follow the response
button press. That is, one could tdl participants that there is a “bug” in the program that causes
it to get “suck” every so often. Participants could be informed that they can “ungick” the

program by pressng the RESET button each time the program hangs. The software could be
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progranmed to randomly hang according to various responses-to-RESET-ButtonPressng
ratio schedules.  Such an experiment would more closdy mimic the incidental associations that
occur in every day life — motor responses happen to become chained on a certain percentage of

trids, rather than dl thetime.

The Incidentd Associations mode could dso guide neurologica research.  Future
projects might look a the neurology of learning and how these processes may differ in
individuds with TS, Does dress impact the functioning of the indirect pathway of the basad
ganglia and, if s0, are tics more likdy to form from incidentad associations occurring during
dressful conditions?  Does suppresson of tics (“extinction of incidenta associations’)
ultimately lead to a better adult prognosis, and does relaxation of suppresson (“unrestrained
drengthening of incidentd associations’) ultimately leed to more severe symptoms and a

lessened ability to suppress?

Given the wide range of phenomena that the Incidentd Associations Modd of Tic
Formation can account for, the authors hope that others will consder the modd to be a helpful
framework for understanding how tics are formed and drengthened, and for guiding
exploration of TS diagnoss and treatment. This modd may have some utility as wdl in
underganding other disorders thought to involve inhibition falures outsde of an excdusvey
motor redlm, such as ADHD, OCD, and schizophrenia  Applying an andogous modd to
schizophrenia, for example, would help to explain the tangentid thinking, cdlanging, and loose
asocidions diagnodic of this debilitating condition.  If an individud were experiencing a

more profound inagbility to inhibit or prune incidenta associaions than that seen in TS — the
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ingbility to prune dtray cognitive connections to one's present string of thought — one would be
fated to wander idiosyncraicdly through a spreading activation of incidentd associaions,
robbed of the ability to stay with a coherent theme. In terms of OCD, certain deeply encoded
thoughts (such as grooming, cleanliness, and safety) have evolved to occur frequently in
individuals.  Should incidental associations between these “pre-wired” thoughts and god-
directed thoughts occur in a fashion identical to that described for TS, these “pre-wired’
thoughts would begin to appear on a regular and seemingly random basis devoid of context.
By this logic obsessons and compulsons could be viewed as smply cognitive versons of
premonitory urges and tics respectively; dternatively premonitory urges and tics would be

somatic and motor versions of obsessions and compulsions,
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