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Abstract

The placebo effect represents a fascinating exaofgiew cognition can influence the
physiology of the brain and body. The expectatibtherapeutic benefit elicited by a placebo
given in the guise of active medication has beep@sed to be a form of reward expectation,
and is associated with activation of brain rewarduitry. Prominent placebo effects occur in
Parkinson’s disease (PD), where the expectati@ymptom improvement stimulates dopamine
release in the striatum. In the work describethis dissertation, positron emission tomography
with [*C] raclopride was used to investigate the relatignbetween the strength of expectation
of benefit and the degree of dopamine release inraRB® how this relationship corresponds to
current models of dopamine function in reward. Gaap describes a pilot study conducted in
patients who had undergone subthalamic nucleus-loieép stimulation (STN-DBS) in which

we examined how awareness of stimulator statusqOOIFF) affected synaptic dopamine levels
compared to when subjects were blind. No diffeeawas detected between conditions;
however, it proved to be difficult to maintain lding due to the profound effects of STN-DBS.
Chapter 4 describes the development of the metbggdbr the analysis of high-resolution PET
data, in which we utilized the combined effortsneliroscience and imaging physics to optimize
the analysis of'fC] raclopride PET data. In Chapter 5, | descriteeuse of verbal instructions
to manipulate patients’ expectations in order i@stigate how the likelihood of receiving
levodopa influenced dopamine release when theratwere in fact given placebo. Placebo-
induced dopamine release was differentially moeualdity expectation in the dorsal and ventral
striatum: dopamine release in the putamen wasegelabnotonically to expected reward value,
whereas dopamine released in the ventral striaédfil@cted the uncertainty of benefit or the
salience of the expectation. The placebo effeBtDntherefore involves at least two related but

separate mechanisms: the expectation of beneit, itghich is scaled to reflect the value of the



drug to the patient and is mediated by nigrostrdd@amine, and the uncertainty or salience of

benefit that is mediated by mesolimbic dopamine.
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Chapter I: Comprehensive literature review of theplacebo effect

1.1 Introduction

Since the first medical practices and healingatgwere performed in ancient
civilizations, the ability of the mind to influentke healing of the body has been recognized
across many cultures. Even Galen himself, the fathevidence-based medicine wrote, “He
cures most in whom are most confident” (Shapiro &hdpiro, 1997). Modern medicine has
termed this the placebo effect. A placebo is aefias any therapy, or a component of any
therapy, given in the guise of active medicatiotreatment but that is without specific activity
for the condition being treated. Thus, the placeiiectis any effect attributable to the placebo
(i.e. sugar pill, sham injection, sham surgery,)etuut not to its pharmacodynamic properties
(adapted from Wolf, 1959). As early as 1811, Hatgpledical Dictionary defined a placebo as
“an epithet given to any medicine adapted mordeage than to benefit the patient” (Brody,
1980). Ironically, scientific investigation, indhrealization of this phenomenon, needed to
account for the placebo effect in the interpretabbd experimental results, and thus it was largely
considered to be a nuisance obscuring the truetefté the active treatment. However, with the
growing amount of research available from clinicalls, the ability of placebos to produce
therapeutic benefit in patients who suffer fromieas medical conditions has proven to be real
and effective. It is now accepted that a promimeatebo effect may be present in pain
disorders, depression, and Parkinson’s disease(iBks1999;Freeman et al., 1999;Turner,
1994) among other medical conditions, and advaimcesuroimaging have enabled researchers
to probe the neuropsychological and biochemicakypidnings of the placebo effect.
1.2 Investigating the Placebo Effect
1.2.1 Introduction

Investigating the placebo effect is logisticallydagthically challenging. Deliberate
deception must often be used, as the subject cenaivare that they are receiving a placebo in

1



order to produce a placebo effect. As a resudtytst majority of placebo effects are still
detected in double-blind, placebo-controlled trelmed at testing new therapies, rather than
explicitly probing the placebo effect itself, altigh research in this area is growing. The results
of such studies have led to a shift in how the glbaceffect is conceptualized; traditionally, the
focus of investigation was on the inert physicaragtself (e.g. starch capsules), however the
meaning of the term “placebo” has now broadenaddiode the entire psychosocial context that
surrounds the patient in which the sham treatnsedelivered. Itis now understood that placebo
effects may be driven by many different environraéfactors that influence a patient’s
expectations, desires, emotions, and motivatiorisgRt al., 2008). As a result, the placebo
effect is notoriously variable as the interactidnhese factors is highly personalized to each
individual, and it is this variability that makeddifficult to replicate results and derive scidioti
consensus regarding potential underlying mechanfseesSection 1.2.4). In addition, true
placebo effects can be confounded by the presdratder phenomena, including regression to
the mean, spontaneous remission, compliance wittadd, and perecptual bias. Some of the
factors that must be considered when conductingepla effect studies include the study design,
the subjectivity of outcome measures, the presehpkacebo responders and non-responders in
the experimental sample, and various personal psygital factors of the subjects.
1.2.2 Importance of study design

Whereas traditional clinical experiments are desigio detect a physiological effect that can
unequivocally be attributed to an interventioneagsh aimed at understanding the placebo
effect itself requires a different approach. Tikellhood of eliciting a placebo effect is highly
dependent on the design of the trial, as well agype of intervention, as the magnitude of the
placebo effect is related to type of placebo adstémed; the greater the potency of treatment, the
greater the placebo effect (de Craen et al., 20B6).example, placebo surgery seems to be

more effective than a placebo pill (Brody, 1980;kdpk et al., 2000;Shapiro and Shapiro,



1997), and as a study for the efficacy of arthrpgcé&nee surgery suggested, may produce the
same outcome as the actual surgical procedure (Boseal., 2002). Double-blind placebo-
controlled trials are the gold standard in medieakarch, and any therapeutic effect over and
above that seen in the placebo group is attribitelde intervention. Many investigators have
assumed that such a study design—a placebo grabaranntreated group—should be ideal for
detecting and quantifying the placebo effect (Eamst Resch, 1995;Hrobjartsson and Gotzsche,
2001;Kaptchuk, 1998). Paradoxically however, wiitis study design and adequate informed
consent, neither of the two groups will expect bagefit from the experiment and consequently,
no full placebo intervention can be evaluated. s placebo power in this scenario is lost
since a patient with no expectation of clinical &gns not likely to manifest a placebo effect.
Another approach is the three-group study (RoséntB85), in which patients are randomly
assigned to either an active drug group, a plagetap, or an untreated or natural history group
in order to control for the placebo effect. Howeve this study design, the patients’
expectation of benefit may be too low, becausdlwaiftformed patient may realize that there is
only a one in three chance of getting some bendfits therefore unsurprising that many studies
with these designs have failed to demonstrate@ptaeffect (Hrobjartsson and Gotzsche,
2001). In a meta-analysis of clinical trials inviolg two or three groups, it was concluded that
with the exception of pain disorders, placebosrefteno beneficial clinical effects (Hrobjartsson
and Gotzsche, 2001). In fact, it has been shoanplacebo effect percentages are lowest in
double-blind studies, higher in single-blind stigdiand highest in uncontrolled reports of a
treatment believed to be effective but subsequeshibyvn to be ineffective or a placebo (Shapiro
and Shapiro, 1997). This observation shows theasiimple act of being exposed to a placebo is
not necessarily sufficient to provide clinical béht the patient, and the importance of the

study design in producing placebo effects (Fuemterdndez et al., 2002).



It is clear that the patient’s knowledge about wikeebr not he or she may be receiving a
placebo during the study impacts the manifestaticanplacebo response. Thus, the placebo
effect may be greater in patients who have not lofenmed that they might receive a placebo
during the study (Kaptchuk, 2001). So from a tecdlrpoint of view, the best way to detect a
placebo effect might be deliberately not to infahm patients that they may be receiving an
inactive treatment, but this approach would clebdyunethical in most circumstances.
However, this approach has been explored in Betisd®tvert versus covert” study design, in
which the subject is given the intervention withtheir knowledge, often under an unknown
time sequence of drug administration. This enathlesnvestigators to separate out the

nonspecific effects of the treatment (Figure 1.1).

Routine medical practice

Active treatment  Knowledge about
treatment

! !

Specific effect  Non-specific effect

S A

Outcome

Treatment simulation with placebo

Active treatment  Knowledge about
treatment

X /

Hidden dose of active treatment

Active treatment  Knowledge about
treatment

NoX

Figure 1.1 Every treatment in clinical practice has a spedfid a non-specific effect. The non-
specific effect comes from the knowledge that attreent is being given. The effectiveness of
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the active treatment can be assessed either binating its specific effect (placebo study) or by
eliminating the non-specific effects (hidden treatrt). Adapted from Colloca et al., 2004.
This scenario represents a radically different appin to the analysis of placebo effects, as the
placebo effect is assessed without a placebo gramanzio et al., 2001;Price, 2001). In this
experimental approach, the placebo componentrisredted and the specific effects of the
treatment are maintained. In order to eliminatepflaeebo component, patients must not be
aware that a treatment is being given, for exangfeinkiller is delivered via a hidden injection
but the subject is not told when the drug is beidministered. The patients give informed
consent for the administration of a medical procedwt they do not know when it will be
given. For example, the patient is in a bed withrdravenous line attached to a preprogrammed
infusion machine and the drug can be deliveretafitst, fourth, or tenth hour without the
patient's knowledge. If the drug is really effeetisymptom reduction should be temporally
correlated with drug administration. The differerfietween outcomes on hidden treatment and
on open treatment is the placebo component.
1.2.3 Subjectivity and placebo responders

In addition to careful study design, another chregeecommon in placebo effect research is
the subjectivity of the measurement scales thatisee to detect and quantify placebo responses.
The vast majority of placebo effect research hanlmenducted in the field of pain, where
placebo analgesia is quantified by the subjectdeiction in pain ratings. Studies in depression
have equally subjective outcome measures, as ipanis are asked to rate the improvement in
their mood on a visual analog scale. In contiRatkinson’s disease is a disorder in which the
response to treatment can be assessed directhelexaminer, and this direct measurability
might allow a better evaluation of the placebo @ffey clinicians (Fuente-Fernandez et al.,
2002). This being said, it is equally importanetaphasize that the clinical scales used for
measuring motor function are subjective themselVdso, patients may be less prone to report
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clinical changes than the clinicians are to obsémeen (Freed et al., 2001), adding another
dimension of subjectivity.

It is well known that there are placebo respondesnon-responders, yet there do not
appear to be any consistent personality or getreits that predict who will fall into which
category. Retrospective analysis of neuroimagindiss containing a placebo group can be
useful in detecting any unique brain changes ifesiH who positively respond to the placebo.
One study conducted in patients suffering from megpression —a condition with a notoriously
strong placebo effect — found that placebo respeniied lower pretreatment frontocentral
concordance as measured by electroencephalogref@)( as well as faster cognitive
processing time and lower reporting of late insar(hieuchter et al., 2004). In a study
investigating the brain metabolic response to fatme and placebo in depressed subjects, both
placebo and drug responders were found to displaycue signature of ventral striatal and
orbitofrontal cortical metabolic increases thatdicted a positive clinical response (i.e.
remission in depressive symptoms) (Mayberg eR@D2). Further complicating the issue is the
observation that an individual may respond to aéi@aar placebo at a given time, yet fail to
maintain a placebo effect on subsequent exposarde tsame placebo, or respond to a different
placebo.

1.2.4 Psychological and environmental factors

As noted above, patients with no expectation oebieare not likely to manifest a
placebo effect. However there are several addititattors complicating the issue, on the sides
of the experimenter or physician, the subject diepg and the treatment milieu itself. Such
‘'unspecific’ treatment effects include predisposaugors such as training, empathy, suggestions,
expectancies, worries and concerns, previous #legperience and a history of successful or
failed therapy, and health behaviours; it alsoudes mechanisms based on their interaction, for
example time, duration and intensity of patienttdocommunication. Other factors to consider
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are the patient’'s knowledge about his or her desetheir desires and motivations, as well as
their suggestibility, attitude and degree of opsimior pessimism. Such factors are difficult to
assess in standard trials, and likely contributiaéohigh variability seen in placebo effects.
1.3 Mechanisms underlying the placebo effect

Two alternate theories have developed with resjoettte underlying psychological
mechanisms of the placebo effect. The expectaéiieory proposes that the patient’s expectation
of improvement drives the placebo effect. Accogdio this view, placebo administration
triggers the cognitive expectation of improvemérat drives the downstream physiological
placebo response. Alternatively, the conditiortimgpry states that the placebo effect is
essentially a classically conditioned responsethigicase, the unconditioned stimulus (US) is
the active substance and the unconditioned resgbt®keis the pharmacological effect in the
body. The conditioned stimulus (CS) could be yrenge, pill casing, or therapeutic setting in
which the US is administered, and through repepaatihgs (anywhere from the medical
treatments people experience in their lives, tcedarpentally-created experiences), a conditioned
response (CR), or placebo effect, is created. ,Tdmeording to this “stimulus substitution
model,” a person comes to associate the physigaaapnce of a drug or treatment with their
physiological reaction to the drug (Kirsch, 199Tnportantly, this implies that the placebo
effect can occur subconsciously. Original invesigns into the placebo effect yielded models
that supported one or the other of these thedtear(s, 1985;Wickramasekera, 1985;Ader,
1997;Kirsch, 1997), however the distinction is sarmat artificial, in that conditioning is a
mechanism by which one can create or enhance extjped, and particularly in sentient
animals, it is the expectation itself, rather thtaa final physiological response that may be
conditioned. Furthermore, some conditioning proces produce the opposite effect of
placebos implying the existence of compensatoryhaeisms. For example, the UR to
morphine is a decrease in pain sensitivity, but@Reto a stimulus that has been paired with
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morphine is hyperalgesia. Similarly, the UR totailizers is a decrease in activity and arousal,
but the CR to stimuli which have been paired wigmguilizers causes increased activity in
laboratory animals. However, placebo morphine pced analgesia, and placebo tranquilizers
produce sedation, therefore the placebo effedteylmore complex than a simple conditioned
response. It is therefore likely that both expeotatind conditioning contribute to placebo
effects in different degrees, and act synergidsicaBenedetti and colleagues investigated the
separate contributions of expectation and condiipm placebo analgesia, Parkinson’s disease
and hormone secretion (Benedetti et al., 2003@Brb&lly-induced expectations of analgesia/
hyperalgesia and motor improvement/worsening cotelyieemoved the effects of a
conditioning procedure in the first two classepatients, whereas verbally-induced
expectations had no effect on hormone secretidreirTindings suggest that expectation and
conditioning play different roles in different cinmstances in the mechanism of the placebo
effect: when conscious perception is involved, exgi#on is sufficient to override a conditioned
placebo effect and the strongest placebo effeasraghen conditioning and expectation interact
synergistically (Benedetti et al., 2003b).
1.4 The placebo effect in Parkinson’s disease
1.4.1 Results from clinical trials

Substantial placebo effects occur in PD, whichfaréhe most part detected in placebo-
controlled trials aimed at testing new pharmacalalgisurgical or physical therapies. For
example, in a double-blind trial of pergolide, sfgrant improvement with respect to baseline
was seen in both the pergolide-treated group (3086 24 weeks) and the placebo group (23%
after 24 weeks) (Diamond et al., 1985). In thgdatlinical trial of Deprenyl and Tocopherol
Antioxidative Therapy of Parkinsonism (DATATOP),%Iof patients demonstrated a blinded
investigator-determined ‘objective’ improvemenimotor function during placebo therapy over
six-months (Goetz et al., 2002). Goetz and colleageported that 14% of the patients enrolled
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in a six-month, randomized, placebo-controlledicantrial of ropinirole monotherapy achieved
a 50% improvement in motor function while on plazéteatment (Goetz et al., 2000). In this
particular study all domains of parkinsonism waibject to the placebo effect, but bradykinesia
and rigidity—those features of PD which are bestetated to dopamine function—tended to be
more susceptible than tremor, gait or balanceallynin a meta-review, Shetty and colleagues
demonstrated that 12 of 36 articles reported a%-BAprovement in PD patient motor
symptoms following placebo treatment (Shetty eti#199).

The importance of including a placebo group whemstigating the efficacy of surgical
procedures for treating PD has been emphasizedi(fam et al., 1999) but remains a source of
controversy (Macklin, 1999;Weijer, 2002;London a&mbane, 2002). In a recent study on the
effect of intrastriatal implantation of fetal pamei ventral mesencephalic tissue to treat PD
(Watts et al., 2001), the degree of motor perforteamprovement at 18 months was substantial,
but was the same in the sham group. In one meiltire, randomized, double-blind, sham
surgery-controlled study of human fetal transplaatefor PD (Olanow et al., 2003), there was
no significant clinical benefit of the transplawinepared to sham surgery, even though pilot
studies performed using identical technique hadahstnated substantial benefit (Hauser et al.,
1999). Indeed, in another study of human fetaddpdantation, both subjective and objective
(blinded examiner) outcomes were better predictediich treatment the patient thought s/he
was assigned to rather than the actual treatmeigrasent (Freed et al., 2001;McRae et al.,
2004). As previously mentioned, several factond@d@xplain the differences in the magnitude
of the placebo response between different trigsriations in the information given to the
patients, differences in group characteristics @nitie surgical procedures could contribute to a
range of placebo responses. Naturally, ethicakssnd consideration of the risks and benefits
inherent in the conduct of the study will dictatbather or not a placebo treatment group is

feasible.



Clinical results such as these have provided thpetas for experiments that aim to study
the placebo effect itself. For example, Mercadd ewlleagues (2006) demonstrated that
patients with subthalamic nucleus deep-brain st (STN-DBS) as treatment for PD had a
greater degree of improvement in their motor penémce as measured by the Unified
Parkinson’s Disease Rating Scale (UPDRS) whentti@yght that their stimulators were turned
on, and performed even worse when they thoughthieat stimulators were off, compared to the
conditions in which they were blind to stimulatanttion (Mercado et al., 2006). Benedetti and
colleagues used standard clinical measures to denata that sham STN-DBS can improve
bradykinesia (Pollo et al., 2002;Benedetti et2003b), and also that saline given in the guise of
apomorphine can reduce rigidity in patients conditid to the effects of the active medication
(Benedetti et al., 2004). However, it is equathportant to emphasize that the clinical scales
used for measuring motor function are subjectiesrtbelves.

1.4.2 Results from neuroimaging studies

Neuroimaging has been critical in establishingeaccphysiological basis for the placebo
effect in PD, and placebo studies represent an pbeaofi how imaging can enable significant
strides to be made into areas where most previoigsiigation had depended on conjecture
based on clinical observation. Usirtg{] raclopride (RAC) PET, de la Fuente-Fernandez and
colleagues (2001) demonstrated that a placebotiofecould induce the release of endogenous
dopamine (DA) in the striatum of PD patients (d&Uleente-Fernandez et al., 2001b). In this
study, patients underwent four PET scans and weagesthat they would be receiving an
injection of active drug (the DA receptor agonigbmorphine) for three of the scans and a
placebo for one, but they were not told the scaeior The investigators found a substantial DA
release in response to placebo, correspondinghamrge of 200% or more in extracellular DA

concentration and comparable to the response thetiaumine in subjects with an intact DA
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system (Figure 1.2). Furthermore, the DA releag@e motor areas of the striatum was greater

in those patients who reported clinical improvemest placebo responders).

3

Baseline After placebo

Figure 1.2 [*'C] Raclopride PET scans of a patient with Parkitsdisease at baseline (left)
and following injection of saline (placebo, righffhe observed decrease in RAC binding in the
striatum in response to placebo, as evidencedd®ceease in signal, indicates tracer
displacement by endogenous dopamine.

In a recent related study, Strafella and colleagR@86) also used RAC PET to demonstrate
striatal DA release in response to sham repetitagscranial magnetic stimulation (rTMS) in
PD patients. In this study, patients underwentBEJ scans, one baseline scan in which no
rTMS was used, and a placebo scan where they wigréhiat they had a 50/50 chance of
receiving either real rTMS or sham rTMS, but inalkes received the sham treatment. They
found that the decrease in RAC binding was greattite putamen contralateral to the more
symptomatically affected side (Strafella et alQ@0 Although the patients who perceived
clinical benefit had a slightly higher amount of D&lease in the dorsal and ventral striatum, the
difference failed to reach statistical significandéaken together, these results indicate that the
biochemical basis for the placebo response in RBiigplace the depleted DA in striatal areas

that are responsible for motor symptoms. Thesdtseare corroborated by an electrophysiology

study performed in PD patients undergoing STN-DB§e&ry in which it was shown that a
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placebo (saline injection) evoked changes in nalrforing in the subthalamic nucleus (STN) in
placebo responders. The neurons displayed a decreaean discharge frequency and a shift
from bursting to non-bursting activity in respornieglacebo, which was correlated with a
reduction in upper limb rigidity (Benedetti et &0Q04). The authors speculated that the change
in STN neuron firing was a downstream effect otplao-induced DA release in the striatum.
1.4.3 The reward expectation hypothesis of the ptabo effect

What remains unclear is how a biochemical placdtexieis produced in the first place.
Through prior experience with a particular treatimerpectations are generated about the
resulting physical response to that treatment,hatKirsch has termed ‘response expectancy’,
which is proposed to be central in producing thgspiogical placebo effect (Kirsch, 1997).
This may be particularly true in the case of PDichhs a chronic illness requiring several doses
of medication per day, where patients frequentlyegience their doses taking effect and
wearing off. These expectations become centrataducing the physiological placebo effect,
such as striatal DA release in PD patients and gamtmus opioid release in placebo analgesia.
Improvement in mobility in PD, mood in depressiangd relief from pain can all be profoundly
rewarding in their own right for an individual sefing from any of these conditions, while
improvement in mobility or mood might not be sesrsach in a healthy individual with normal
function. In such cases, the placebo can be cereich rewarding stimulus, and would thus be
capable of activating reward circuitry in the braifhis concept is in keeping with neuroimaging
studies indicating that reward circuitry is acte@in humans in response to “cognitive” rewards,
including money (Thut et al., 1997), beautiful fa¢@haron et al., 2001), sports cars (Erk et al.,
2002), pleasant music (Blood and Zatorre, 2001mduMobbs et al., 2003), and romantic love
(Aron et al., 2005).

In support of this hypothesis, placebos have bbeews to stimulate reward pathways in
the brain, and the ventral striatum in particutie [a Fuente-Fernandez et al., 2002;Scott et al.,
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2008). In our previous study, the patients exgeafmorphine for 3 out of 4 scans, thus they
knew that their chance of receiving active drug 8% for each scan. Although all patients in
the study showed biochemical placebo responseg haiffl of the patients reported placebo-
induced motor improvement. Those patients alssassd larger amounts of DA in the motor
striatum, suggesting a relationship between theustnaf striatal DA release and perceived
clinical benefit. However, this relationship wast seen in the ventral striatum, where all
patients displayed increased DA release regardleskether they felt any improvement as a
result of placebo administration (Figure 1.3) (@éUente-Fernandez et al., 2002).

Changes in RAC binding potential (B - P)
Error Bars: £ 1 Standard Error(s)

| placebo effect (-)
H placebo effect (+)

O X N WHAOU O N

Acc Caud Put

Figure 1.3 Placebo-induced changes in RAC binding poteitithe ventral (nucleus
accumbens, Acc) and dorsal (caudate nucleus, Qat@mnen, Put) striatum of 6 PD patients.
The changes represent the difference in RAC BPdmivbaseline (B) and post-placebo (P)
values (i.e. B—-P). In the Acc, there were no ddferes in placebo-induced RAC BP changes
between patients who perceived a clinical benéfir glacebo injection (solid bars, n=3) and
those who did not (open bars, n=3) (p=0.23). Imt@st, both in the caudate nucleus and
putamen, this biochemical placebo effect was greateatients who reported placebo-induced
clinical benefit than in those without (caudgies 0.05, and putamen,40.01).
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Compared to the dorsal striatum, which is involiredoluntary movement, the ventral striatum

is classically associated with motivation (Mogensod Phillips, 1976;Berridge and Robinson,
1998;lkemoto and Panksepp, 1999), goal-directedwebr (Mogenson et al., 1980), and

reward anticipation (Apicella et al., 1992;Fiorikb al., 2003;Schultz et al., 1997;Schultz,
1998;Schultz et al., 1992). The investigators tated that the DA released in the ventral
striatum was associated with the patients’ expectaif improvement in their symptoms, which
could in turn be considered a form of reward. THA release in the ventral striatum can be
seen as necessary but not sufficient for the ptaedflect to occur. This is in keeping with other
studies, in which ventral striatal DA release itdrecorrelated with ‘drug wanting’ than the
perceived subjective effects of the drug (Leytoalgt2002;Evans et al., 2006). In depressed
subjects, glucose metabolic increases were seéie iventral striatum and orbitofrontal cortex
following one week of fluoxetine or placebo treatmgrior to the onset of any antidepressant
effect, which was interpreted to be a result ofdkpectation of improvement early in the trial
(Mayberg et al., 2002;Benedetti et al., 2005). all to this, placebo-induced increases in NAC
metabolic activity have additionally been showmealthy subjects and in cocaine abusers when
a psychostimulant was expected instead (Volkow.e2@03;Volkow et al., 2006). In pain, it

has recently been shown that in addition to endoggwpioid release, DA release in the NAC is
associated with the anticipated and subjectivelggieed effectiveness of the placebo, as well as
reductions in pain ratings (Scott et al., 2008)tf@rmore, stronger placebo analgesic responses
were associated with greater reward responsiviityjus, converging evidence points to an
important, global role of reward expectation angl @ssociated brain structures — namely
mesolimbic DA neurons and the ventral striatum thexmechanism of the placebo effect
(Figure 1.4). We have proposed that this “permessomponent” interacts with a prefrontal

cortical-driven component capable of activatingdse-specific physiological changes, likely
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mediated by brain structures involved in monitorihg emotional and physical internal state of

the individual, such as the anterior cingulate a&dlial prefrontal cortices.

| Placebo | Cognitive Component
VTA | DA Ll PFC Activation of disease- ]

specific mechanisms

- AN

Ventral Cpinid B A-HT?
Striatum Riaias At
NACG l
Permissive Component Flacebo || dMotorim- || Reduced
analgesia | | provement | | depression

Figure 1.4 Theoretical schematic of the role of the rewarduwtry in the placebo effect. DA-
producing neurons arising in the ventral midbraentral tegmental area, VTA) that send
projections to the ventral striatum, are activdigglacebo-induced expectation of clinical
benefit, which is a form of expectation of rewaithis represents the permissive component of
the placebo response (green). Reward-activatedeuoggal DA projections to the prefrontal
cortex (PFC) modulate higher cognitive processivigch in turn activate downstream disease-
specific mechanisms that mediate the differentgidaacesponses, including a reduction in pain
(placebo analgesia), improvement in motor perforrean PD, and mood improvement. This
pathway represents the cognitive component of kheepo effect (orange). The permissive
component is common to all placebo effects, whetflgagsognitive component is specific to the
disease or condition of the patient. In this cgdacebo’ refers to the actual placebo itself as
well as the environmental context in which the plaxis administered, which may also produce
anticipatory effects due to conditioning.

1.5 Imaging the placebo effect in other conditions
1.5.1 Pain

Prominent placebo effects occur in many disordérerdhan PD. Much of the relevant
research has occurred in the field of pain, whieeartvestigator can recruit healthy subjects and

induce various types of experimental pain. Ths fieurochemical evidence for the mechanism
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of the placebo effect was published in 1978, whevas shown that placebo analgesia could be
blocked by naloxone, indicating that it was medidtg endogenous opioids (Levine et al.,
1978). Since then, several studies have furthphaated endogenous opioids in the mechanism
of placebo analgesia (Gracely RH et al., 1983;LeviD and Gordon NC, 1984;Benedetti,
1996;Amanzio and Benedetti, 1999). Zubieta antbaglies (2005) used displacement ofithe
opioid receptor agonist PET tracél(] carfentanil to indirectly demonstrate endogenmpisid
release during placebo analgeslde placebo (saline injection) was administeredh whe
expectation of analgesia during a pain challengd faund endogenous opioid release in the
rostral ACC, dorsolateral prefrontal cortex (DLPF@terior insula, and the nucleus accumbens
(NAC). In the high placebo responders, increagedid transmission in the NAC was
positively correlated with the subjective changeam intensity ratings and reductions in the
negative affective ratings experienced during thie phallenge. In the DLPF@;opioid system
activation was negatively correlated with the mage of the expected analgesic effect of the
placebo rated before placebo administration, sugmgethat a reductioim opioid inhibitory

control in this region has a permissive effectlusméngagemenf other pain control regions,
such as the insula, ACC, thalamus and/or midbiZubigta et al., 2005). These results
substantiate those of an fMRI study that separduecdheural activations underlying pain
anticipation and experience (Wager et al., 2004)e investigators used a well-established
expectancy-manipulation paradigm (Voudouris etl#&189;Montgomery and Kirsch, 1997;Price
et al., 1999) to enhance belief in the placebouryeptitiously decreasing the level of thermal
pain when a topical placebo cream was applied eridtearm. Placebo treatment substantially
decreased the subjects’ reported pain and alspdinerelated activity in the insula, contralateral
thalamus, and ACC. During the expectation of agsily increased BOLD signal was observed
in the DLPFC, orbitofrontal cortex (OFC) and ACG,veell as in the periaqueductal grey area
(PAG) of the brainstem, and the PAG increases wesdively correlated with DLPFC and OFC
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activation. Given that the PAG is an area strofighked to the descending control of pain and
the endogenous opioid system, these results sutigésipioid systems are engaged by
prefrontal cortically-driven expectations of anaige(Benedetti et al., 2005). These data echo
results of a PET study measuring regional cerdijaamd flow (rCBF) during thermal pain in
which remifentanyl or placebo was given, and it wlaswn that both interventions increased
rCBF in the OFC and ACC and that these increasearigal with rCBF increases in the
brainstem (PAG, pons and medulla) (Petrovic e202). Finally, a recent study used an
expectancy manipulation paradigm similar to thapréed by Wageet al. (2004) to investigate
the BOLD signathanges during heat pain before and after plaaetypuncture (Kong et al.,
2006), and observed significant differencethe anterior insula, lateral PFC, rostral AC@Gd a
the inferior parietal lobule. The authors also fd@negative correlation between the activity in
the lateral/orbital PFC, rostral ACC, cerebellurong, and right fusiform and parahippocampal
gyri, and the corresponding difference in subjecpain ratingsndicating that the stronger the
placebo analgesia (i.e. lower pain rating®,greater the activity in these brain areas (Ketng
al., 2006). That these results contrast those agét/ et al. (2004), who found placebo-induced
BOLD signal reductions in the thalamus, insula AQC during pain, highlights the important
issue of the intrinsic variability of the placel&sponse; although both studies used similar
expectation-enhancement procedures, they usedadiffplacebos (cream vs. acupuncture),
different methodologies, and the subjects werergaestly differing instructions in different
environments and thus had different expectationdight of these findings, it reasonable to
postulate that there is a spectrum of placebo asal@ffects which engage endogenous opioid
(Benedetti, 1996;Benedetti et al., 1999;Benedeti.e2003b) and also non-opioid (Gracely RH
et al., 1983;Amanzio and Benedetti, 1999;Collocd BRanedetti, 2005) systems in varying
degrees. However, as described, certain prefrontéital structures are involved consistently
across placebo analgesia studies, including thergupmedial PFC, midrostral dorsal anterior
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cingulate, and the dorsolateral, ventrolateral @aitofrontal cortices. Interestingly, these areas
are frequently implicated in studies examining\bkintary regulation of affective responses
(Benedetti et al., 2005).
1.5.2 Depression

Clinical trials of antidepressants have shown paldirly strong placebo effects (Walsh et
al., 2002), which can in some cases be indistimglike from those of the active drug (Mayberg
et al., 2002). Indeed, Kirsch and Sapirstein aothet from their meta-analysis of 19 trials of
antidepressants that about 75% of the effectiveoieg®gse drugs results from the placebo effect
(Kirsch and Sapierstein, 1998). A recent, highiplized meta-analysis also reported that the
overall effect of new-generation antidepressantioagidns — including all but one of the most
prescribed selective serotonin reuptake inhibitowgas indistinguishable from placebo, and
below the recommended criteria for clinical sigrafnce with the exception of trials involving
the most extremely depressed patients (Kirsch.g2@08). Interestingly, this pattern was due to
a decrease in the response to placebo rather thacr@ase in the response to medication.

Detecting true placebo responses in depressiaamplicated by the natural waxing and
waning of symptoms in some patients, the diffi@dtin measuring improvement using rating
scales, and the unavoidable confound of selectatigqts who have had multiple different
treatments and thus bring expectations and leasmitigthem into the study (e.g. they know that
antidepressant medications require more than thee&s to take therapeutic effect) (Benedetti
et al., 2005). Despite these and other variaBla®e studies have successfully mapped out the
placebo response in depressed patients. Maybdrgadleagues (2002) conducted an FDG-PET
study that examined the brain regional glucose buoditam in response to fluoxetine or placebo
treatment in a group of depressed men, where searesacquired at baseline, one and six weeks
following treatment. The PET data showed an opebetween the areas of metabolic change in

the fluoxetine and placebo groups at six weekbpaljh the fluoxetine group had additional
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areas not seen in the placebo group (Mayberg,&2G00;Mayberg et al., 2002). This metabolic
pattern was completely different in patients whoereed cognitive behavioural therapy,
indicating that the physiological placebo respariesely matches the active drug response that
it is designed to simulate (and also that cognitigbavioural therapy is not simply a placebo).
As discussed, this may also be the case in plaaealgesia (Petrovic et al., 2002) and in PD (de
la Fuente-Fernandez et al., 2001b). However, Lien@nd colleagues (2002) used quantitative
electroencephalography (EEG) to demonstrate thiadwadh depressed medication responders
and placebo responders were virtually indistingaissé clinically, the placebo responders had
changes in prefrontal cordance that were not seeredication responders or in non-responders
(to either medication or placebo). This suggdsas the placebo response may depend on altered
prefrontal activity early in therapy and that tHagebo response was not functionally equivalent
to the drug response (Leuchter et al., 2002). Tihwemains unclear if placebo-derived
improvements in depression share a common mechanmiisnthe therapeutic effect of active
treatment.

The effects of expectation of clinical improvementepression have also been
examined. In the study by Mayberg and colleagd@82), at one week, before any clinical
antidepressant effect was seen, both the fluoxatideplacebo groups demonstrated ventral
striatal and OFC glucose metabolic changes, whietewot seen in those patients who were
ultimately drug non-responders. Since none optteents in either group demonstrated any
signs of clinical improvement at this time, theestigators interpreted these results as the
expectation component of the subsequent antidegoresssponse (Benedetti et al., 2005).
These data are supported by a recent EEG studyictattin depressed subjects which
demonstrated that a positive clinical outcome apgukto be predicteid part by decreasés
prefrontal EEG cordance that occurred durindfitiseweek of the clinical trial during the
placebo lead-in phase, in the absence of drugdfeexihe or fluoxetine) treatment (Hunter et al.,
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2006). Although it is not possible to identify thgecific brain areas involved, the authors
suggested that early neurophysiological changesefiontal brain areas represent nonspecific
changes that occur in response to the treatmeiroanvent, such as interactions with study
personnel, pill administration, and structured assents, shaping the expectations of the patient
which have the capacity to influence the treatnoemntome.
1.6 Conclusion

The placebo effect operates within the contextrairbcircuitry that enables semi-
voluntary control over affective and physiologiceéponses. Based on the evidence derived
from PD, pain, and depression, it is clear thatel® not one placebo effect but many, with
different underlying mechanisms. However, theyhalle in common a component of
expectation, which may well involve the DLPFC amgbaminergic activity in the ventral
striatum. This could be considered a ‘permissoagghponent, integrating motivational and
reward-expectation circuitry enabling the beliedttthere will be improvement in one’s
symptoms (Lidstone et al., 2005). This state g@ieetation, driven by prefrontal cortical and
limbic areas, may in turn trigger a downstream bemical response specific to the condition in
question; in the case of PD, DA release in theal@tsiatum, and in placebo analgesia,
endogenous opioid release. Thus, ‘permissive’ sefeactivation of the common element of
reward expectation (or motivation) that is requitedhitiate the specific physiological
component of the placebo effect. The degree oflaydetween the mechanisms of placebo
responses in different conditions is unknown, arnsllikely that the placebo responses in most
conditions involve the combined effects of manymebemicals, including monoamines,
opioids, serotonin and hormones. Indeed, a rdeEftstudy demonstrated the combined
actions of endogenous opioids and DA in the meamamf placebo analgesia in healthy controls
(Scott et al., 2008). It is interesting to notattim two of the studies mentioned here, the
magnitude and location of the biochemical placdbececorrelated with symptomatic
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improvement: 1) the DA release in the putamen efdbrsal striatum in the PD patients who
perceived the most improvement in their motor fiord (de la Fuente-Fernandez et al., 2001b),
2) the increased endogenous opioid release in @@, Ansula and NAC in subjects who
experienced relatively less pain by measurestehsity, unpleasantness and affect (Zubieta et
al., 2005). This suggests that the placebo effees where it is most needed, or serves a
protective or adaptive function based on the emvirental context. This could explain the high
variability of the placebo response in that itasdred to reflect the perceived needs of the
individual, which differs greatly among subjecBespite this heterogeneity, which can only be
controlled to some extent in clinical trials, iresmarkable that based on the evidence to date, the
neurochemical placebo effect appears to mirroptte@macological effect which it is designed
to mimic, as seen in Maybegyal. (2002), Petroviet al. (2002) and de la Fuente-Fernaneez

al. (2001). This indicates a crucial role for the teom, particularly the expectations generated
by the environment, in the manifestation of placeggponses, whether it is a clinical trial or an
experiment designed to study the placebo effeelfitfAs neuroimaging techniques continue to
be refined and improved, researchers will conttougain further insights into not only the
mechanisms underlying the placebo effect, but tiledarger fundamental processes of how
environmental cues are integrated into the reguiadf thoughts, emotions and physiological

state for our behaviour and survival.

1.7 Research Objectives

The main purpose of this work was to further explthe reward hypothesis of the
placebo effect using PD as a model. Specificélg,objective was to better understand the
relationship between the expectation of therapdagrefit and DA release in the striatum in PD
patients.PD is a good model in which to study this aspec¢hefplacebo effect for two reasons:

first, both components of the placebo responsetfieepermissive/reward-related and cognitive-

21



related) involve DA in the striatum, and can therefbe measured directly using RAC PET, and
2) the clinical placebo effect in PD (i.e. improvemhin motor symptoms) can be measured
objectively by a blinded examiner, in addition ttyaubjective measures reported by the patient.
Thus, the placebo effect can be quantified at theeels in Parkinson’s; biochemically (PET
data), objectively (clinical scales), and subjesi(patient self-report).

In order to generate placebo effects in the patjentvas necessary to use deception to
manipulate their expectations. This was achiemddo ways. For the first study (Chapter 3),
an overt/covert paradigm was used in PD patients vdd undergone surgery for subthalamic
nucleus deep-brain stimulation (STN-DBS). Thise@tpopulation is ideal for overt/covert
treatment as it is theoretically possible to adjbststimulators without the patient’s knowledge,
so a true placebo effect can be detected (and cselyethe true therapeutic effect can also be
detected). In the second study (Chapter 5), eafiens were manipulated using explicit verbal
instructions. The subjects were told that they &aértain probability of being given active
medication (levodopa) when in fact they were gipgatebo. This enabled the quantification of
the synaptic DA released in response to specifengths of expectation, as well as the
mathematical characterization of the relationshidifferent striatal subregions i.e. monotonic
(implying the stronger the belief, the greater@fi#erelease), or inverted-U (implying that the
greater the uncertainty, the greater the DA release

Both of these experiments involved the use of RPT, and at the time this research
was conducted, the research centre was implemeatiegv, ultra-high resolution (HRRT) PET
scanner. Thus, the first study was conducted erailver-resolution tomograph (ECAT), and
the second study was conducted on the HRRT, whashiwfact the first human study in the
centre to use this new PET camera. Due to theanutid differences in the nature of the data
collected the methodology that had previously hesed for analyzing the ECAT images could
not be directly applied to the HRRT data. Thereftine second objective of this work was to
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develop and implement the framework and methodthianalysis of the higher resolution PET
data (Chapter 4). This required developing andptd understanding of the physical and
computational aspects of PET data, and using nei@rae to guide the development and

refinement of the imaging analysis methods.
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CHAPTER Il General introduction: dopamine, reward and Parkinson’s disease

2.1 Basal Ganglia
2.1.1 Introduction

The basal ganglia are a highly interconnected gaodwgubcortical forebrain nuclei that
include the striatum (caudate and putamen), glphillglus (internal and external segments), the
subthalamic nucleus, and the substantia nigra @ampacta and pars reticulata) (Parent, 1990).
These nuclei work in concert with the cortex toamige and execute goal-directed behaviours
requiring the integration of motor, cognitive amdbic circuits. Cortical inputs first converge in
the striatum, then are subsequently processedghrihie series of remaining nuclei via distinct
pathways and projected back to the cortex vialiaamus. The basal ganglia are best known for
their role in voluntary motor control, forming thextrapyramidal’ motor system (in contrast to
the descending corticospinal or ‘pyramidal,” systeim addition to the control of movement,
the basal ganglia are involved in several otheeetspof goal-directed behaviour, namely the
processes that lead to the initiation of movemiaectyding the elements that drive actions such
as motivation, emotions and cognition (Haber andw&dki, 2004). Ventral areas of the basal
ganglia play a key role in reward and reinforcenaed the development of addictive behaviours
and habit formation. More central basal ganglgiaes are involved in cognitive functions,
such as procedural learning and working memoryalBj, the dorsolateral areas of the striatum
are involved in motor control. Given their involaent in these various domains, it follows that
several diseases affecting mental health, suchhasophrenia, obsessive compulsive disorder,
and addiction, as well as diseases that affect miiotetion, such as Parkinson’s disease and
Huntington’s are associated with basal gangliagiagy.
2.1.2 Striatum

The striatum is the major input structure of thedda@anglia and derives its afferent input

from three major sources: the cerebral cortextlibamus and the brainstem. Glutamatergic
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projections from virtually all cortical areas conge onto striatal neurons, of which the major
class are medium spiny projection neurons (MSN&f) ise GABA as a neurotransmitter
(Oorschot, 1996). The striatum also receives ayhdapaminergic innervation from the
midbrain, as well as serotonergic inputs from tbesdl raphe nucleus and noradrenergic
innervation from the locus coeruleus (Blandinilet2000). Based on connectivity and
histological and functional considerations, thesant ventral-most extension of the striatum is
referred to as the ventral striatum, and inclutlesnucleus accumbens (NAC), the medial and
ventral portions of the caudate and putamen, amdttimtal cells of the olfactory tubercle
(Kunishio and Haber, 1994;Selemon and Goldman-R4a%i85). The dorsal striatum includes
the remaining regions of the caudate and putariéhnile the ventral and medial borders of the
ventral striatum are relatively clear, its dorsetat borders merge imperceptibly with the dorsal
striatum proper, as the cellular composition islydgatomogeneous and can only be distinguished
histochemically (Haber, 2003). The dendritic aMsoaf MSNs are among the most densely
spined neurons in the brain, suggesting that thegpecialized for integrating information from
several different sources simultaneously. For gtanhe primate NAC receives afferent input
from the hippocampal formation, the entorhinalaotory, anterior cingulate and orbitofrontal
cortices, the insula, the thalamus, the amygdaéstbstantia nigra, as well as intrinsic
cholinergic input from aspiny neurons (Heimer et 897). Cortical glutamatergic inputs
terminate mainly on the heads of the spines, thialarputs terminate mainly on the shafts of
spines, and dopaminergic inputs also terminatdershafts so as to modulate cortical inputs

(Haber and Gdowski, 2004) (Figure 2.1).
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Cerebral cortex
(glutamate)

Medium spiny neurons
(GABA)

Substantia nigra
(dopamine)

Large aspiny neurons
{acetylcholine)

Figure 2.1 Cartoon of the pattern of termination of afferestsan MSN in the striatum. The
soma and the proximal dendrites with their spimesshown. Midbrain DA afferents (green)
from the substantia nigra form synapses on thesietiendritic spines, placing them in a
unique position to modulate glutamatergic cortedféérent input (grey). MSNs also receive
intrinsic input from other MSNs (blue) and choligerinterneurons (red). Adapted from Mink,
2003.

Striatal output is to the globus pallidus and thlessantia nigra, pars reticulata (SNpr),
which in turn project to the thalamus, which theojgcts back to the cortex, completing cortico-
striatal-thalamo-cortical loops. The functiongbdgraphy of the frontal cortex is preserved
within these cortical-basal ganglia loops, creatirggries of circuits which are functionally
distinct, yet operate in parallel to control theioas aspects of goal-directed behaviour
(Alexander et al., 1986) (Figure 2.2). These pealredops contain reciprocal connections with

functionally similar brain regions to maintain tedsinctional networks, but are also connected

by axon collaterals at each level and thereby comeate with regions associated with different

26



cortical-basal ganglia circuits. Such a paraltegkegrated organization enables the transfer of
information between circuits (for example, limkig,cognitive, to motor) so that the organism

can continuously update and modify goal-directeublv@urs (Haber, 2003).

Motor Oculomotor Dorsolateral Lateral Anterior
Prefrontal Orbitofrontal Cingulate
c v e e
FEF APA LOF |
ortex SMA I\S.alg DLC ACA ACA &a
Striatum PUT Caud dl-Caud vim-Caud Vs
(b) (h) (h)
Maotor Oculomotor Dorsolateral Lateral Anterior
Prefrontal Orbitofrontal Cingulate
Pallidum vl - GPi cdm-GPi Idm-GPi mdm-GPi r1-GPI, VP
S. nigra cl - SNr vI-SNr Ti-SNr Tm-Shr 1d-SNr
VLo, VAmC VApC m-VAmC =
Thalamus vim MDpl MDpe MDme pm-MD

Figure 2.2Hypothetical parallel segregated circuits conngctive basal ganglia, thalamus and
cortex. The circuits are named according to tl@amy cortical target of the output from the
basal ganglia. Striatal subregions are containegda green boxes. In reality, the loops are not
fully segregated but connected via axon collatdmbdlow information flow between functional
units. ACA, anterior cingulate area; APA, arcuatemotor area; CAUD, caudate; b, body; h,
head; DLC, dorsolateral prefrontal cortex; EC, dmtwal cortex; FEF, frontal eye fields; GPi,
internal segment of globus pallidus; HC, hippocalnepaex; ITG, inferior temporal gyrus;

LOF, lateral orbitofrontal cortex; MC, motor corte¥Dpl, mediulis dorsalis pars
paralarnellaris; MDme, medialis dorsalis pars magfHalaris; MDpc, medialis dorsalis pars
parvocellularis; PPC, posterior parietal cortex;TRPputamen; SC, somatosensory cortex; SMA,
supplementary motor area; SNr, substantia nigra gdiculate; STG, superior temporal gyrus;
VAmc, ventralis anterior pars magnocellularis; Vapentralis anterior pars parvocellularis;
VLm, ventralis lateralis pars medialis; VLo, vetisdateralis pars oralis; VP, ventral pallidum;
VS, ventral striatum, cl, caudolateral; cdm, cauttasomedial; dl, dorsolateral; 1, lateral; [dm,
lateral dorsomedial; m, medial; mdm, medial dorstiale pm, posteromedial; rd, rostrodorsal,
rl, rostrolateral; rm, rostromedial; vm, ventroredgvl, ventrolateral. Adapted from Mink,

2003.
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2.2. Dopamine
2.2.1 Dopamine systems

The mammalian brain receives its entire dopani?e) Supply from a population of
neurons whose cell bodies reside in the ventrah&gum, substantia nigra and retrorubral cell
groups of the midbrain and send widespread forelmaijections to diverse efferent structures
(Fuxe et al., 1970). These neurons are of tremendinical importance due to their diverse
projections and ability to modulate excitatory gytn@activity in several different brain areas.
Indeed, neurological and psychiatric disorders agRarkinson’s disease, Huntington’s disease,
schizophrenia, Tourette’s syndrome, and drug addictre all intimately associated with
dysfunction of either midbrain DA neurons themse)w& of brain regions that receive heavy
dopaminergic input. Midbrain DA neurons are tyflicdivided into three major systems based
on morphology, anatomical origin and connectivifjnese underlying neuroanatomical
differences confer each system with specific fuori roles: the mesolimbic system is involved
in reward and motivation, the mesocortical systemmvolved in cognition and higher cortical
processing, and the nigrostriatal system is inwbimevoluntary movement and sensorimotor
integration (Haber and Gdowski, 2004). In additiothese systems, a DA pathway that
terminates in the thalamus has also been identifigdoriginates from the hypothalamus,
periaqueductal grey matter, ventral mesencephaildritee lateral parabrachial nucleus. This was
reflected in immunolabeling of the human and maeagonkey thalamus by dopaminergic

markers tyrosine hydroxylase, DA and DA transpof&amnchez-Gonzalez et al., 2005).

The DA pathways originate in subdivisions of thbstantia nigra (SN) and the adjacent
ventral tegmental area (VTA). The SN, named dfterdark melanin pigment that is formed by
the intracellular auto-oxidation of DA, is subdigilinto the pars compacta (SNpc) and pars
reticulata (SNpr) (Halliday and Tork, 1986). Itdsficult to visualize a clear demarcation

between the SNpc and SNpr in primates, due tonession of DA neurons and their dendritic
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arbours into the SNpr (Haber and Fudge, 1997). Sec merges with the medially-adjacent
DA cell groups of the VTA and collectively, thesediorain DA neurons are divided into dorsal
and ventral tiers. The cells of the dorsal tietude both the dorsal SNc and the contiguous
VTA, and the cells of the ventral tier include dhensocellular and ventral groups of the SNc. In
primates, the dorsal tier DA neurons project tovietromedial striatum, the bed nucleus of the
stria terminalis, septal nuclei, the amygdala,ptedrontal cortex (PFC), and the hippocampus.
Thus, dorsal tier neurons project primarily to limbnd cognitive areas of the cortex, producing
the mesolimbic and mesocortical DA systems. Thergetier neurons project throughout the
motor striatum (with the exception of the ventialatum), but have sparse cortical projections,
and thus make up the nigrostriatal system.
2.2.2 Dopamine neuron physiology

Results from individual experiments using diffdrerethods suggest that DA plays a role
in behavioural functions as diverse as movementrg, punishment, salience, learning,
cognition, and many other processes, which magla¢ed to the different time courses of DA
signaling (Schultz, 2007). DA neurons show twodpreinant patterns of firing activity termed
tonic and phasic (Grace, 1991). The phasic ana fomg of DA neurons influence
extracellular DA concentrations differently (in féifent locations) and are controlled by different
mechanisms. Tonic activity consists of a regutekesfiring pattern of 1-6 Hz that DA neurons
usually exhibit in the absence of salient stim@igce and Bunney, 1984;Schultz et al., 1997).
Tonic firing patterns maintain basal extracelld&rels of DA in afferent regions, and can be
affected by visceral stimuli that can moderately@ase or decrease efferent DA levels to
provide a “tone” on DA receptors (Grace, 1991). Sehkevels recorded using in vivo
microdialysis are on the order of 0.3 to 15 nMha striatum and PFC (Lapish et al., 2007).
Tonic firing contributes more to extrasynaptic Devéls, and is modulated by presynaptic limbic
and cortical glutamatergic inputs (Grace, 1991;Hmall et al., 2002). In addition, the population
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activity of VTA DA neurons may also affect tonic Dévels (Grace, 1991). Phasic activation
of DA neurons increases their firing rates to 20(Brace and Bunney, 1984), which results in
significant and long-lasting increases in extradal DA concentrations (Phillips et al., 2003).
Phasic firing is thought to contribute mainly tanaptic (as opposed to extrasynaptic) DA levels,
is mediated primarily by bursting events at thesleaf the cell body (Grace, 1991) and is
believed to lead to a much larger DA release thaensthese neurons fire in a slow, irregular
single spike mode (Floresco et al., 2003). The towse (seconds) and localization of DA
released by burst firing is restricted by a highrétly and rapid reuptake system. This bursting
activity is thought to represent a key componenewfard signaling (see Section 2.3).
2.2.3 Dopamine receptors

Post-synaptically, DA exerts its modulatory effetiough binding to metabotropic G-
protein coupled receptors, of which there are §ubtypes, termedDhrough . The
classification scheme is based upon the DA recepability to either stimulate (Pand ) or
inhibit (D,, D3, D4) adenylyl cyclase activity. In the striatum, stiletion of DA receptors on
MSNSs initiates intracellular signaling cascaded tlecite’ or ‘inhibit’ MSNs by modulating the
gating and trafficking of voltage-dependent andiid-gated (ionotropic) ion channels
embedded in the dendritic membrane, thereby dingdatie way in which MSNs respond to
glutamatergic cortical input. In this way, DA r@ters exert a regulatory influence over the
glutamate-mediated ‘tone’ in the striatum (Onnlet2000). Through stimulation of adenylyl
cyclase, @ and B DA receptors activate cyclic AMP (CAMP) second segyer pathways,
leading to intracellular kinase signaling cascaessilting in the transcription of genes that
encode the membrane proteins and enzymes necéssaegliate long-term changes in intrinsic
plasticity (e.g. changes in properties of ionicraiels on dendrites that regulate neuronal
excitability), and ionotropic and metabotropic glate receptor-mediated changes in synaptic
plasticity (Seamans and Yang, 2004). ActivatiogfD3;, and D) DA receptors suppresses
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cAMP, one effect of which is to inactivate glutam&MDA receptors on the post-synaptic
membrane.ln situ hybridization of Q3 and D receptor mRNA indicates highest levels of both
receptors in the striatum, NAC and olfactory tulberd, receptor mRNA is also found in high
levels in midbrain DA neurons where it presumablgaes autoreceptors.; Beceptors are
found in lower levels in the striatum, but higherthe NAC than Breceptors (Sealfon and
Olanow, 2000).
2.2.4 Dopamine and the basal ganglia

DA plays a critical modulatory role in the cortidasal ganglia circuits. It can be
broadly generalized that DA acts as a neuromoduatather than a mediator — of excitatory
synaptic neurotransmission. In the striatum, winsctme major input structure of the basal
ganglia, axon terminals from nigrostriatal DA newsdorm asymmetric synapses with excitatory
corticostriatal afferents on the necks of dendspies on intrinsic striatal medium spiny
neurons (MSNSs). At least two types of MSNs havenbdentified which express different
profiles of DA receptors: striatonigral, ‘directafhway medium spiny neurons express high
levels of O receptors and project directly to neurons tharfate between the basal ganglia and
the rest of the brain, namely, neurons of the Sifgrinternal segment of the globus pallidus
(GPi). In these neurons, GABA is co-expressed waitiistance P and dynorphin. By contrast,
striatopallidal, ‘indirect’ pathway medium spinyurens express high levels of Beceptors
(together with GABA and enkephalin) and their axprgect to the external segment of the
globus pallidus (GPe), whose neurons in turn ptdgethe interface nuclei (SNr and GPi), either
directly or via the subthalamic nucleus (Surmetalg 2007)(Figure 2.3). However, the
pathways may not be totally segregated, as caddladéeional branches have been demonstrated

(Smith et al., 1998).
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Figure 2.3 Simplified schematic of the intrinsic anatomytloé motor cortico-striatal-thalamo-
cortical circuit containing the direct and indirg@etthways. Red arrows indicate inhibitory
(GABA-—ergic) connections; green arrows, excitat@tamatergic) connections. CM indicates
centromedian nucleus of thalamus; GPe, externahergof the globus pallidus; GPi, internal
segment of the globus pallidus; MC, primary motartex; PMC, premotor cortex; SMA,
supplementary motor area; SNc, substantia nigm q@anpacta; SNr, substantia nigra pars
reticulata; STN, subthalamic nucleus; VApc/mc, vananterior nucleus of thalamus pars
parvocellularis; VLo, ventrolateral nucleus of @ralus pars oralis. Adapted from Mink, 2003.
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Overall, the two output pathways are hypothesipduaive opposing effects on motor
function, where activation of neurons from the dirend indirect pathways respectively
facilitate and suppress thalamic drive to the corfEhe two pathways are thought to be in
balance such that increased activity in the dipathway causes decreased GPi/SNpr output and
increased activity in the indirect pathway causesdased GPiI/SNpr output. By adjusting the
balance, the activity of cortical targets of theddaganglia can be modulated up or down. With
respect to the well-studied motor-loop, it has &lsen proposed that the direct pathway is
involved in fine motor control and complex moton&tions, and the indirect pathway exerts a
more generalized control over gross motor func{(@nn et al., 2000). Yet another hypothesis is
that DA exerts a focusing effect on MSNs in theasiim, the net effect of which is favoring the
processing of one of many competing motor progreasised from the primary motor cortex and
associated cortical regions through the basal gaocgtuits. In this way, the output of the basal
ganglia acts focally to select desired motor meidmas and broadly inhibit competing motor
mechanisms to allow movement to proceed withoetriatence (Mink, 1996). It is clear that
DA modulates glutamatergic effects on corticosafiiputs to the striatum, although it is not
precisely understood how DA modulates the diredtiadirect pathways. The classic model
proposes that DA has a dual effect on striatal oresjrcausing excitation of;Deceptor-bearing
neurons in the direct pathway and inhibitingrBceptor-bearing neurons of the indirect pathway
(Obeso et al., 2000). However, the growing evigethat Q and D receptors co-localize on the
same MSNs (Aizman et al., 2000), as well as thetfat DA neurons also innervate extrastriatal
targets within the basal ganglia indicates that thodel is overly simplistic. In any case,
disorders in which brain DA levels are severely poomised, such as Parkinson’s disease,
compellingly show the critical role that DA playstronly in modulating the motor functions of
the basal ganglia, but also the executive and emalttfunctions, which can also be abnormal in
Parkinson’s.
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2.3 Reward Processing in the Mammalian Brain
2.3.1 Introduction

In addition to modulating the circuits controllimgluntary movement, midbrain DA
neurons have several other functions in the bmaghiding motivation and reward processing.
‘Rewards’ are defined as stimuli which, when adstiied to an organism following a correct or
desired response, produce repeated approach bahsawitthe repetition of responses (Bishop
M.P. et al., 1963;0Ilds and Milner, 1954). Thuseward is an operational concept used to
describe the positive value that an organism aite€to an object, behaviour or internal physical
state (Breiter and Rosen, 1999). The ability obeganism to detect, approach, and interact with
(i.e. consume, in the case of food rewards) therding stimuli in its environment is a
fundamental component of goal-directed behaviouwd, raquires the integration of cognitive,
motivational and motor circuits, in which DA plagsrucial modulatory role. The
mesocorticolimbic DA system and its terminal aneatuding the orbitofrontal cortex, ventral
striatum, amygdala, and others, are particulabpeated with reward processing in the brain.
2.3.2 Reward signaling by dopamine neurons

Electrophysiological studies in non-human primateshonstrate that 65 to 80% of DA
neurons (primarily in the VTA) show phasic actieatin response to primary liquid and food
rewards, visual, auditory and somatosensory reweedicting stimuli, and intense, novel
stimuli (Horvitz, 2000;Schultz, 2000;Ljungberg &t 4992). Rather than signaling the absolute
presence of a reward, DA neuron activity has beepgsed to code the discrepancy between the
predicted reward and the actual reward, whichrimée the ‘prediction error’ (Mirenowicz and
Schultz, 1994;Schultz, 1998). Thus, DA neuronsaatevated when rewards occur without
being predicted or are better than expected, amndepressed when predicted rewards are
omitted or are worse than predicted. DA neuroeslarefore able to produce a global teaching
signal that can be broadcast to widespread staataprefrontal cortical structures indicating the
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availability of environmental stimuli with positivaotivational value to the organism (Schultz
2007). The phasic responses of DA neurons arastensly stronger to either rewards or
reward-predicting conditioned stimuli that are a&sst@d with higher reward magnitude,
probability, and expected value (Fiorillo et aD03;Tobler et al., 2005). Following training,
and if reward magnitude is kept constant, phasiccBiifiring varies monotonically with the
probability of reward delivery, i.e. DA neuron adty increases linearly with increasing
probability (p=0 to p=1) (Figure 2.4, centre panel)according to utility theory, the expected
value of the reward, defined as the product ofpttedability or reward delivery and the

magnitude of the reward (Figure 2.4, left panel).
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Figure 2.4 Separate coding of reward value and uncertaintAyeurons in non-human
primates. Five different conditioned stimuli pradad-or-none reward at different probabilities.
Centre panel: Averaged neuronal population resoinsievo monkeys. The initial, phasic
response to the conditioned stimulus (CS) increas®®tonically with the probability of the
reward predicted by the CS (increasing from topdtiom). Left panel: The nearly monotonic
increase in the population responses for sevamlkits sets ('Data’) may encode expected value
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or utility (below). The more sustained responseveen CS and reward (centre) encodes
uncertainty by showing a peak at p=0.5. Right paBestained population response (top) co-
varying with entropy and variance (and standardaden) (bottom; entropy scale in bits,
variance scale normalized to maximum). Adaptethfhatp://www.scholarpedia.org/
article/Reward_signals.

Computational neuroscientists have summarizedrtioe gignal carried by DA neurons into a
mathematical temporal difference model (Montagua.etL996). This algorithm is essentially a
value function that relates the expected valuerefard at a particular point in time to the time-
discounted sum of rewards that can be earned imfimge future (McClure et al., 2003). If a
reward occurs after that point in time that is &etihan the initial prediction of the expected
value, then the algorithm produces a positive t€polsitive error prediction), and the converse
occurs if the second reward is worse than the ptiedi (negative error prediction). According
to this model, DA serves two functions in rewarghsiling: it is required for learning to predict
future rewards as well as being involved in biasantion selection toward situations predictive
of future reward (McClure et al., 2003). Anothand not mutually exclusive) influential
hypothesis of DA function in reward is the inceptsalience hypothesis, which states that DA’s
role in reward is the attribution of incentive valto stimuli in the environment or behavioural
acts. Berridge and Robinson describe this proagske transformation of a “liked” stimulus
into a “wanted” stimulus that drives the organignengage in goal-directed, motivated
behaviour (Berridge and Robinson, 1998). Thisotlypsis has recently been incorporated with
the temporal difference model and reward predidipMcClureet al. (2003). Finally, the

phasic responses of DA neurons in response tansalienuli have also been proposed to serve a
‘bottom-up’ function of alerting the organism tdeatd to stimuli of interest. Based on the
finding that efferent projections from the supeotliculus likely convey early visual input to

nigrostriatal DA neurons, Redgrave and Gurney (2@d6posed that the resulting phasic

activity in DA neurons serves an alerting functiorthe organism, switching attentional and
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behavioural selections to unexpected, behaviounalportant stimuli (Redgrave and Gurney,
2006).

In the natural environment, rewards usually occitin wome degree of uncertainty. If the
reward value is held constant, and if an animakisied to associate certain conditioned stimuli
with discrete probabilities (p) of reward delivengore than one third of DA neurons show a
relatively slow, sustained and moderate activalietween the onset of the reward-predicting
stimulus and the delivery of the reward (Figure 2ehtre panel) (Fiorillo et al., 2003). These
tonic DA responses are maximally active at p = @egline both at p = 0.25 and p = 0.75, and
are virtually zero at both extremes of the probghbdistribution (p = 0 and p = 1) (Figure 2.4,
left panel). This response was hypothesized teaethe uncertainty associated with reward
expectation, as uncertainty can be expressed asitlzance, or entropy of the probability
distribution, which is an inverted-U-shaped funotigith a peak at p = 0.5 (intuitively, it can be
understood that an outcome is most uncertain wiefikelihood of its occurrence is 50%, and
most certain to occur or not occur, at 100 and @¥pectively). These findings have recently
been extended to humans using functional magretmnance imaging (fMRI); although DA
neuron activity could not be assessed directlybmaich BOLD signals tracked the error
prediction signal transiently and demonstrated nsastained activity that correlated with
uncertainty (Dreher et al., 2006). Direct measyiof DA levels in animals using microdialysis
has provided another hypothesis for sustained ase=in DA during reward paradigms.
Mogenson and Phillips (1976) were the first to msgthat DA played a role in motivated
behaviour (Mogenson and Phillips, 1976), and thjsothesis has expanded into the current
incentive motivation hypothesis of DA function, tialates tonic increases in synaptic DA to
the current motivational state of an organism @@biand Phillips, 1986;lkemoto and Panksepp,
1999;Phillips et al., 2007). Regardless of the mecsm, through different temporal profiles of
neural activity, DA neurons have the capacity tdecthe occurrence, expectation, and
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uncertainty or saliency of reward-related stimslitlke organism learns to optimize motivated,
goal-directed behaviours.
2.3.3 Dopamine and reward expectation

DA release in the ventral striatum, which is thegple target of mesolimbic DA
neurons, is associated with reward prediction andritive motivation, as has been extensively
demonstrated in animals (Phillips et al., 1989;8elet al., 1992;Schultz et al., 1997;Schultz,
1998;Garris et al., 1999;Phillips et al., 2003hephasic burst firing of DA neurons occurs on
the millisecond time scale, while the tonic firiagcurs over seconds, or perhaps minutes, and so
these different properties of DA neurons are diftito demonstrate in humans using the slower
time resolution of most neuroimaging techniquegsjite these limitations, the expectation of
rewarding stimuli has been associated with an asmd BOLD signal in the ventral striatum as
measured by fMRI in several studies (Breiter anddo 1999;Delgado et al., 2000;Pagnoni et
al., 2002;Dreher et al., 2006;Elliott et al., 200@ytson et al., 2001a). An fMRI study in
cocaine addicts showed increased activation oRN#€E during the pre-infusion period for both
saline and cocaine, in which there was a 50% eapegtcondition for receiving cocaine
(Breiter and Rosen, 1999;Breiter et al., 1997)e Tdct that the same degree of activation
occurred during the pre-infusion period in bothaitions indicates that the NAC activity may
reflect a computation of expectancy. Volkow antleagues (2006) used fluorodeoxyglucose
(FDG) PET to measure brain glucose metabolism duhie expectation of receiving
methylphenidate in drug naive subjects. The sufjeetre told that methylphenidate could be
experienced as pleasant, unpleasant or devoidoggdive effects to eliminate specific
expectancy effects. When subjects expected toueceethylphenidate but received placebo,
significant metabolic increases were seen in tmeraecingulate gyrus and NAC, and the effect
was largest in subjects who had not yet experietitoeedctive medication, suggesting that these

structures are involved in expectation for whatdhbthors termed "uncertain drug effects”

38



(Volkow et al., 2006). This possibility is suppsdtby other imaging studies indicating
increased activity of the ventral striatum durihg expectation of other types of rewards,
including monetary rewards (Elliott et al., 2000i@zelo et al., 2000;Knutson et al., 2000;Breiter
et al., 2001;Dreher et al., 2006;Knutson et alQ1&), primary rewards (Berns et al.,
2001;0'Doherty et al., 2002), and drug rewards (@&t al., 2002). Changes in BOLD signal
or glucose metabolism in the ventral striatum arespecific to altered DA release and could
reflect changes in glutamatergic transmission fommical or other limbic structures that may be
modulated by DA (Knutson and Gibbs, 2007).

Some PET studies have shed light on this area,enhir possible to quantify a direct
increase in DA release in response to reward. ISadlcolleagues (2003) demonstrated
increases in striatal DA release have been in respto primary food reward (Small et al.,
2003). Other groups have examined DA release WHQin response to monetary reward:
Koepp and colleagues (1998) measured DA releasg {3C] raclopride (RAC) PET while
subjects played a video game for monetary rewaitewhthe PET scanner (Koepp et al.,
1998), and Zald and collegues (2004) demonstrate@ased DA release in the dorsal striatum
during a variable-schedule card selection tasloagpared to a sensorimotor control task (Zald
et al., 2004). With respect to pharmacologicalaels, Leyton and colleagues (2002)
demonstrated that a low oral dose of amphetamineug-naive subjects caused a decrease in
RAC binding in the ventral striatum which correltgith the subjects’ “drug wanting” and with
the personality trait of novelty seeking (Leytorakt 2002). Other studies have also shown
ventral (Oswald et al., 2005;Martinez et al., 2008yets et al., 2001) and dorsal (Schlaepfer et
al., 1997;Volkow et al., 1999;Volkow et al., 20Gt)iatal DA release in response to
psychostimulants. The expectation of caffeineahitual coffee drinkers was shown to increase
DA release in the thalamus as estimated by a changAC binding (Kaasinen et al., 2004),

although the responses in the dorsal or ventraltsin did not reach significance.
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2.3.4 Measuring synaptic dopamine in humans with*jC] raclopride PET

Currently, the only method by which DA can be difaad and imaged in the human
brain is through the use of PET. There has beandndous interest in developing PET tracers
specific to the DA system due to its involvemenh@urological and psychiatric disorders.
Because DA cannot cross the blood-brain-barriarggimaging studies of the DA system in the
living brain have largely relied on indirect meassjrsuch as labeling DA receptors, DA
transporters, precursors of DA synthesis, or comgswvhich bind to the enzymes that degrade
synaptic DA. Furthermore, cerebral blood flow aropse metabolic changes as a result of
manipulation of the DA system can also be investigavith PET.

Raclopride is a DA Bsreceptor antagonist with a moderate affinity for&eptors (I
=1000-2000 M) (Seeman et al., 1989). Although it exhibits hagiecificity for Dz receptors,
its relatively lower affinity subjects it to comjg@in from endogenous DA. This feature has
been exploited to provide an index of changes imaptic DA levels. As mentioned in the
previous section, RAC PET has been used to measdegenous DA release in response to
pharmacological (Volkow et al., 2001;Leyton et aDP2;Volkow et al., 2003) and behavioural
(Koepp et al., 1998;Zald et al., 2004) intervensgidooth in healthy controls and in patient
populations. The ability of endogenous DA to disiel RAC binding is outlined in the
occupancy model shown in Figure 2.5. An increasg/naptic DA as a result of some
intervention displaces bound RAC, thereby redutimgsignal, whereas if synaptic DA levels
are depleted, a greater amount of RAC is ablertd By;3receptors, increasing the signal. On
the basis of microdialysis studies in non-humameaptes it has been estimated that a 10%
reduction in availability of Breceptors for RAC binding reflects a five-fold irase in synaptic

DA levels (Breier et al., 1997).
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Figure 2.5Cartoon of the classic occupancy model for RAGid3rthat deplete DA levels by
blocking vesicular monoamine transporters (VMATGIs as reserpine, permit more RAC
binding to D receptors. Conversely, drugs like amphetamine (AMEt reverse the DA
transporter (DAT) increase levels of synaptic DAl affectively displace RAC, decreasing its
observed binding potential. Adapted from Larue2@00.
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Reliable RAC displacement measurements have génbesn restricted to the striatum,
which contains the highest concentration of bottabd D receptors (Sealfon and Olanow,
2000). The ability to measure DA release in estratal regions, such as the prefrontal cortex,
has been limited by the relatively low density e¢eptors (0.3 — 4 pmole/g range) (Volkow et
al., 1996), small volumes of interest, and varmaiio receptor-ligand kinetics from those which
govern DA signaling in the striatum. Within theatum, Dy binding as measured by RAC is
heterogeneous, with higher binding in the dorg&tsim than in the ventral striatum (Drevets et
al., 1999;Mawlawi et al., 2001;Drevets et al., 208drtinez et al., 2003). This regional
heterogeneity agrees with the @tal receptor densities shown in human postmosteies
(Camps et al., 1989;Gurevich and Joyce, 1999).

Since PET measures the total radioactivity inrbragions, quantitative analysis requires
the differentiation of specific radioligand bindifrpm the background of nonspecifically bound
and free radioligand. The most common approath usse a kinetic analysis where the possible
sites of tracer-tissue interactions are estimayea imodel defined by three compartments: the
specifically bound tracer compartment (i.e. bréssue of interest), the non-specifically bound
tracer compartment (i.e. all other brain tissuene=l the reference region), and the circulating
tracer compartment (i.e. plasma). The modelingeddp on the existence of a reference tissue
region with a negligible concentration of spectf@cer binding sites; for example the
cerebellum is used in RAC studies as it contaiieeely low concentrations of DAJR
receptors. Using this type of kinetic model redubestemporal information obtained with
dynamic PET scanning into a few parameters relaté¢ide biological processes under
investigation. The two parameters of interestanrreceptor studies are the distribution
volume ratio (DVR) and the binding potential (BA)he DVR is the ratio of the radioactivity in
the reference region to the activity in the speaify bound tracer region, which is generally
related to the BP as DVR = BP+1. Thus, the goabofipartmental kinetic modeling is to
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determine a single DVR or BP value within a spedfiegion-of-interest (ROI, e.g. the
striatum), that represents tracer uptake in thgibreover the duration of the PET scan. All
statistical analyses are then carried out on thedes, for example measuring DA release in
response to levodopa in PD patients.

For tracers which bind reversibly to their targetg. RAC), two commonly used
approaches are the tissue input graphical Logahadgtl.ogan et al., 1996) and the simplified
reference tissue (RTM) method (Gunn et al., 199Mm@rtsma and Hume, 1996). The methods
make different assumptions, make estimates ofréifteparameters, and have different
sensitivities to statistical noise in the data €esal., 2007). The inputs to the models,
however, are the same: the time-activity curves@)y&om a region of interest (ROI, e.g. the
striatum), and the reference region. Both metlpydside BP values that are highly correlated,
but the Logan method has been shown to introdutenaward bias in the BP values using
high-resolution PET with RAC, particularly in caselere there is a significant amount of
subject head motion (Sossi et al., 2007). Thugreds the Logan method is suitable for ECAT
data where the images are less noisy (Chapteri8)not suitable for higher-resolution scanners

such as the HRRT (Chapters 4 and 5).
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2.4 Parkinson’s disease
2.4.1 Introduction

Parkinson’s disease (PD) is a chronic, progressagological disorder that affects
approximately 100 000 Canadians. The prevalercreases with age, affecting 0.1% of people
over the age of 55, 1% of people over 65, and 1Dpeople over 80 (Rajput, 1992;Tanner and
Aston, 2000). Both sexes are affected roughly kguath a slight predominance in males
(Lang and Lozano, 1998). PD is characterized bystiective degeneration of nigrostriatal DA-
producing cells that modulate voluntary movemeXithough classically seen as a movement
disorder, it is now apparent that the symptomseRtend far beyond motor control, and often,
these autonomic, cognitive and mood symptoms daetajuality of life to an even greater
extent than the motoric symptoms. For exampis,well-recognized that up to 40% of PD
patients have co-morbid depression, which may evecede the onset of motor symptoms as a
presenting symptom (Leentjens et al., 2003). Gognchanges can occur in PD, and can be as
subtle as mild impairment in memory or can devehdp frank dementia. There is some
evidence that in some patients, the cognitive dedbiccurs in parallel with the decline in motor
function (Owen et al., 1992). In addition, probleshseping frequently occur, as do autonomic
troubles such as severe constipation or problequdagng body temperature. Thus, in addition
to the hallmark motor features of PD, includingre at rest, rigidity, difficulties initiating
movement (akinesia) and/or slowness of movemeatikinesia), and postural instability, PD
patients suffer a constellation of other symptonat &re not as clearly associated with central
DA depletion. Interestingly, the manifestationd”®@ can be highly variable from one individual
to the next; some may have severe bradykinesiamiitimal rigidity, others may have the
opposite, some may have marked tremor and litdeykinesia or rigidity, and still others

maybe afflicted by all equally.
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There is no biological marker that designates aquivocal diagnosis of PD, and the
gold standard remains clinical diagnosis, whichjetermined by neuropathological
examination, has a diagnostic accuracy of aroudd @ughes et al., 2001). Approximately
10% of cases are genetic, resulting from mutatierencoded proteins involved in protein
degradation and maintaining mitochondrial functjabou-Sleiman et al., 2006), and the
remainder of cases are termed ‘sporadic.’ Ididpa®D, the most common form of
Parkinsonism, can generally be distinguished froimerotypes of Parkinsonism if the patient has
an asymmetric presentation of symptoms, a restergdr, and demonstrates good symptomatic
response from levodopa, although these featurdd etso be seen individually in other
Parkinson-like neurodegenerative disorders suchudple system atrophy. It should also be
noted that the classic 4-6 Hz resting tremor iabs up to one quarter of cases of PD (Lang
and Lozano, 1998). Therefore, in the less straoghidird cases the diagnosis evolves over time.
2.4.2 Neuropathophysiology

The pathology of PD is associated with the seleatiggeneration of DA-producing
neurons in the SNpc of the ventral midbrain, algfoather monoaminergic brainstem nuclei
(both catecholinergic and serotonergic) are altectdd. Furthermore, not all DA projections
are equally vulnerable; nigrostriatal DA neurons i@ost susceptible, exhibiting a cell loss of
50-80% at the onset of symptoms. The resultingd@pletion in the putamen is thought to
account for the akinesia seen in PD. Mesocortitoic DA projections exhibit degeneration as
the disease progresses, and this, together wittn@egtion of other non-DA neurons might
contribute to other, non-motor symptoms also sed?D including the aforementioned cognitive
and mood alterations. Interestingly, this ventesial-to-medial spatial pattern of cell loss is
opposite to that which occurs in normal ageing .and Lozano, 1998). The other hallmark
pathological feature of PD is the presence of nealrmtracellular protein inclusions — termed
Lewy bodies — in both brainstem and cortical nucleewy bodies are not specific to PD as they
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are also seen in other neurodegenerative disoimEtgling dementia with Lewy Bodies (DLB),
multiple system atrophy, Alzheimer’s disease anthenally also in progressive supranuclear
palsy, corticobasal degeneration, motor neuroredseand Down’s syndrome (Rajput and
Robinson, 2005). The mechanism of formation aedodithological role of Lewy Bodies in PD
are not well understood, with theories ranging fmonspecific role that is unrelated to disease
pathogenesis, to a compensatory, protective mesimaio sequester toxic proteins, to being the
agent responsible for nigrostriatal DA cell loss.

In PD, nigrostriatal DA depletion results in reddgehibition of GPi in the direct
pathway, as well as reduced inhibition of the Sfkhie indirect pathway; both result in a
reduced thalamic drive to the motor cortex, algtime control and execution of voluntary
salient movement. Reduced DA tone in the striatithough to ‘destabilize’ the smooth
functioning of the other corticobasal ganglia cite@as well, one consequence of which is the
production of large increases in neuronal synclzetion and oscillatory activity in the basal
ganglia loops (Bergman et al., 1998).

2.4.3 Treatment

Current treatment for PD focuses on symptomatidrogras there is as yet no cure or
therapy known to prevent or delay the progressiddfcell loss. The gold standard of
treatment is exogenous levodopa, the direct bioatemrecursor to DA, given in conjunction
with a peripheral decarboxylase inhibitor to preveatabolic breakdown in peripheral tissues
before the drug crosses the blood-brain barrigmceSevodopa bypasses the rate-limiting
enzyme in DA biosynthesis (tyrosine hydroxylases)administration accelerates DA synthesis
in the surviving DA neurons and replenishes thdateg synaptic DA stores. DA receptor
agonists are also effective, however most patweilteventually require the addition of
levodopa for optimal symptom control. Long-termatment with levodopa, together with the
progression of the disease, is associated wittmgbeu of complications. Following an initial
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“honeymoon phase” when patients generally expegi@onsistent, long-lasting benefit from
each dose, and can even miss doses with littleéettelas effect, they may eventually develop
shorter medication responses that are tightly fimeked to each dose, resulting in fluctuations in
motor responses (Goudreau and Ahlskog, 2005). Mhtctuations occur in 40% of patients
treated with levodopa for four to six years dunatiGoudreau and Ahlskog, 2005). End-of-dose
deterioration, or “wearing off’ of the beneficidfect before the next dose is due, occurs at the
mildest end of the spectrum, with more abrupt itaors from a mobile to an immobile state

(the “on-off” effect) occupying the severe enda alddition, other factors can contribute to the
variability in clinical response, including bioalability, rate of gastric emptying, absorption,

and blood-brain barrier transport (Goudreau andskdg, 2005). These factors become more
important with more advanced disease, likely beedlns altered central kinetics render patients
highly dependent upon continuous bioavailabilityjtas presumed in earlier disease there is
greater buffering capacity (de la Fuente-Fernamdet., 2004). Interestingly, the degree of
patient insight into symptoms during these fluatuag is variable; some patients have specific
sensory cues which signal that their dose is wganff)y such as dystonic leg cramping or the
return of their tremor, while others cannot fed thedication wearing off or taking effect,
despite the clear presence of motor fluctuatioaswould be noticed by an objective observer.
As the therapeutic window between symptom contndl @otor complications narrows,
pharmacotherapy becomes less effective and sufgieci as subthalamic nucleus deep-brain

stimulation) becomes an important avenue for treatm
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CHAPTER llI: Investigation of dopamine release inresponse to overt and covert
subthalamic nucleus deep-brain stimulation in Parknson’s disease: a pilot study

3.1 Introduction
3.1.1 Subthalamic nucleus deep-brain stimulation

Subthalamic nucleus deep-brain stimulation (STN-PBSurrently the most common
surgical procedure performed for the treatmentebaced Parkinson’s Disease (PD). In the
later stages of Parkinson’s, patients often en@unbtor complications as a result of prolonged
dopamine (DA) replacement pharmacotherapy whicludeinvoluntary movements known as
dyskinesias, and motor fluctuations in which pasasycle between periods of good mobility
(“on” periods) and impaired mobility (“off” periodls As these complications cannot be
adequately managed with medication, surgery becam@sportant treatment option. DBS
surgery involves introducing an electrode intogbasorimotor portions of the STN, and high-
frequency stimulation is applied via an implantexternally programmable pulse generator. In
appropriate patients, DBS, which can be performkddoally, can markedly reduce the intensity
and duration of “off” periods, increase the duratad “on” periods, and effectively reduce
dyskinesias (DeLong and Wichmann, 2007).

The initial selection of the STN as a target farggeal intervention in humans was based
on evidence in animal models of PD of hyperactiuityhe STN and internal segment of the
globus pallidus (GPi), and that lesions in thesecstires ameliorated parkinsonian symptoms in
the animals (Wichmann et al., 1994b;Wichmann etl&94a;Bergman et al., 1998). This
observation was consistent with the “rate modelthef neuropathology of PD that predicts that
the motor deficits seen in Parkinson’s are duerébepential activation of the indirect pathway as
a result of DA depletion, causing excessive infohibf thalamocortical drive. The use of high-
frequency stimulation of the STN replaced lesionegit was found that both procedures

produced similar phenotypic effects and STN-DBS thadadditional benefit of being reversible.
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Physiological and anatomical evidence points toMbl as an important target in the basal
ganglia circuitry gone awry in PD, yet the prediserapeutic mechanism of STN-DBS remains
unclear.
3.1.2 STN-DBS and the placebo effect in Parkinsomdisease

Patients who have undergone STN-DBS surgery for Bi2 provide a valuable model in
which to study the placebo effect due to the rebbrsature of the stimulation, and the ability to
turn the stimulators on and off covertly. This lelea the investigators to attribute any symptom
changes to either the effect of the stimulatioelff®r to the patient’s beliefs. Several studies
have investigated the motor symptoms of PD pathisn their stimulators are turned on and
off while manipulating the verbal instructions give them as a method to influence patient
expectations (Mercado et al., 2006;Colloca e28l04;Pollo et al., 2002). This “overt versus
covert” model has been used as a means to stugyabebo effect itself (Colloca et al., 2004).
Depending on the paradigm, the patient is kept ane\as to the status of their STN stimulator
while a blinded investigator measures their mogrfggmance on a given task, such as
movement velocity of the hand (to measure bradgka)eor joint rigidity. At the same time,
another investigator surreptitiously adjusts thegkator settings to provide effective or
ineffective stimulation. By doing this, the effaxftverbal suggestion on motor symptoms can be
assessed independently of the effect of stimulatfeor example, if the patient’s stimulator is
turned off in a covert fashion when they believi®ibe on, any improvement in motor
performance would be entirely due to the placelbecef In addition, to avoid the use of frank
deception due to ethical concerns, the amplitudaestimulator’s current can be adjusted either
up or down while a corresponding verbal suggestaiven, e.g. the stimulator is reduced to
20% of its original amplitude while the patientadd that it is fully on (Pollo et al., 2002). Suc
paradigms also afford an opportunity to study theefbo phenomenon, in which the patient is
told that their motor performance will worsen besathey are turning down the stimulation,
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while the stimulator actually remains on. The ténocebo effect’ has also been used to
describe the situation in which the patient exkibitvorsening in his or her condition in
response to a placebo (Kennedy, 1961). Benedetitcalleagues demonstrated that motor
performance in PD patients worsened with the indanadf a negative verbal expectation, yet the
induction of a positive verbal expectation blockied nocebo effect (Benedetti et al., 2003b).
Thus, the patient’s expectation that they wouldehiawroved motor performance reversed the
motor worsening in response to the opposite (negasiuggestion.

Studies of this type have demonstrated that venis&ductions are able to modify motor
performance in PD patients, and it has been shbatpatients with STN-DBS demonstrate
improved motor functioning when they are told thglf do well and the stimulator is turned off,
compared to when they are told they will do pod@Ryllo et al., 2002;Benedetti et al.,
2003b;Mercado et al., 2006). In a previous clingtady conducted in our centre, it was found
that awareness of the status of the STN-DBS stitmuédfected the motor symptoms in opposite
directions: when patients were told their stimulat@ere on, they demonstrated greater clinical
improvement compared with when the stimulators veeréut the patients were blinded to the
status of their stimulators, and when the stimutateere turned off and they were informed, the
patients worsened clinically to a greater degree thhen they were blinded (Mercado et al.,
2006). The authors reported that approximately 85#%e magnitude of the active STN DBS
effect was due to the awareness of the stimulatRiacebo-induced expectations have been
shown to modulate not only the motor response td-BBS but also both the mean rate and
firing pattern of STN neurons (Benedetti et al.020 It is thought that that the benefits of STN
stimulation in PD are not mediated by DA releasik@t et al., 2003;Strafella et al., 2003),
however, the placebo-derived benefits of STN statioh may be DA related, as has been
shown in the placebo effect in response to phartogmal (de la Fuente-Fernandez et al.,
2001b) and repeated transcranial magnetic stinomdktierapy (Strafella et al., 2006). This
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suggests that expectation of both worsening andawgment can modify the response to
stimulation and might have a DA correlate. To stigate this possibility, we usejC]

raclopride (RAC) positron emission tomography (PETineasure DA release in PD patients
with STN-DBS when they are blind to whether théimsilators are on or off, and compared the
results to when they were aware of the stimuladmd@ion. Based on the results from the
previous clinical study, and the finding of placebhduced DA release in the ventral striatum,
we hypothesized that the level of RAC binding, aating synaptic DA release, would be
different in aware and blind conditions. Specificave tested if the degree of DA release in the
ventral striatum would be greater in patients awaa¢ their stimulators are on compared to
when they are blind, and could potentially be lowben they were aware that the stimulators

were off compared to when they are blind.

3.2 Methods
3.2.1 Subjects

5 patients diagnosed with idiopathic PD who hademgdne STN-DBS surgery were
recruited from the Vancouver General Hospital StalgCentre for Movement Disorders by a
neurosurgical fellow and/or the neurosurgeon. séibbjects gave written informed consent. The
study was approved by the UBC Clinical ResearclicEtBoard (Appendix A). Patients were
not depressed (Beck Inventory of Depression scdr)€Beck et al., 1988) and were free of
cognitive impairment (Mini Mental State Exam scor26) (Folstein et al., 1975).
3.2.2 Study design

The study was designed to replicate as much ash@gs the PET scanner the clinical
study, thus the design was very similar to thatdesd in Mercadet al. (2006). The patients
underwent four RAC PET scans over the course ofdwsecutive days. The patients were

randomized to one of four groups which determireddrder of their scans according to the
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design shown in Table 3.1, and contained diffecemibinations of the 4 conditions: Blind-OFF,

Blind-ON, Aware-OFF, Aware-ON. Within the grouplse order of the days was counter-

balanced.
DAY 1 DAY 2

Blind Condition Aware Condition
Group 1 OFF ON OFF ON
Group 2 ON OFF

Aware Condition Blind Condition
Group 3 OFF ON OFF ON
Group 4 ON OFF

Table 3.1 Study Design. The four conditions (Blind-OFFin8FON, Aware-OFF, Aware-ON)
are shown as a function of group. OFF/ON indicttiesstatus of the STN-DBS stimulator.
The order of the Aware and Blind days was randodhiZeor the scans conducted in the blind
condition, the order was not randomized, i.e. ttas were always conducted in the OFF
condition first. The reason for this was to redtlerisk of unblinding the subjects, as some
patients with STN-DBS can “feel” when their stimiales are turned on. Patients were
withdrawn from anti-parkinson medication 12-18 lwavernight before both scanning days,

and their STN-DBS stimulators were turned off ovginh

3.2.3 Manipulation of Expectation

Manipulation of expectation during the study wasied out using verbal instructions.
For the Aware conditions, subjects were told, “We @ow turning your stimulator on/off.” For
the Blind conditions, subjects were told, “We aosvradjusting your stimulator. It could be
either on or off.” All stimulator adjustments wegrerformed at the time of RAC injection, i.e. at
the beginning of the PET scan. For the two scan®pned with the stimulator on, the
stimulation parameters were those previously detexdito be effective for that patient (i.e.
amount of current and amplitude). To further redunblinding, the stimulator was adjusted to

turn on with current ramped up over 8 secondsr{theimum time interval permitted on the
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Medtronic stimulator device). This was done to the sensory cues that some patients
experience if the current is increased abruptly.
3.2.4 Outcome measures

The aim of the present study was to replicate gique clinical study in patients while
undergoing RAC PET and examine the effects of edtexpectation on striatal DA release when
patients were blind as to whether their stimulasweson or off, compared to when they were
aware of the stimulator condition. Thus, objeciive. clinical) measures were required to
quantify both the effect of STN-DBS stimulation ahé placebo effect on motor symptoms. In
order to achieve this, a blinded examiner conduatbdef modified version of the UPDRS Il
(Unified Parkinson’s disease Rating Scale, Motatisa, Appendix B) (Fahn et al., 1987) 30
minutes into the PET scan (i.e. 30 minutes posetrajection). The UPDRS exam was
modified for use while the patient lay in the PEE&sner, thus only measures of rigidity, tremor,
and bradykinesia in the upper limbs and measuregidity and tremor only in the lower limbs
were considered (Modified UPDRS, mUPDRS, Appendix The absolute RAC BPs were
compared against each other for each condition: &G, RAConaware RACsttbling » and

RACof“f/aware.

3.2.5 PET scanning protocol and image analysis

All scans were performed using an ECAT 953B/31 tgraph (Siemens Canada, CTI,
Knoxville, TN, USA) operating in 3D mode (septaraeted). 16 sequential frames over 60
minutes were obtained, starting at the time ofatige of 5 mCi of RAC (specific activity >1000
Ci/mmol at ligand injection). From the emissionalé20-60 min) an integrated image with 31
planes (each 3.37-mm thick) for each subject waaiodd. The five axial planes in which the
striatum was best visualized were averaged. Grtithie- and spatially-summed image, one

circular region of interest (ROI) of 61.2 Mivas positioned on the head of each caudate
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nucleus, and three circular ROIs of the same sae \placed without overlap along the axis of
each putamen (from rostral to caudal: P1, P2 andAE3I position was adjusted to maximize

the average radioactivity within each ROI. To idigrthe ventral striatum, the images were
displayed in the coronal orientation and the Talgirand Tournoux brain atlas was used to
select three planes in which the ventral striatums West visualized. On the image summed over
these planes, two circular ROI of 61.6 fwere placed bilaterally on the ventral striatum of
each hemisphere. The background activity was oédairom a single elliptical ROI (2107

mn¥) on the cerebellum. The binding potential (BP=B<4) was determined using a graphical

approach and a reference (cerebellar) tissue fapation (Logan et al., 1996).

3.2.6 Statistical analysis

RAC BPs in the dorsal and ventral striatum were gamad between conditions to
investigate the differences in synaptic DA levdiar each region (head of caudate, rostral,
intermediate and caudal putamen, and ventral stnjpand for the mMUPDRS, repeated measures
analysis of variance (ANOVA) were carried out, aaaiing for stimulation (ON vs. OFF),
awareness (blind vs. aware), and their interactidsthe studies were conducted over 2 days,
the effect of day was also adjusted for as an imahdit covariate (ANCOVA).
3.3 Results
3.3.1 Subjects

The clinical characteristics of the patients amspnted in Table 3.2. Subject 1 had a
history of depression but was not on antidepressediication at the time of the study. Subject
3 reported using recreational marijuana twice akveawl the occasional use of cocaine, but

denied cocaine use for 8 months prior to the study.
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Age

Duration of

Duration of

Subject M/F STN-DBS Medications for PD, daily dose

. ¥)  PD() o) Y

1 = 45 76 23 Levodopa 600 mg, Entacapone 600
mg

2 M 53 10 2.5 Levodopa 700 mg, Pergolide 10 mg

3 M 50 194 0.6 none

4 M 64 10 08 Levodopa 200 mg, Domperidone 20
mg, Pergolide 4 mg

5 M 73 18 0.5 Bromocriptine 22.5 mg

Table 3.2 Clinical characteristics of the PD patients. Tady dose of levodopa is given in

equivalents of immediate release levodopa/carbidopa

3.3.2 Clinical response to STN DBS

The mean + SEM mUPDRS scores in the four condittsagresented in Figure 3.1. A

main effect of stimulation was observed (p = Or@peated measures ANOVA), indicating the

effectiveness of STN-DBS stimulation (IMUPDRS scofegare: 18.8 £+ 3.7 OFF t0 6.0 £ 2.3

ON; Blind: 17.8 £ 4.8 OFF to 5.6 £1.6 ON). No dfgrant effect of awareness was observed.
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Figure 3.1 Effect of STN-DBS stimulation (mean + SD) on mUR®motor scores for 5 PD
patients in the four experimental conditions, assneed by a blinded examiner at 30 min. into

the PET scans. A significant effect of stimulatwas found (p = 0.01), but not of awareness nor
of the interaction.
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3.3.3 F'c]Raclopride results

The RAC BPs + S.E.M. in each condition in eaclasdtisubregion are presented in
Figure 3.2 below. No main effect of stimulationsadetected in any subregion, indicating that

the STN-DBS stimulation had no impact on the degfd@A release.

8Blind OFF HEEBlIind ON [—JAware OFF E=JAware ON

D
[]

w
[]

[*1C] raclopride BP
i N

Caudate Rostral Putamen Mid. Putamen Caudal Putamen Ventral Striatum
Region of Interest

Figure 3.2 Striatal RAC binding potential (mean + SD) of 5 p&tients scanned in each
condition. A significant main effect of awaren&gss observed in the caudal putamen (p< 0.01),

although no significant effects of stimulation, ar@ess or their interaction were observed in
other striatal subregions.
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Separate two-way repeated measures ANCOVAs cortluttach striatal subregion indicated
a significant main effect of awareness in the capdtamen only (p = 0.0029) (Figure 3.3). In
this region, the RAC BP in the Aware condition wigereased compared to the Blind condition,
in both the ON and OFF conditions, indicating aatge amount of synaptic DA (means *
S.E.M.: ON, 1.83 £ 0.17 Blind versus 1.74 + 0.17&w®, OFF, 1.92 + 0.2 Blind versus 1.74
+0.16 Aware). For the ON condition, Blind — Awarerresponded to a 4.6% decrease in RAC
BP, and for the OFF condition, Blind — Aware copasded to a 9.2% decrease in RAC BP.
Post-hoc pairwise comparisons indicated a sigmitiedfect of awareness in the OFF condition

(p = 0.0044) (Figure 3.3).
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Figure 3.3 Effects of STN-DBS and awareness on RAC bindingmpils (mean + SEM) in the
caudal putamen. The main effect of neither stinnutatnor the interaction between awareness
and stimulation reached significance. Post-hooxpsér comparisons indicated a significant
effect between Blind OFF and Aware OFF (p = 0.0044)
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When the RAC BP values were averaged over theegmtitamen, no significant effect of
awareness or stimulation was seen. The resulthéoventral striatum did also not reach

statistical significance. Both of these are shawhigure 3.4.
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Figure 3.4 Effects of STN-DBS and awareness on RAC binding@mils (mean + SEM) in the
putamen (top panel) and ventral striatum (bottomepa Neither awareness nor stimulation had
an effect on RAC BPs in either region.
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3.4 Discussion

This was a pilot study conducted in five PD pasemho had undergone STN-DBS
surgery for advanced PD. The objective was toowset and covert treatment to ascertain if we
could detect a DA correlate for the results of pravious clinical study, in which it was shown
that awareness of the status of the STN-DBS stitmutan modulate the clinical response to
STN-DBS stimulation in opposite directions, dep&gdon whether the stimulator is on or off.
As the placebo effect in PD has been shown to lagereto striatal DA release, we hypothesized
that awareness of being “on” would induce great@rrElease than being blind to the
stimulator’s condition. The present findings indec¢hat this was not the case, as no difference
was detected when the patients were blind or aaadehe stimulators were on. We also
hypothesized that a decrease in synaptic DA migbtiowhen the patients were aware that the
stimulators were off, which was also not the casihnis study. Thus, neither awareness nor
stimulation significantly altered the amount of agtic DA as measured by RAC PET.

The main possible reason for this negative rémdtin the design of the study itself and
the success of the overt and covert STN-DBS maaijounls. The profound clinical effects of
DBS made it difficult to maintain blinding, and thmanipulate awareness during the PET scans.
Although STN-DBS stimulation produced a significahhical improvement (Figure 3.1), the
lack of an awareness effect on the mUPDRS motaesaoay indicate a potential ceiling effect,
again due to the strong impact of STN-DBS. DBS ggaily effective treatment for the motor
symptoms of PD (Kleiner-Fisman et al., 2003;Langlet2003;Ashkan et al., 2004), and we
found that the patients could often tell when tiséimulators were being turned on. We
attempted to reduce the potential for unblindingalwyays having the Blind-OFF condition first,
so that the patient would not feel themselves bdimged off” in between conditions. We also
ramped up the amplitude of the current gradualr&/seconds (the longest delay provided by
the Medtronic device) to mask the abrupt sensatfdieing turned off and on. However, some
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patients still reported that they were able tottedl status of their stimulator. One could intetpr
the results in another way: the lack of successanipulating awareness in the patients and the
corresponding lack of change in DA release cowlelfifprovide further proof for the importance
of expectation to placebo-induced DA release in PD.

It is possible that we did not actually induce acgbo effect because we were not truly
using sham stimulation. The overt/covert paradignstudying the placebo effect attributes the
difference in response between overt and coverirasiration of therapy to the placebo effect
(Benedetti et al., 2003a). In this experimentgdrapch, deception is not used to manipulate the
subjects’ expectations, i.e. they are not told thay are receiving active treatment when they
are in fact receiving placebo. In this study, Bti&d condition involved telling the patients that
their stimulators could be either on or off, therefthey were uncertain as to the status of the
stimulators and would not necessarily have any &gpien of improvement. As expectation of
clinical benefit has been proposed as a key meshauanderlying placebo-induced DA release
in the ventral striatum in PD, it is therefore satprising that we did not detect any differences
between the blind and aware conditions. In addljtibe stimulators were “adjusted” at the time
of radiotracer injection, and the time-course & DA correlate of expectation may need a
greater length of time to develop in order to beedked using RAC PET. Indeed, it is possible
that our overt/covert manipulations were succesbiutl did not induce a sufficient magnitude of
DA release beyond the test-retest variability ofQRA

We did demonstrate that the clinical effects oNSIBS are not medicated by DA
release, which is consistent with other studiesk@iet al., 2003;Strafella et al., 2003). Current
pathophysiological models of basal ganglia orgamnasuggest that PD is a state characterized
by hyperactivity of the glutamatergic excitatoryiao of the STN over the output nuclei of the
basal ganglia (globus pallidus pars interna (GRd) substantia nigra pars reticulata (SNr)),
thereby propagating an excessive inhibitory infeeem the thalamus, cortex, and brainstem
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(Wichmann and DelLong, 1996). Although the mechariare unclear, it is hypothesized that
STN-DBS reduces or inactivates either the neurdétiseoSTN or their excitatory glutamatergic
projections. Placebo injections of saline admarst when patients were conditioned to expect
apomorphine have been shown to change the meaanati&ing pattern of STN neurons in PD
patients (Benedetti et al., 2004), and it is asslthat this reflects placebo-induced striatal DA
release. However, as the benefits of STN-DBS asymably mediated downstream to
stimulation of striatal DA receptors, it may we# that the effect of placebo effect STN-DBS
may involve non-dopaminergic mechanisms.
3.5 Conclusion

This study provides further support for the obseovethat the therapeutic effects
produced by STN-DBS are not mediated by increaskddlease. The beneficial clinical effects
seen as a result of manipulation of expectatiorhtriig DA-related, but this could not fully be
assessed as a result of the difficulty in maintegrlinding due to the profound effects of STN-
DBS on the motor symptoms in PD. Alternate experntal designs may be required to fully

assess the placebo effect in this setting.
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CHAPTER IV: Development and implementation of themethodology for the analysis of
high-resolution (HRRT) PET data

4.1 Introduction

This Chapter describes my role in developing thage analysis methods of high
resolution positron emission tomography (PET) détech are now in routine use in the UBC
PET Program. A background of the basic principeBET is presented, including the
limitations of the data and how they are correétedfollowed by a description of the
systematic experiments that were conducted in dodesfine the steps of the data analysis.
4.1.1 Overview

PET is one of the most effective methods for the-mvasive measurement of
physiological functioning in awake, human subjedféghereas magnetic resonance imaging
(MRI) or x-ray computed tomography (CT) providealktd anatomical information, PET
imaging enables the quantification of physiologigatameters such as blood flow, glucose
metabolism, and receptor binding characteristi€gnical PET imaging is routinely used in
oncology to diagnose and differentiate malignaotnfioenign tumors, and also has applications
in cardiology, neurology, psychiatry and pre-clalipharmaceutical studies.

PET images are acquired by detecting the decagsfrpn-emitting radioisotopes with
short half-lives such as carbon-11 (20 min), nigrog.3 (10 min), oxygen-15 (2 min), and
fluorine-18 (110 min), although isotopes with longalf-lives are also used, such as copper-14
(12.7 hours) and iodine-124 (4.2 days). Severaddmental components of biological
molecules (i.e. C, N, O and F) are also positroiitterg isotopes, and can therefore be readily
incorporated either into compounds normally usethieybody such as glucose or water, or into
molecules that bind to receptors or other sitedrof action. Such labeled compounds are
known as radiotracers (or, simply, tracers). P&3Ans begin with either the injection (intra-

venous) or inhalation of the tracer into the supjetere it is rapidly taken up into the
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circulation and distributed to its binding siteon®e radiotracers distribute in tissues by partially
following the metabolic pathways of their naturabbbgues; others bind with specificity in the
tissues containing the particular receptor proténsvhich they have affinity. The chemical
synthesis of radiotracers consists of two stepst, foroduction of the radioisotope itself from its
native element, and second, the substitution ofabmisotope into the drug molecule. This is a
highly complex chemical synthesis requiring the ofsa cyclotron that must be in close
proximity to the PET scanning facility due to thed half-life of the tracers. Several
radioligands have been developed for brain imaguogh as precursors to neurotransmitters,
pre- and post-synaptic receptors, and vesiculasparters in nerve terminals. The data
generated using these different radioligands cas pinovide insights into the biological integrity
and functioning of neurotransmitter systems ofriegée
4.1.2 Organization of dynamic PET data

Dynamic PET imaging refers to the ability to measilne regional concentratiomvivo
of a radiotracer in a particular tissue in a subgaer time. Prior to reconstruction, the PET data
are sampled into smaller data sets, or time-fratypgally of progressively increasing length
from the start of the emission scan (i.e. at timeetof tracer injection) to the end of the scane Th
length of the scan is defined by the tracer kisetiod the length of the time frame is determined
by a requirement that a sufficient number of colr@scquired to construct a meaningful image
(defining the shortest frame length). Dependingh@nbiological question of interest, if the
counts in an identical region in the brain (a regiinterest, or ROI) are sampled across each
frame and plotted over time, the resulting graph tisne-activity curve (TAC) (Figure 4.1). In
the case of dopamine (DA) receptor imaging WHIT] raclopride (RAC), at the time of tracer
injection (t=0) the mean activity rises sharplyhiitthe putamen as the tracer is distributed to
the binding sites by the circulation, and then gedly levels off as the tracer binds to DA D
receptors and equilibrium is reached.
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Figure 4.1. Time-activity curves for an ROI placed on thegmeén (top trace) and cerebellum
(reference region, bottom trace) of a PD patiejetcited with a 10 mCi dose of RAC. The
emission data were split into 16 frames as follodx60s, 3x120s, 8x300s, and 1x600s.

4.1.3 Basics of Signal detection

Positron emission is a type of radioactive betagem which a proton decays into a
neutron, a neutrino and a positr@, (the antimatter counterpart of an electron). @imitted
positron travels a short distance from its paremieus (the positron range), interacting with
atomic electrons in its immediate vicinity befowliciing with an electron and causing an
annihilation reaction (Figure 4.2). This reactamturs when the positron has lost sufficient
kinetic energy through scattering by surroundireggbns. The positron range varies between

isotopes, but is generally so small that its cootion to the degradation of the spatial resolution

is ignored.
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Figure 4.2 has been removed due to copyright oéisinss.
This figure contained a cartoon image of positr@cteon annihilation coincidence detection.
The source of the image was:

http://www.heartandmetabolism.org/images/HM34/ HI@34r1.qgif

Figure 4.2 Schematic of annihilation coincidence detectiénllowing positron decay, an
emitted positron (§ travels a finite distance before colliding with @lectron (§. This
annihilation produces two high-energy (511 keV)tohns §-rays) which propagate at 180° to
each other and are detected in coincidence bycdrener’s scintillation detectors.

The annihilation of the positron and the electroodpices two 511 keV gamma rays (high
energy photons) that propagate in nearly opposiéetibns (Figure 4.2). These photons are
detected in coincidence by multiple detector hehdsare organized in a geometrical cylinder
surrounding the gantry. Each head is composedaofyracintillation detectors, the number and
size of which largely determine the spatial resotlubf the scanner. The scintillation detector
consists of a solid crystal with a high atomic nemthat is coupled to a photomultiplier tube,
which serves to amplify the light generated aspihatons strike the crystals and convert it to an

electronic signal. If two photons are detectethimia short time window, an event is recorded

along the line connecting the two detectors, terthedine of response (LOR) (Figure 4.3).
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Figure 4.3 Simplified schematic of lines-of-response (LOR#&hin a PET scanner gantry.
Gamma) rays, produced by the annihilation of a positaond an electron, propagate in
opposite directions and strike the detector rilige resulting line that connects the two events is
termed the LOR (A). Over the course of many su@nts, several LORs are created which
intersect through the radioisotope distribution. (B)
Summing many such events over the duration of¢ha sesults in the accumulation and
intersection of the LORs through the radioisotosridbution (Figure 4.3 B). If the proper
calibration is then applied (which converts therdaate per voxel into the activity concentration
per voxel), an image is generated that reflecttimeentration of the radiopharmaceutical
within the tissue of interest. The goal of the restauction of PET data is to therefore transform
the raw counts from the detectors into a meaningflbgical image that illustrates tievivo
regional or local tissue concentration of the radicer. This quantity can then be related to a
physiological parameter of interest — such as depameceptor occupancy - by applying a
mathematical, linear compartmental model.
4.1.4 Issues with data collection and interpretabin

There are several physical phenomena that com@lR&T imaging. Producing accurate
PET images relies upon accurate coincidence dete@nd not all of the events that are detected
in coincidence originate from the same annihilatibimis can result in the incorrect positioning

of events, thereby creating false LORs which carseamage degradation and compromise

guantitative accuracy. Physical causes of imageadiation include photon attenuation,
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detection of scattered and random events, and ndoronity in detector pair sensitivity, which
are briefly explained in the following sections.
Attenuation of annihilation photons

The presence of material (i.e. brain tissue andl)skuhe field-of-view of the scanner
causes photon travel to be attenuated. The photombse so much energy that they do not exit
the skull and fail to be detected, are below tmeghold of energy discrimination, or they are
sufficiently slowed down such that they fail todetected within the coincidence timing
window. Importantly, for a given attenuating mékry-ray attenuation depends only on the
total thickness of the material (Zanzonico, 2004)tenuation can thus be relatively easily
corrected for, because the thickness of the attergumaterial can be measured, and is in fact
the largest correction made to PET image datas iSrachieved by performing a transmission
scan prior to the emission scan, where an extpoestron-emitting rod source located in the
gantry of the scanner is rotated around the fi€élew with and without the subject in the
scanner. The attenuation correction factor can beederived from the ratio of the counts
acquired in these respective scans.
Detection of scattered events

One or both of the annihilation photons may undesggitering prior to being detected.
This occurs when the photon interacts with an oshetl electron in its path, causing it to lose
energy and change direction, i.e. become defleciébse annihilations for which one or both
photons are deflected, but both are still deteceslfermed scatteredents. Scattering results
in the incorrect positioning of an LOR, as depidte&igure 4.4b (Zanzonico, 2004). In 3D PET
imaging, the percentage of scattered events medisured counts ranges from 30-55%
(Thompson, 1988). Since photons lose energy winepdre scattered, a portion of such events

can be rejected by narrowing the energy window ithatcepted by the coincidence detection
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system (termed energy discrimination). Howevetha& window is too narrow, true coincidences

can be falsely rejected, thus additional correstiomust be applied.

True Coincidences Scattered Coincidences Random Coincidences

Figure 4.4 Plots indicating annihilated photons from an é\tiected with a) true coincidence,
b) scattering, and c) random coincidence. ThetVestresult in mispositioning of the LOR along
which the event is detected.
Detection of random events

Frequently, only one of a pair of annihilation pirad will be detected. This can occur if
the orientation of the annihilation results in @i®ton propagating out of the field of view, if it
is scattered out of the field of view, or if it g&s through the detectors but fails to be detected.
The other photon that is detected is thereforeddrensingle. A possible consequence of this is
that two photons arising from separate annihilatiare detected within the same timing
coincidence window, in what is termed a randomoaidental event. This can also result in the
incorrect positioning of an LOR (Figure 4.4c). Tdwunt rate of random events can be reduced
by narrowing the coincidence timing window. Thegtes rate during a scan is proportional to
the amount of injected radioactivity, and the randates vary with the square of the activity,
and thus is an important consideration when calitigahe maximum injected activity dose
(Ollinger and Fessler, 1997). The arrival of pmstdue to random coincidences is uniformly
distributed in time, whereas the true coincideneidisfall within the coincidence timing

window. Thus, random events can be correctedyaoliecting data in a second coincidence
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timing window that is offset in time such that dllects no true coincidences (Ollinger and
Fessler, 1997). Subtracting this value from the@dences arriving in the original timing
window effectively removes the contribution of rana coincidences to the data.
Non-uniformity in detector pair sensitivity

The sensitivity of a PET camera is defined asleasured event rate per unit of activity,
and is determined by two factors: 1) the geometificiency of the scanner, which is the
fraction of emitted radiations that strike the détes, and 2) the intrinsic efficiency of the
detectors, which is the fraction of radiationskstig the detectors that are stopped and counted
by the detectors (Zanzonico, 2004). The sensitiginot uniform throughout the field-of-view
of the scanner. Furthermore, crystal imperfectidifeerences in photomultiplier tube gains,
and variations in the electronics used to detexptiotomultiplier tube signals all contribute to
variability within elements of a detector, as wadlbetween detector blocks. To correct for this,
a source with a known number of emissions is sahand compared to the detected number of
emissions and a correction factor is then calcdlageaccount for the discrepancies. This
“normalization scan” is a time-intensive process tan take up to one week for high-sensitivity
scanners such as the HRRT (long acquisition timeseguired to obtain sufficient counts from
the lower activity sources that must be used tocagletector saturation) and must be performed
every 3-4 months. Therefore, subjects cannot benschduring these regular scanner
maintenance times.
Other corrections applied to PET data

In addition to those described above, other ctimedactors must also be applied to PET
image data. These include deadtime correctiorgydecrrection, and branching factor
correction. The deadtime is the length of tinguieed for the counting system to fully process
an event, during which no other events can be decb¢Zanzonico, 2004). At clinically
administered doses of activity, deadtime countdesse generally minimal, thus only a small
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correction factor is usually applied. The decay@ction accounts for the exponential decrease
in radioactivity as a function of time. Thus scaignof the same object at a later time will result
in fewer annihilation photons, and therefore, fevemonstructed counts in the image.
Correction for decay involves scaling the recoretrd image counts, depending on the
radioisotope used. Finally, branching correctioocaints for that small proportion of the
radiotracer that undergoes electron capture angasitron decay (e.g. the branching ratio for
carbon-11 is 99%, which means that the vast mgjantiergoes beta-decay resulting in positron

emission and a negligible amount decays by oth@nsje

4.2 The High Resolution Research Tomograph
4.2.1 Introduction

The Vancouver high resolution research tomograg®RH), shown in Figure 4.5, is a
state-of-the-art high sensitivity, high resolutesanner. Itis one of 17 HRRT scanners in the
world (3 of which are in Canada) and because oftdry size is dedicated to brain research
only. Instead of the usual circular detector miegign, the HRRT consists of 8 flat panels of
crystals set in an octagonal geometry to facilitatepling of the crystal to the photomultiplier

tubes (Figure 4.5).
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Figure 4.5The high resolution research tomograph (HRRT) ftbenfront end with the cover
removed, revealing the octagonal ring design.

With an overall spatial resolution of 2.4 mm andeatended axial field-of-view, the image data
generated by the HRRT encompasses the entire ndaakak of the subject in exquisite

anatomical detail (Figure 4.6).
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Figure 4.6 Sagittal f'C]raclopride PET images of a PD patient taken utiegh) ECAT 953B
and B) HRRT scanners. The extended axial vievan®HHRRT can clearly be seen, as the
patient’s entire head and neck are visible.

Some performance characteristics of the HRRT atleed in Table 4.1, as compared to
the ECAT 953B tomograph, the other scanner cugrémtlise at the UBC PET Program, and
which was used for the pilot study described inf@&a3. The vast increase in crystals and
possible LORs in the HRRT over that of the ECATvile an idea of the massive increase in
the size of the data set, and corresponding conmqptitne required to reconstruct the images.
Of particular relevance to the analysis of the iedgta is: 1) the increase in the axial field-of-
view in the HRRT, which enables the full extentloé subject’'s head to be seen, and 2) the

increase in spatial resolution, allowing brain cei to be identified with greater precision.
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Specifications ECAT 953B/31 HRRT
Radial Field-of-View 11 cm 31.2cm
Axial Field-of-View 7.6 cm 25.1cm
Number of Planes 31 206
Plane Thickness 3.37 mm 1.22 mm
Sensitivity 2% 6%
Voxel Dimensions 2.61 x 2.61 x 3.37 mm 1.22 x 1.22 x 1.22 mi
Resolution (centre)* 5.0 mm 2.4 mm
Total No. of Crystal Elements 6144 BGO 119 808 USCBO
No. of Lines of Response 8 x°10 4.49 x 10
Size of data set 16 MB 1 GB

Table 4.1. Specifications for two PET scanners currentlyse at the UBC PET Program.
BGO, Bismuth Germanate; LSO/LYSO, Cerium-dopedtiute/-yttrium oxyorthosilicate. * The
resolution as measured by the full-width-at-halixmaum of the point-spread function at the
centre of the field-of-view.
4.2.2 Rationale for new image analysis methodology

Given the improved data quality provided by the HRRe wanted to refine our
processing and analysis methods to take full agggnof the increased spatial resolution as well
as account for the challenges in dealing with ifferént characteristics of the scanner. In
particular, we discovered that patient motion pas@auch more significant problem to the
HRRT data and degraded the image quality to a matieeable extent than on ECAT data, as
even small motions (1-3 mm) are on the order ofgeial resolution of the scanner. In
addition, the increased spatial resolution offeaedpportunity to delineate subcortical
structures with a high degree of certainty (formagée, separation of the caudate nucleus and
putamen by the internal capsule), and we want@actwporate this new anatomical specificity
into the quantification of our regions-of-interéROIs). Finally, these aforementioned processes
required the exploration of different analysis toahd software, as the HRRT data format and
file architecture were entirely different from tleogf the ECAT. The following sections

describe the development of the methodology thabve currently in use at the UBC PET

program to analyze HRRT data.
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4.3 Overview of PET image data analysis

In order to describe how the new analysis methagle \tesigned and implemented, an

understanding of the steps involved in the imada geocessing is required. The process is

outlined in Figure 4.7 below.
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Figure 4.7 Flowchart of the steps involved in ROI-based HRFET data analysis, from image
reconstruction (A) to calculation of the binding@uatials (G), using a RAC PET scan as an
example. Blue boxes represent the different coméions of the data, and the white rectangles
indicate the manipulations that were made to thia.d&ee text for description of the steps.
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Briefly, raw emission data are reconstructed usisgatistical algorithm containing the
correction factors outlined in Section 4.1.3 (Faydt7, A). The result of the reconstruction is 16
separate time frames of image data in 16 sepalesgFigure 4.7, B). Patient motion that occurs
between frames is corrected for by realigning deanine to the mean image of the last 30
minutes of the scan (Figure 4.7, C). The invesbigdnen selects the planes in which the brain
structures of interest are best visualized, algogutie mean image (including all planes) of the
last 30 minutes of the scan when the tracer uptakest visualized (Figure 4.7, D, bottom
image). The investigator then manually places mgaf-interest (ROIs) on the striatum, in the
case of RAC (Figure 4.7, E). If the inter-frametion correction was successful, the ROIs
should fall in the same place on each frame. A T&\@enerated for each ROI (one is shown in
Figure 4.7, F) by calculating the mean activityhmtthe ROI in each frame. A TAC is also
generated for the reference region for the tragbich is the cerebellum in the case of RAC.
These TACs are used as the inputs into a kinetdetwhich calculates the binding potentials of
the tracer within the ROIs, defined agBKy . Although this framework had already been
established for the analysis of ECAT data, the HRIRH presented unique challenges that

required adaptations at every step. These adapsatire described in the following sections.

4.4 Validation of HRRT human data
4.4.1 Introduction

The data presented in Chapter 5 were the first huhaga to be collected using the
HRRT. Prior to that, the physicists responsibletifie@ scanner conducted several phantom
studies in order to ascertain if the imaging datzueately reproduced the known activity used in
the phantoms. In doing so, they were able to ifletite basic corrections that needed to be
applied in order to obtain reliable quantificatioBhantom studies are useful because the “truth,”

i.e. the concentration and location of the traiseknown. However, they do not encompass the
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complexity of human data and therefore their usestricted to identifying and solving only a
certain number of problems. Human data presefdrdiit challenges, over and above those that
can be solved with phantom studies. For examipéetitne course of tracer concentration is
measured in human data (the TAC), versus a staasorement in phantoms. Human data are
subject to non-uniform photon attenuation, whideets the scatter correction, and so the
reconstructions include a wide dynamic range ohtoates. These issues are not encountered
in phantom studies. In addition, there is sigaifitinter-subject variability in baseline RAC
binding potentials in the population (Farde et H995). Furthermore, there were yet no
published results demonstrating if and how thegased resolution of the HRRT affected RAC
binding potential values. Therefore, at that poive did not know if the results we obtained
were due to the resolution improvements in the HRé&tWwere due to the fact that some
unknown corrections had not been applied to tha.dat
4.4.2 Methods

Given that we simply did not know what to expectarms of absolute binding potential
values using the new tomograph, it was necessaaygdess the measures obtained based on
expected biological responses and comparisonai@tiire values obtained using tomographs
with lower resolution. In order to achieve thi®d® data sets from five PD patients were used.
These patients were scanned as part of the stedemed in Chapter 5, and the data sets
consisted of a baseline RAC scan where the patatdeen withdrawn from their medication,
and a RAC scan one hour following the administrabboral levodopa. Literature values for the
percent decrease in RAC binding in PD patientgsponse to levodopa are approximately 10%
(Pavese et al., 2006;de la Fuente-Fernandez @084,). We needed to use a change in binding
potential as the benchmark measure - rather trealibolute baseline binding potential — due to

the variability in the population, and in chroniD Patients in particular. The data sets were
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analyzed according to the schematic in Figureah@,binding potentials were calculated and
compared to literature values.
4.4.3 Results

The improvement in data quantification over tirm@lustrated in Figure 4.8. Levodopa-
induced DA release in the striatum from the sawe diata sets was measured at various time
points over the course of one year, three of whrehshown below. The changes observed
between the values obtained in June 2006 and JaR0&v were mainly due to refinements
made to the data reconstruction, and incorporatidhe proper correction factors, whereas the
changes observed between January 2007 and Maya2807ostly due to refinements made to
the frame-to-frame realignment methods describegkeiction 4.6. Having access to image data
from a study with an expected outcome based orosei@nce was critical in determining the
accuracy in data quantification. Thus, we expetitatilevodopa would induce DA release in
the striatum of the PD patients, thus the RAC lsigghotentials (BP) following the drug
administration would be lower than baseline. Basethis tenant, we were able to attribute
wildly different BP values to potential problemstire pre-processing of the data, which helped

in the identification of problems in the data as#&y
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Figure 4.8 DA release as estimated by 100*(RASeine— RAGevodopd/ RAChaseiind the
putamen of 5 PD patients with analysis performetirate time points over the course of one
year (June 2006-07). In June 2006, with a sub@btttata quantification algorithm a wide,
biologically unrealistic variation is observed betm subjects in response to levodopa. Results
are much more consistent after improvements in idaanstruction and realignment methods,
and comparable to published literature values pf@pmately 10% reduction in RAC binding
in response to levodopa (Pavese et al., 2006;8edate-Fernandez et al., 2004).
4.5 Implementing the methodology for motion corretion of HRRT data
4.5.1 Introduction

Patient motion during the PET scan can be a majarce of image degradation, and is
especially problematic when studying those suftefrom movement disorders such as PD.
PET scans can be long, for example, 60 minutea fgpical RAC emission scan, in addition to
a 10-minute transmission scan and the time reqémreplatient positioning means that the
patient is in the scanner for 75-90 minutes. Farrtiore, many protocols require that the patient

be off medication, which can also contribute toessive motion. Thus, patient motion is an

inevitability, as complete subject immobilizatiomwd require sedation which is clearly
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undesirable, both in terms of the ethical impliocasi of using anesthetics in PD patients, as well
as the potential effects of anesthetics on RACibojp¢{Dewey et al., 1993). As severe head
movement restriction would cause significant pdattkecomfort (including anxiety and
claustrophobia), current measures to reduce matiarive ‘gentler’ head restraint techniques,
such as the use of thermoplastic masks or Velcapst As can be seen in Figure 4.9, these
devices still allow some motion (anywhere from 1r2M), but serve both as a reminder to the

subject to try not to move, as well as an aid posgtioning a subject undergoing repeated scans.
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Figure 4.9 Displacements in (mm) made by a PD subject wgaxithermoplastic mask restraint
during the duration of a 60-minute RAC PET scaonglthe horizontal (purple), vertical
(orange), and axial (red) axes. Observations @twe patient was doing at the time of motion
are included.

Numerous studies have demonstrated the impacbbbmon data quantification. Based
on Figure 4.9, it can be seen that even the smalkzsl movements (5mm) are close to or even

greater than the spatial resolution of the HRRTictvlesan cause image degradation and

problems in radiotracer quantification. The impafcinotion on the results ultimately depends
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on the ability to apply a suitable correction. Thest common method, and that which is least
likely to degrade the data, is frame-to-frame gratient post-reconstruction. However, this
method had not been validated on HRRT data, amdstunknown if it would 1) be effective,
and 2) be worth the significant computation timeguired. Thus, we wanted to first qualify
and quantify the impact of patient motion on theRIRdata, and implement a robust method to
correct for it, and determine if this correctiontha® was necessary and effective.

4.5.2 Methods

Currently, the standard motion correction technigpplied to PET data is performed
post-reconstruction and involves realigning thenkea to a common target, using an algorithm
that minimizes the differences between voxels. fanget frequently used is the mean image of
the final 30 minutes of the scan. It should beeddhat this method only corrects for motion in-
between frames, and not within frames. In orderdiwect for within-frame motion, the
subject’s head position must be tracked througtiwitiuration of the entire scan. This was
accomplished using the Polaris Motion Tracking eystwhich records the position of 4 retro-
reflective spheres attached to the subject viana tieoprene swim cap (Bloomfield et al., 2003).
Using this system, we measured the amount of ganetion and inferred how different brain
regions would be affected by that motion. Whenrtiation plots were examined, it became
evident that the degree of motion would almostately have a negative impact on the quality of
the data. In addition, having access to the mgtlots meant that we kneavpriori which
imaging data would be subject to the most motioorder to test the motion correction protocols
we developed. An example of the motion tracking loa seen in Figure 4.10.

We selected a commercially available, standard ggekor registration of PET data
(Automated Image Registration, AIR) (Woods et H993) and undertook an iterative approach
in determining the optimal parameters for HRRT feato-frame realignment. At each iteration,
we tested various cost functions, different miniatian strategies, and a variety of sampling,
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editing and smoothing of the image data, represgnlie different variables used by the
algorithm. As a starting point, we used the valwbgh were validated in the literature using a
PET scanner of lower resolution (Woods et al., 992 determine the efficacy of the
algorithm, the images from both low- and high-motiest cases were carefully visually
inspected following each iteration. These testevearried out on a subset of data from PD
patients that were collected as part of anothetopabd (see Chapter 5). If the realignment was
successful, ROIs placed on one frame should caey iato the same position on subsequent
frames. The position of the ROIs across framesthes visually inspected, as well as the
TACs, to qualitatively determine the success ofrdadignments. Finally, binding potentials
were calculated (for example, baseline RAC bindiesus levodopa) to ensure that the results
made biological sense.
4.5.3 Results
Qualitative impacts of realignment

Several versions of the realignment algorithm wested over the course of two months,
until a version was selected which was effectiveegtstering frames within both low- and high-
motion cases. The clear impact of realignmentse&s on the TACs generated for ROIs placed
on the striatum, shown in Figure 4.10. This subgadibited substantial amounts of motion
during the scan, as can been seen in the motiokirigaplot, and frame-to-frame realignment

restored the TACs to a normal pattern.
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Figure 4.10 The effects of motion during a 60-minute RAC PE&n on image data
quantification. The motion tracking plot is shofen a PD subject (A), as well as the resulting
TACs for 8 striatal ROIs and one cerebellar RObbefB) and after (C) frame-to-frame
realignment. (A) This subject exhibited substdmtiation in all directions (x,y,z) during the
scan, and during the last 15 minutes in particalarvidenced by the blue, pink and yellow
traces. TACs were generated for 8 striatal ROIpéupraces in B,C), and one cerebellar ROI
(bottom trace in B,C). Without realignment, the TAdisplay an uncharacteristic upward pattern
toward the end of the scan (B). Following realigmt) the expected pattern is restored for all
ROls.

Quantitative impacts of realignment
The impact of frame-to-frame realignment on the RB®s was much greater in the high
motion data. Two representative cases, one withnhotion and one with high motion, are

shown in Figure 4.11. In both cases, the realgmrbetween frames restored the characteristic

10% decrease in RAC BPs in response to levodofieeiputamen.
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Figure 4.11 Striatal RAC BPs in a PD patient with low motigkB) and high motion (C,D)
scans, at baseline (black bars) and following leraddopa (white bars), before (left panels) and
after (right panels) frame-to-frame realignmenheTmpact of motion on the BPs can been seen
in the pre-realignment panels, where there no effelevodopa is seen in the low-motion case
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(A) and a biologically unlikely effect (52% decreaa RAC BP in the putamen) is seen in the
high-motion case (B). Realignment was effectiveestoring biologically meaningful results; an
11% (C) and 8% (D) decrease in putaminal RAC BResponse to levodopa.
4.5.4 Discussion

Frame-to-frame realignment of the PET data prdweduk an effective method of motion
correction. The impact was more pronounced in scandich the patient exhibited a large
amount of motion, which is almost certain to ocatien scanning patients with movement
disorders such as PD. As a result of this woiik, riiethod of motion correction has now been
implemented in our centre and is used for all HRRfa with a high rate of success (see
Appendix D for the final protocol). One benefittbfs method of registration is that multiple
scans from the same subject can be registere@ teathe target, for example, a baseline scan.
This feature is particularly useful for RAC scansieh require at least one baseline and one
intervention scan in order to measure DA reledEboth images are in the same position, the
same ROI placement can be used, reducing the @naiye significantly (this method was used
in Chapter 5).

Although effective, this method of frame-to-framealignment is not without drawbacks.
First, it corrects only for motions that occur beem frames, and not those within frames. This
can be addressed by incorporated the motion trackexdnation directly into the data
reconstruction, which is currently being implemehite our program. Second, the data are
interpolated, which degrades the data to a sm&¢héx This must be taken into consideration if
further registrations are made, for example, if INERI co-registration is used to draw ROIs.
Finally, it can be difficult to visually detect wesmall errors in the registration, and at the
moment, there is no mechanism that has been dedetogest the success of realignment other
than visual inspection. However, this may not lb&rge problem for ROI-based analysis, since

any realignment discrepancies will be easily splothgring creation of the TACs.
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4.6 Implementing a methodology for region-of-inteest-based data analysis
4.6.1 Introduction

When attempting to quantify tracer binding, an R@sed approach necessitates defining
the areas of interest within the braipriori. RAC PET scans provide very clear signals of
tracer uptake in the striatum, but less so forassttiatal sites. Most problematic to the analysis
of PET scans is the fact that the images are aureas$ functional information, and may not
directly represent the underlying anatomy. This loa addressed by co-registering a subject’s
PET scan with their anatomical, T1-weighted MRttmfirm the ROI placements. However, if
the activity concentration of the tracer is clearjs the case for RAC images, ROIs can be
determined without anatomic reference. In fadtag been shown that for RAC PET scans,
drawing ROIs directly onto the PET images providesilts which are virtually identical to
those derived when MRI co-registration is used (g/einal. 1996).

Each new generation of PET scanners is accompagiad improvement in image
resolution, from the PETT Il (1976) which had aokition of 10.35 mm FWHM (Hoffman,
1976) to the HRRT (2002) boasting a resolutioregklthan 2.4 mm FWHM (Wienhard, 2002).
The impact of improved resolution on image quastgasily visible in Figure 4.12 which shows

images from tomographs with progressively higheohation capabilities (AC).
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Figure 4.12. PET images of the human brain with scanner résolincreasing from left to
right. Images are from the PETT Ill (A), ECAT 9@, and HRRT (C).
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Paradoxically, increasing the resolution of thegemintroduces more challenges in defining
ROls, as the limitations to the technique becomesmobvious. Figure 4.13 illustrates an

ECAT image with its corresponding ROI template loa dlorsal striatum. When this same
template is placed on the HRRT image, the increessalution reveals that the ROIs are
capturing the internal capsule as well. Clear blames of the caudate and putamen are visible
in the HRRT image and so the ROIs can be adjustledreas in the ECAT image the ROIs are
simply laid tip-to-tail as no differences betwehfe structures is visible. Furthermore, the almost

seven-fold increase in the number of planes owarahthe ECAT meant that criteria had to be

developed for selecting the planes to include enahalysis.

Figure 4.13 RAC images from the (A) ECAT 953B and (B) HRRTtwihe standardized ROI
template from the ECAT overlaid on the striatum.

In order to take full advantage of this increaseatial resolution and ability to delineate
subcortical structures, it was necessary to reéfisanethod of ROI-based analysis. Specifically,

two aspects needed to be addressed: what shagelesRould be used, and which planes
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should be included. Since the operator can gredfibet the outcome, we needed to define
metrics that could be used to incorporate somectibjy and reproducibility into the decisions.
We used knowledge of the neuroanatomy of the stndab define the volume and areas of the
ROls, as well as the number of planes to includd,kmowledge of the biology of the
nigrostriatal DA system to validate the methods.
4.6.2 Methods

These investigations were carried out using fepresentative RAC PET scans (2
baseline, 2 post-levodopa administration) from 2Ribents, collected as part of another
protocol (see Chapter 5). At the time, we didmmte access to anatomical MRIs for the
subjects, thus all investigations were performedatiy on the HRRT data. The data were
realigned according to the protocol outlined inkegy4.6. Mean images of the last 30 minutes
of the scans were generated in order to best visuthle striatum, as the majority of the tracer
activity represents selective binding to DA/{yeceptors during this time. These mean images
were used for plane selection, ROI template conostm, and ROI placements for the
comparisons between raters. All investigationsawsrried out on transaxial (horizontal)
sections.
ROI Shape Selection

The total volume of the striatum is approximatedyc®T in an adult (Firnau 1986),
although not all of this is sampled in the analysdecording to Makt al. (1997), a very rough
estimate of the area of the caudate and putamamamizontal section at the level of the
midpoint of the striatum is approximately 180 fmper side, or 360 mhbilaterally. We chose
the same template used for the analysis of ECAA asita starting point (Figure 4.13). This
template consists of 4 consecutive large circlasqa end-to-end over the anterior-posterior
extent of the striatum (one on the head of the atudnd three on the putamen). Then, three
additional templates were constructed using a coatigin of circles and ellipses. Ellipses were

89



only used for the head of the caudate nucleustamg@dsterior putamen, in accordance with the

anatomical shape that can be seen in Figure 4.14.

Figure 4.14 T1-weighted MRI of a PD subject depicting theastrm with elliptical ROIs

overlaid on the head of the caudate nucleus angdsterior putamen.

The areas were varied systematically to includegel and a small version of each shape: we
hypothesized that larger ROIs would result in iessr-rater differences as there are fewer
options for ROI placement, while smaller ROIs aasier to place on areas of high tracer uptake.

The shapes and areas of the four templates, labélddl are shown in Table 4.2, and depicted

in Figure 4.15.
Template Caudate (C Anterior | Intermediate Posterior Total Area
Putamen (P1) Putamen (P2) Putamen (P3 (mn?)
T1 89.12 ellipse | 69.81 circle 69.81 circle 50.%psk 558.49
T2 69.81 circle 47.53 circle 47.53 circle 47.5%kd@r 424.81
T3 74.27 ellipse | 47.53 circle 47.53 circle 50.%psk 439.67
T4 69.81 circle 69.81 circle 69.81 circle 69.8klar 558.49

Table 4.2.Areas and shapes of the four candidate ROI teemldtl-T4, for the dorsal striatum.
All areas are in mf The total area shown is for both sides (i.eG3$% The total volume of
the ROIs used would depend on the number of plsslested.
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Figure 4.15 Candidate ROI templates used for analysis theadstriatum of RAC scans.
Templates (T1-T4) are shown on the same mean imia@@lanes in horizontal section through
the striatum. The head of the caudate nucleusma®ROl (C, top of each panel), and the
putamen has three running from anterior to postéRa@, P2 and P3). T1 and T3 use a
combination of ellipses and circles (T1, larger a3dsmaller), and T2 and T4 use only circles
(T4, larger and T3, smaller). T4 is the same teteplised for ECAT image analysis. Blue areas
indicate lower tracer uptake and red areas indicigte levels of tracer uptake.

It was necessary to devise metrics in order tosas$®ne template provided superior results.
The ROI templates were therefore compared on thengis of validity and reproducibility.
Validity was examined in two ways: the face valydif the templates was assessed by
determining the ease of template use, as well aswall they represented the underlying
anatomical structures, and the biological valistys assessed by determining how well the
different templates reflected the biological measufrDA release. In addition, the absolute
values of the binding potentials from the differeerhplates were compared to determine which
shapes and sizes provided higher results, whictdisative of a better ability to capture the
structure of interest with less contamination frpamtial volume effects. Finally, reproducibility

was examined by comparing the results performetth@same data sets separately by two
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independent raters. The RAC BPs for each ROldohdemplate were then calculated using the
same cerebellar TAC as the input function. Thea@ute measures used were the percent
differences between raters in the BPs. These seslyere carried out using both 9 and 12
planes.
4.6.3 Results
Face Validity

We found that the templates that included elligsethe head of the caudate and the
posterior putamen were easier to place, and betiected the underlying anatomy. The
difference in shapes and sizes of the ROIs restwbiere they can be placed along the anterior-
posterior axis of the striatum. For example, it barseen in Figure 4.15 that due to the large size
of the circles in T4, the P3 ROI is capturing otilg most posterior aspect of the putamen (the
“tail”), and a larger proportion of colder areahig'is in contrast to T1 or T3, in which P3 is a
smaller ellipse, and due to the conformation ofrte of the template, is able to capture a hotter
region that more closely follows the shape of ttievdy. When the same templates are placed
on the MR, it can be seen that the larger cirtddgo conform to the anatomy of the posterior

putamen or the head of the caudate (Figure 4.16).
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Figure 4.16 T1-weighted MRIs from the same PD subject shoviiogy T3 (A) and T4 (B)
reflect the anatomy of the striatum.

Biological Validity

We assumed that if a particular ROl template isebehan another, the ROIs within it
would better capture the activity in the striatuma, the hotter areas. We found higher BP values
using the templates with the smaller circles atigsas, indicating less contamination due to
partial volume effects. Interestingly, both eligsand circles on the head of the caudate
provided essentially the same results.

In terms of the number of planes, we found thatg&i2 planes provided lower average
BP values for each ROI. Since we were capturitegger extent of the striatum (superior to
inferior), the edge planes (i.e. at the top andidmo} contained lower amounts of tracer uptake,
and thus resulted in a lower average activity.sMms confirmed post-hoc using coregistered
T1-weighted MRIs, where it could be seen that Riddsed the edge planes contained little grey

matter of the putamen.
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Reproducibility

The range of the percent difference of the BPs ige@@ per ROI between raters using 9

planes was 0.86 — 5.17 %. The results using 1Z2plamre similar (range in percent differences

was 0.70 - 7.41%). The results are shown in Figut&. Overall, T4 provided the lowest

difference in BP values between raters. We assuhatdhe reason for this is that it is the

template with the largest ROIs (large circles) drate are fewer options for ROI placement.

The highest degree of inter-rater variability wasersin the placement of P3. Interestingly, for

this ROI, T3 provided more consistent results betweaters. This could reflect the fact that the

ellipse more closely matches the shape of the posfitamen in a horizontal section and it

was therefore more evident where it should be placgtherwise, the results were fairly

consistent between raters for the other templatealf of the ROIs (Table 4.3).

T1 T2 T3 T4

Planes 9 12 9 12 9 12 9 12

Mean + 3.54 3.13+ 2.59 238+ 2.46 291 2.56 * 2.76
S.E.M. 0.41 0.51 0.45 0.36 0.32 +0.26 0.61 +0.75
L Caud 4.33 2.82 3.91 2.24 2.92 3.30 1.04 2.01
LP1 3.94 1.19 2.51 1.35 3.68 1.82 1.79 2.67
L P2 2.33 2.08 1.26 1.48 1.59 2.81 1.68 1.52
L P3 3.63 5.09 2.21 3.51 2.32 2.09 5.17 7.43
R Caud 2.26 3.98 2.19 2.84 3.05 4.02 1.39 0.60
RP1 4.69 3.37 3.06 2.07 2.94 3.64 3.88 1.60
R P2 2.13 1.67 0.88 1.45 0.88 2.69 0.86 2.29
R P3 5.04 4.87 4.67 4.12 2.32 2.92 4.69 3.98

Table 4.3 Percent differences in BPs between raters for B&zh(far left hand column) for all
four candidate templates. Percent differences warilated according to the following
formula: (BRater 1— BRater 2/BPrater 1*100. Results for both 9 and 12 planes are sholire
values for all ROIs in a column were averaged temeine the mean difference for each
template (row labeled Mean £ S.E.M.).
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Figure 4.17 Mean + SEM inter-rater variability expressed g&ecent difference between BP
values generated for each ROI by two separatesrideeach ROI template. Percent differences
were calculated according to the following formuyBP,ater 1— BRater 2/BPrater 1*100. Results

for A) 9 and B) 12 planes are shown. The great#fgrence between raters can be seen in P3.
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4.6.4 Discussion

Assessing the validity of the different ROIs protede a difficult task, as on the whole,
the templates were quite similar and thus any iffees in quantification of the BPs would be
subtle. An ROI-based analysis using the approduwrevROls are placed directly on the PET
scans requires consistency between subjects. Sehefigeometrical shapes ensures that the BP
values from subjects are comparable as they araatat from ROIs of the same area. In
addition, any ROI placement protocol must satibfy following criteria:

1) Valid — the ROIs must capture the structures afradt, both in terms of structure and
function, and reflect the underlying biology; and
2) Reproducible — the method must be able to providesame or very similar results

between two independent raters.
Since the results we obtained using the differemiptiates were on the whole quite similar, we
decided to choose the template that offered thiedsigdegree of face and biological validity, and
that which we found easiest to use. Thus, we ofatede 9 planes for ROl placement, and T3
was selected as the ROI template which providea@dnabination of being the easiest to use, as
the shape best reflected the activity seen in th€ Rnages, and gave consistently higher BP
values.
4.7 Conclusion

This Chapter describes the evolution of the datdyars methodology of HRRT PET
data. When the process began, there were yetlisiped results demonstrating if and how the
increased resolution of the HRRT affected RAC gdbotential values. In addition, the
methods in place for the ECAT data were not switédnl the increase in quality and size of the
HRRT image data. We essentially had to start frleenbeginning, not knowing if the results we
obtained were due to the resolution improvementeeérHRRT, or were due to the fact that
some unknown corrections had not been appliedaadita. The processes described in this
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chapter resulted in the development and implemientatf the standard method of ROI-based
analysis of image data from the HRRT that is nowouttine use in this Centre. Other methods
of analysis are currently being considered andstgated, including voxel-based statistical
analyses using parametric images of BP valuesglisas/other approaches to ROI-based

analyses using the individual subjects’ co-regextdviRIs.
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CHAPTER V: Separate contributions of uncertainty and expectedeward value in the
mechanism of the placebo effect in Parkinson’s diase

5.1 Introduction

The placebo effect is commonly detected in tridlherapies for PD, where patients
demonstrate clinical improvement in response tamphaological placebos (de la Fuente-
Fernandez et al., 2001b;de la Fuente-Fernanddz 2082), sham deep-brain stimulation
(Benedetti et al., 2003b;Colloca et al., 2004;Petlal., 2002), and sham surgery (McRae et al.,
1996;McRae et al., 2004;Watts et al., 2001). Imgoaty, PD is an excellent model in which to
study the placebo effect due to the ability to otiely assess clinical improvement; a blinded
examiner can measure changes in motor functioespanse to placebo using standard clinical
scales. Indeed, PD patients can present markedumtained improvements on objective
measures with placebo treatment even in rigoroemtyrolled and blinded trials (Goetz et al.,
2000).

Several studies have demonstrated the criticalafoéxpectation in the mechanism of the
placebo effect, and expectation has been showa &s$ociated with release of DA (de la
Fuente-Fernandez et al., 2002;Kaasinen et al.,;3@04 et al., 2008), changes in brain glucose
metabolism (Mayberg et al., 2002;Volkow et al., 2D0r changes in subthalamic nucleus (STN)
neuronal firing (Benedetti et al., 2004). Mosek&lnt to this work, manipulation of expectation
affects the clinical motor performance of PD pasdiMercado et al., 2006;Colloca et al.,
2004;Benedetti et al., 2003b;Benedetti et al., 200Mo et al., 2002). The beneficial effects of
placebo-induced expectation in PD extend beyondorgment in motor symptoms, as it has
been shown that quality of life following fetal trigplantation for PD is determined not by the
actual surgical procedure (transplant or sham)wlaat performed, but rather by the patient’s
belief as to which group s/he was assigned to (Mofal., 2004). We previously hypothesized

that the expectation of therapeutic benefit whghlicited by a placebo can be likened to the
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expectation of a reward, particularly in patientfexring from chronic illness who are required

to take frequent doses of medication (de la FuEeteandez and Stoessl, 2002;de la Fuente-
Fernandez et al., 2002). Thus, in their abilitgtimmulate positive expectations, placebos can be
rewarding in their own right.

It is now established that the placebo effect ini®Mediated by dopamine (DA) release
in the dorsal and ventral striatum (de la Fuentex&iedez et al., 2001b;Strafella et al., 2006).
Placebo-induced DA release as measured'®} faclopride (RAC) PET has been shown in
response to saline when patients were expectingcwve the injectable DA receptor agonist
apomorphine (de la Fuente-Fernandez et al., 20f-idbsham repetitive transcranial magnetic
stimulation (rTMS) (Strafella et al., 2006). Fuwetmore, the degree of DA release in the dorsal
striatum has been associated with the perceivecomement in motor symptoms of the patient.
Our previous study indicated that placebo respan@er determined by subjective measures (i.e.
self-report following the PET scan), demonstrateshter DA release in both the caudate nucleus
and putamen compared to non-responders (de lad-&enhandez et al., 2001b). However, a
related study conducted in PD patients exposedamgTMS failed to find a statistically
significant difference in the degree of DA releaséwveen responders and non-responders,
although did demonstrate greater DA release ipthi@men contralateral to the more
symptomatically affected side (Strafella et alQ@0 Thus, the degree of placebo-induced DA
release in the motor areas of the striatum — timegwy region of nigrostriatal DA depletion in
PD — appears to be graded, reflecting in part yhgpsomatic requirements of the patient,
whether they are consciously perceived or not.

In contrast to the dorsal striatum, the degredaxfebo-induced DA release in the ventral
striatum may be independent of the perceived befedtfiby the patients. In both our previous
study (de la Fuente-Fernandez et al., 2002) adrafella et al. (2006), all patients displayed
increased DA release regardless of whether thectiet a subjective placebo effect.
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Mesoaccumbens DA neurons play a crucial role irarevgignaling, and human neuroimaging
studies have replicated animal studies in demansgr&dlAC involvement in the expectation of
primary rewards (O'Doherty et al., 2002), secondanyforcers (Breiter et al., 2001;Knutson et
al., 2000;Knutson et al., 2001b), and drug rewéleégton et al., 2002). This literature
prompted the reward hypothesis of the placebo efiduch states that placebo effects are
produced in part by the expectation of benefit Whecakin to the expectation of reward,
resulting in striatal DA release (de la Fuente-Badez and Stoessl, 2002;de la Fuente-
Fernandez et al., 2002). This idea has been stggpby a recent study in placebo analgesia,
which demonstrated both DA and endogenous opitédse in the NAC following placebo
administration with the expectation of analgesieo{Set al., 2008).

De la Fuente-Fernandez et al. (2001) used a panadigvhich PD patients expected
active medication for 3 out of 4 scans, thus fahescan the perceived likelihood of symptom
improvement was potentially 75% (allowing for theewof varying doses of active medication).
In the Strafella (2006) study, patients had a 5@@eetation of receiving “real” rTMS. Thus in
both studies, there was a significant componempipectation in the paradigms which was able
to stimulate striatal DA release. However, it ramainknown if the amount of placebo-induced
DA release can be modulated by the patients’ stheoigexpectation. The phasic reward-related
activity of midbrain DA neurons depends on rewardilability, that is, these neurons encode
the probability and magnitude (i.e. value) of teevard that is predicted by a conditioned
stimulus in a monotonic fashion; the greater tHeevaf the reward, the greater the amplitude
and frequency of burst firing (Tobler et al., 200Mtuitively, one could speculate that the
placebo effect could be maximized when the expiectatf benefit is high, whereas if the
predicted likelihood of receiving active treatmentow, there will be little (if any) placebo-
derived benefit. Thus, as the degree of expectagionodulated, there might be a linear
relationship between expectation and striatal Didage. Another possibility is that placebo-
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induced DA release represents the uncertainty egedavith the subject not knowing if s/he is
receiving active medication or placebo. A popuwolatf midbrain DA neurons has been shown
to increase tonic DA activity in a manner that esponds to the degree of uncertainty associated
with reward prediction (Fiorillo et al., 2003). itslower DA response has an inverted U-
shaped dose response curve that is maximal atalpiivy of 50%, which is the point of
maximum uncertainty. If this applies to the plazelffect, it is possible that the greater the
uncertainty of benefit associated with placebo adstriation, the greater the placebo-induced
DA release. Based on these findings, we hypotbddizat the degree of placebo-induced DA
release in the striatum of PD patients could beutatdd in either a monotonic or an inverted-U
dose-response fashion, and might additionally depenthe degree of clinical improvement
expected by the subject. Based on the resultsrgbr@vious study, we predicted a bilateral
release of DA involving both the dorsal and venstaktum which would suggest involvement
of both nigrostriatal and mesolimbic DA pathways (@ Fuente-Fernandez et al., 2002).

The objective of the current experiment was to mheitee if the degree of placebo-
induced DA release in PD could be modulated bysthength of expectation of benefit. We
used verbal instructions to manipulate the pati@xgectations of improvement, telling them
their explicit probability of receiving levodopargeis placebo. Four probabilities (25, 50, 75,
and 100%) were selected as the independent vasialiieh would enable us to detect either a
linear or an inverted U-shaped dose-responseaakdtip between reward expectation (i.e.
clinical improvement) and DA release in the doesad ventral striatum. In addition to the
biochemical placebo effect (i.e. DA release), vemaheasured the clinical placebo effect in the
subjects, as this can be objectively tested byral®&tl examiner. Finally, the subjectively

perceived placebo effect was measured by patiéfAtegmrt.
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5.2 Methods
5.2.1 Subjects

35 patients diagnosed with idiopathic PD were rgedufrom the Movement Disorders
Clinic at UBC Hospital. Five subjects withdrew frdahe study due to claustrophobia or the
discomfort associated with PET. The 30 remainingexts completed the study (men, n=25,
women, n=5). The mean + SD age was 62 + 7.6 yatslisease duration was 9.9 + 3.6 years
based on the time of symptom onset. We selectgehpsmwith mild to moderate disease
severity (mean Hoehn & Yahr score of 2.2 + 0.5¢sinon-disabling symptoms may not derive
as much benefit from placebo as those with morersedisease from which they require
symptomatic relief. Patients were free of depmséBeck Inventory of Depression mean score
6.3 £ 2.3) (Beck et al., 1988) and cognitive impant (Mini-Mental Status Examination mean
score of 29.2 £ 1.1) (Folstein et al., 1975), amtertaking levodopa as part of their medication
regimen for PD. All patients gave written informesmhsent. The study was approved by the
UBC Clinical Research Ethics Board (Appendix E).
5.2.2 Study design

The study design is depicted in Figure 5.1. Tmeament took place on two
consecutive days whenever possible, and patients wighdrawn from all anti-parkinson
medication 12-18 hours prior to being scanned.sAbljects underwent three RAC PET scans.
On the first day, a baseline scan was performeidwied by a scan that began one hour
following the oral administration of standard-rede®250/25 mg levodopa/carbidopa (Sinemet),
which was delivered in an open fashion. On the se@cday, the subjects were randomly assigned
to one of four groups, A through D, which deternditiee verbal instructions they were given
regarding the likelihood of receiving active drlgvpdopa) for the scan: (A) 25% probability of
receiving active drug, (B) 50% probability of redepg active drug, (C) 75% probability of
receiving active drug, and (D) 100% probabilityreteiving active drug. In actual fact, all
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subjects were given placebo. The group allocatias mot revealed to the patient until the time
of placebo administration. The active medicatioreq for the second scan was crushed and put
into capsules so as to look identical to the plagsdpsules (as it was not possible to obtain
placebo tablets which looked identical to levodapanarketed). All subjects were additionally
given 20 mg domperidone 30 minutes prior to bood®pa and placebo in order to prevent

peripherally mediated side effects of levodopa saghypotension or nausea.

DAY 1 GROUP A (25%) DAY 2
0,
. Open GROUP B (50%) \ Placebo + verbal instructions:
Baseline ‘ levodopa ‘ 7~ | “x % chance of receiving drug”
P GROUP C (75%) o g drug
GROUP D (100%) |

Figure 5.1 Study Design. White boxes represent the thre€ RET scans. It can be seen here
that all subjects were treated in an identicalitashintil they were randomized to separate
groups on Day 2.
5.2.3 Objective ratings

Additional measures were taken in order to detetit bbjective and subjective placebo
effects. At the beginning of each day, the pasidoéseline motor function was assessed by a
blinded examiner using the Unified Parkinson’s BseRating Scale (UPDRS Part I,
Appendix B) (Fahn S, Elton RL. 1987). The sammdad examiner conducted an abridged
version of the UPDRS at the midpoint (30 minutestf®AC injection) of each PET scan
(Modified UPDRS, mUPDRS, Appendix C). The UPDRSwaodified to include only
measures of tremor, bradykinesia and rigidity emapper limbs, and tremor and rigidity only in

the lower limbs in order to minimize the impacth@ad motion on the PET data.
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5.2.4 Subjective ratings

The subjects were asked following both the levodmpéplacebo scans if they felt any
improvement in their PD symptoms following the nuadion, and to rate that improvement, if
any, using an arbitrary scale from 0 to 3 (0O =mgrovement, 1 = mild, 2 = moderate,
3 = strong) (Subject Self Reporting Form, Apperfgix The subjects who reported perceiving
symptom improvement (defined as mild and greatergvdefined as placebo responders. The
subjects were also asked whether they thoughtrde®ived active medication or placebo
following the placebo scan.
5.2.5 Expected reward value

Expected reward value (ERV) is defined as the pebdf the probability of reward
delivery (p) and the reward magnitude (MAG): ERY x MAG. In this study, the probability
was dictated by the group allocation (25 — 100%)e reward was the clinical benefit
experienced by the patient elicited by the placedoch the patients thought could be the same
dose of levodopa that they received on Day 1. Timuhis case, the magnitude of reward would
be the patients’ degree of symptom improvemene¢gponse to levodopa on Day 1. Since we
had both objective and subjective measures focltheal benefit in response to levodopa, the
magnitude of the reward could be defined in twdedént ways: MAGy;was defined as
MUPDRSaseine— MUPDRQvodopa @and MAGpj was defined as the patient’s perception of
symptom improvement as measured by self repod &) hone to strong). Therefore, the ERV
calculations were defined as follows:

ERVop = Group x MAGy;
ERVsup= Group X MAGyy;

5.2.6 Manipulation of expectation

In this experiment, expectations were manipulaerthally, and it was essential that the
patient clearly understood their probability ofesing levodopa. The groups were given the
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following instructions to specifically illustratbé probability of receiving active drug in order to
most convincingly manipulate expectation:

“You have been randomly assigned, like pulling nemsbout of a hat, to Group A. As you read
in the consent form, this means that you have a @dfce, or 1 in 4 chance, of receiving active
Sinemet, exactly the same dose that you were gigsterday for the second scan. We took one
real Sinemet pill, and three placebos and shoak tine and withdrew one. This is what we are
giving you. You will be told what you have beenan after the scan is complete.”

Following this, the patients were then asked tdiomrthat they understood their chances of
receiving medication.

Since this study required the use of deceptionctimsent form given to the patients
upon recruitment (potentially as early as three tm®im advance of the time of scanning)
represented the true beginning of expectation nudetipn (Consent Form, Appendix G). The
consent form stated:

“The purpose of this study is to examine the dédferfactors that contribute to a person’s
response to the treatment of their Parkinson’sadiseThe study requires the use of some
deception, and as a result the full purpose okthdy cannot be revealed to you at this time.
However, nothing that has been described abovet éleypurpose is false. We have simply
omitted some details. These will be described 1o giace the study has been completed. At that
time, we will fully debrief you about the backgraljpurpose and methods that were used
during the experiment and answer any questionsythamay have.”

Thus, the patients were told that deception woeldised, but that we could not inform them as
to the nature of the deception. This tactic isually identical to the one described in Miller et
al. (2005), and is considered ethically acceptéistudies such as this (Miller et al.,
2005;Miller and Wendler, 2005).

5.2.6 Debriefing

Immediately following the completion of the expeent, the subjects were debriefed as
to the true purpose of the study and the natuteenfieception used. The subjects were
informed that they were given placebo for the fis@n, and in fact could never have received
levodopa for that final scan (Debriefing Form, Apgix H). They were told that deception was

necessary in order to be able to measure howeRkpgctations affected their brain DA levels,
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and that if they were aware that they were recgipilacebo, their expectations would be zero,
which would fail to produce a placebo effect antedethe purpose of the study. As a
precaution, and in light of the small Parkinsorosnenunity in British Columbia, subjects were
additionally asked not to reveal the study destgarty fellow patients — either friends, or
support group acquaintances — as there would barece that they could potentially be recruited
into the study and their data would be invalidafdtey were also advised that if they objected to
the approach that was taken, their data would im@ved from further analysis.
5.2.7 Positron emission tomography and image anai

All scans were performed using a high-resoluti@eagch tomograph (HRRT,
CTI/Siemens) operating in three-dimensional (3DmoA 10-minute transmission scan using
a rotating radioactive sourcE{Cs) was performed at the beginning of each scaatfenuation
correction. Head motion was minimized by the usaroindividually molded thermoplastic
mask. In addition, head motion was tracked inkesstiof patients using the Polaris Motion
Tracking system (Bloomfield et al., 2003), whiclqueed the subject to wear a thin neoprene
swim cap under their thermoplastic mask. Follgnime attenuation scan, the RAC scan began
with the bolus injection of 10 mCi of RAC (mean B Specific activity = 4312 + 1869 Ci/mmol
at ligand injection) into the left antecubital v@wer 60 seconds, and emission data were then
acquired over a period of 60 minutes in 16 franfggragressively increasing duration. Emission
data were reconstructed using a statistical algorigOrdinary Poisson 3D— OSEM) that
contained corrections for scatter, attenuationdoamevents and normalization (Politte and
Snyder, 1991). Emission data were then correctechbtion by inter-frame realignment using
Automated Image Registration (Woods et al., 1993)e levodopa and placebo images were

registered to the baseline image to facilitateaegif-interest (ROI) placement within subjects.
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Region-of-interest placement

Fromthe emission data (30—60 min), an integrateabe with 206 planes (each 1.211
mm thick) was obtained for each subject. For twsa striatum, elliptical and circular ROIs
were placed on baseline integrated images on Scatige transaxial slices (total thickness
10.89 mm) in which the caudate nucleus and putameza best visualized (as seen in Section
4.6.4). As ROI placement on so many planes istigadly difficult and data from single slices
tend to be noisy, these 9 planes were regroupedhnte mean images of 3 planes each for ROI
placement. Individual ROIs were adjusted to mazerthe average activity on each image. For
ventral striatum analysis, an integrated imagé&édoronal plane was created from the emission
data (30-60 minutes), and 6 consecutive coronasltotal thickness 7.26 mm) in which the
ventral striatum was best visualized were averagedingle elliptical ROl was then placed
bilaterally on the ventral striatum, in part usmgplished anatomical criteria (Mai et al., 1997).
The ROIs placed on the baseline integrated imawes patient were then placed on the
levodopa and placebo scans from the same pati¢iné isame position, with minor adjustments
made to maximize the average activity within thelRThe background activity was averaged
from a single elliptical ROI (2055 mfndrawn over the cerebellum on the integrated infega

6 consecutive transaxial planes.
Binding potential extraction

Time-activity curves (TACs) were generated for eRE)N. In order to reduce noise in
the data, the TACs from the three putamen ROIs weeeaged into a single TAC for each brain
hemisphere. Thus, there were three TACs genefatesch brain hemisphere: head of the
caudate, putamen, and ventral striatum. RAC bmguotentials (RAC BPs), defined by
BmaXKd, Were determined using a graphical approach ubmgerebellar TAC as an input

function. Two alternate kinetic models were applie the data to extract the RAC BPs, the
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main biological parameter of interest (Logan etE96;Gunn et al., 1997). The models make
different assumptions and have different sensiisito noise (which is non-negligible in high
resolution PET data, especially if there is patrantion), and at the time of analysis it was

unknown whether one model might introduce biaheresults.

5.2.8 Statistical analysis

All values are reported as mean + SEM unless wiBerstated. Parametric and non-
parametric tests were conducted as appropriatecfifagge in RAC BP in response to levodopa
(RAC BRyaseline RAC BPevodopd Was assessed using a linear multiple regressaxtehthat
included age and RAC BReineas regressors. The change in RAC BP in responslatebo
(RAC BPpaseine RAC BPpiaceng Was explored using analyses of covariance (ANCPVA
including age, group and RAC BR.inea@s covariates. Additional covariates were alsdaeed
(see results). Where ANOVA was significant, paiew®mparisons were performed using
Bonferroni corrected t-tests. ERyand ER\y,were used as covariates in the ANCOVA, as
well as treated as separate continuous independaables in multiple regression analyses, in
order to determine whether probability or ERV wdsetter predictor of placebo-induced DA
release. The effect of expectation (i.e. Groupdhanclinical response to placebo
(MUPDRSSaseline- MUPDRSacend Was investigated using an ANCOVA also adjustecafye
and mUPDR&:seine Associations between individual percentage chsauig clinical scores
(mUPDRS) and subjective responses to levodopa lacelmpo were interrogated with the
Spearman rank correlation statistic. A multiplgression analysis adjusted for age and
RAChaselineWas also carried out to investigate the corretetietween the DA response to

levodopa and to placebo (i.e. RAGeine— RAGevodopaVersus RAGaseiine— RAGiacebg-
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5.3 Results
5.3.1 Subjects

The patient characteristics are outlined in Table 3he mean + SD levodopa dose
(calculated as immediate release equivalents)lifgsubjects was 917.08 + 432.07 mg, and the
mean = SD DA receptor agonist dose (presentedombcriptine equivalents) was 12.85 +
14.75 mg. Four subjects were taking low dosestflepressants (selective serotonin re-uptake
inhibitors), but were not depressed at the timgcahning (mean BDI score = 7.5). One subject

was taking amantadine.

Mean disease Mean levodopa Mean agonist dose

Group : M:F Mean age (yrs) duration (yrs) dose (mg) (mQ)
A 8 7:1 65.75 + 4.86 11.5+54 866.25 + 383.1 SQB.6
B 7 5:2 64.17 £5.8 9.6+2.8 670 + 487.9 10.00442
C 7 6:1 59.85 + 8.27 9.0+3.2 1061.79 + 246.9 22487.43
D 8 7:1 59.57 £ 9.49 95+3.1 1057.5+512.6 1x62.58

Table 5.1Clinical characteristics of the PD patients integmoup. Results are presented as
mean £ SD. The mean levodopa dose is preseniatmediate release equivalents. For
individuals taking controlled-release tablets thsalwas converted according to levodopa IR mg
= levodopa CR x 0.66. The mean agonist dose septed in bromocriptine equivalents
according to the following formula: bromocriptinegm ropinirole mg x 2, pergolide mg x 10,
and pramipexole mg x 10.

The UPDRS Ill OFF score on Day 1 was 20.93 * 1a82), 20.76 = 2.02 on Day 2. The baseline
UPDRS Ill OFF scores from Day 1 and Day 2 were lyigbrrelated § = 0.8651, p < 0.0001,
Spearman). We were unable to assess portiong &RDRS on the lower limbs for three
patients as one had a cast, another had a prasthedianother had a sprained ankle. Full
UPDRS 11l scores were therefore normalized by dhgdhe score by the total of the sections
that were able to be tested, which varied for gmatlent (a total UPDRS score of 92 for two
patients, and 88 for the other). The mUPDRS sa@®normalized by dividing by 48 rather

than by 56 as tremor and rigidity in that limb abuabt be assessed.
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5.3.2 Response to levodopa
Objective levodopa response

A multiple regression analysis including age andRBDIR S ,sciine@S regressors indicated
modest but highly significant improvement in the RIRRS motor score following open
levodopa, from the baseline (“off” state = 14.4.4,versus “on” state = 8.9 £ 0.9, 32%
improvement; r = 0.77, p = 0.0000) (Figure 5.1/&pr these purposes, a clinically meaningful
change in UPDRS scores was arbitrarily defined>586 Enprovement and greater. According to
this criterion, 18 patients demonstrated clinioaprovement on the mUPDRS (53.73 % + 0.04),
10 had no change (0.29% + 0.04), and one got WeB686).
Subjective reporting

All but three patients reported feeling benefitnfrievodopa. Twelve patients reported
“mild” benefit, 8 reported “moderate” benefit, aBdeported “strong” benefit (Figure 5.2B).
Surprisingly, there was no correlation betweenphitgents’ subjective reporting of symptom
improvement and the measured clinical respopse(.058, p = 0.76, nonparametric Spearman

correlation).
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Figure 5.2 Changes in mMUPDRS scores in response to oral I@eotho30 PD patients. A) Y-
axis displays Normalized mUPDRS scores at bas@lirey bar) and following oral levodopa
(open bar). Levodopa administration resulted ifgaicant reduction (32%) in mUPDRS

scores indicating clinical improvement in PD symmpso(p = 0.0000). B) Percentage change in
MUPDRS scores (MUPDRBSeine— MUPDRRvodopa/ MUPDRQaseineX 100%) shown as a

function of the patients’ subjective self-reports penefit, mild, moderate or strong benefit). No
significant association was seen between objeatiesubjective reports, and although there is a
trend for increasing clinical benefit and increabedefit as measured by self-report, there were
no significant differences observed between grodpg® analysis was repeated omitting the
three patients who reported no benefit from levedapd the results were still not significant.
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[*'C] Raclopride PET results

As can be seen in Figure 5.3, a significant 7.87% reduction in RAC BP (RAC
BPpaseline RAC BRevodopd Was seen in the putamen in response to levodé@iparglues of 3.69 +
0.16 pre-treatment to 3.39 = 0.16 post-treatmenrtO02). No differences were detected in the
caudate nucleus or ventral striatum (absolute RARG/8lues, 2.85 + 0.12 to 2.80 £ 0.13 in the

caudate, and 3.25 + 0.13 to 3.19 £ 0.13 in theraéstriatum).

[*1C] raclopride BP
N
[]

Caudate Putamen V. Striatum

Region of Interest

Figure 5.3 RAC BPs measured at baseline (white bars) andWollp oral levodopa (grey bars)
in 30 PD subijects in the different striatal suboegi (caudate, putamen and ventral striatum).
Levodopa administration resulted in a significaat@ase in RAC BP in the putamen, indicating
DA release (p = 0.02). Values are presented as m&EM.

Finally, no significant correlation was found beemeRAC BRaseline RAC BRevodopaand the

clinical response to levodopa (MUPDRSine— MUPDRKvodopa)-
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5.3.3 Placebo effect
Objective measurements

Changes in mUPDRS following placebo administratiom shown in Figure 5.4. An
ANCOVA using age and mUPDRSeine@s covariates found no significant difference lesmv
groups. Consistent with the variability in placelbsponses in PD, a wide range of clinical
placebo effects was observed in all groups, indgdioth positive and negative placebo effects
(Figure 5.4B). Separate pairwise comparisons cctedun each group revealed a significant
improvement in motor scores following placebo adstration in Group C only (p = 0.03,
Wilcoxon paired test, two-tailed), correspondin@gt®0% change. Nine patients met the criteria
for demonstrating clinical improvement as measimethUPDRS scores (MUPDR:Ssiine—
MUPDRSacend, @and were distributed in all four groups (4 iroGp A, 1 in each of Groups B
and D, and 3 in Group C). 7 patients demonstratedrsening of motor symptoms (defined as
a deterioration of 25% in mUPDRS scores). 13 patients showed nogehamnmotor signs in

response to placebo.
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Figure 5.4. Clinical placebo effects as a function of group@)\- The same data are presented
as a bar graph (A) and a vertical scatter plott¢BNustrate the variability in placebo effect¥-
axes represent the percent change in mMUPDRS (MURRRS- MUPDR Qiacebo/
MUPDRSaseiineX 100%). (A) Although there is a trend for an noyement in motor symptoms
with increasing expectation, the main effect of @reovas not statistically significant, although
patients in Group C demonstrated a modest significaprovement (p = 0.031,Wilcoxon paired
test, two-tailed). (B) Horizontal lines indicateetmean for each group. It can be seen that
despite the verbal instructions, there was a hegirek of variability in the clinical response to
placebo within each group, where patients improwadsened or exhibited no change.
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Subjective reporting

Self-reports indicated that 13 patients felt nodsirirom the placebo, 14 reported
“mild,” 2 reported “moderate,” and one reportedésig” benefit. Interestingly, those reporting
benefit were found in all four groups. No correlatwas seen between the objective changes in

motor function and subjective reporting followiniggebo administration (Figure 5.5).
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Figure 5.5 Percentage change in mMUPDRS scores (MURREBS— MUPDR Qiacebo/
MUPDRSaseineX 100%) in response to placebo as a function tépiasubjective self-report.
Horizontal lines indicate the mean for each grolespite the verbal instructions, the perceived
benefit felt by the patients did not correlate wittanges in motor scores as assessed by a
blinded examiner.
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[**C] Raclopride PET results

Changes in RAC BP in response to placebo are siowigure 5.6. Increases and
decreases in RAC BP were detected in all striatateggions, across all groups (Figure 5.5 Panel
D). There was a significant main effect of gronghe putamen (p = 0.028) and in the ventral
striatum (p = 0.005), where patients in Group CA#xpectation) demonstrated the greatest
reduction in RAC BP, indicating that they releasgphificantly more DA. Furthermore, the
pattern of RAC BP changes was similar in all regiohthe striatum, demonstrating a peak in
DA release at 75%, and essentially no change aittlex levels of expectation. Interestingly,
age had a significant impact on the degree of cham&AC BP in response to placebo in all
groups except for Group C, and in the ventral &tnmain particular. However, disease duration
(years of disease since symptom onset) or disexsegity (as measures by absolute baseline

UPDRS) did not.
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Figure 5.6 Mean + SEM percent change in RAC BP ((RAGB&n—RAC BRaceny/ RAC
BPhaseiineX 100%) as a function of group (x-axis) in eackhast subregion. Within each
subregion, the expectation increases from lefigioti(i.e. Group A, B, C, D). An increase in
percent change in RAC BP indicates an increaseAimdlease. A highly significant increase in
DA release in response to placebo was seen in GZdaghe ventral striatum (p = 0.005) and
putamen (p = 0.028), with a non-significant trendhe caudate (p = 0.15), with the same pattern
in all three subregions.
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The ANCOVA on RAC BRaseiineeRAC BRjjacenoln the ventral striatum and putamen was
repeated using different covariates in order temaftt to define the model which best fit the data,
however none improved the result. No significasutts were found in the caudate. The

covariates and the resulting p-values are showrabie 5.2 below.

Standard Model Additional Meaning p-value p-value Ventral
covariate Putamen Striatum
Age + Baseline 0.028 0.005
Age + Baseline MUPDRSseline— Magnitude of 0.045 0.005
MUPDR Q:vodop: reward (objective)
Age + Baseline ERY; Value (p x 0.065 0.009
objective
magnitude)
Age + Baseline ERMb Value (p x 0.041 0.017
subjective
magnitude)
Age + Baseline Levodopa Magnitude of 0.036 0.007
subjective benefit reward (subjective)
Age + Baseline  Placebo subjective Responder / Non 0.035 0.007
benefit Responder
Age + Baseline Baseline full Disease severity 0.035 0.003
UPDRS

Table 5.2 Covariates used in the ANCOVAS for RAC BRine RAC BRjjaceno(dependent
variable) vs. Group (independent variable) in theamen and ventral striatum and the
corresponding p-values. The ‘Meaning’ column iadés the theoretical meaning of the variable
as defined by reward literature.

Variability in placebo effects

A considerable amount of variability in placeboedd DA release was seen within
each group. Patients demonstrated a wide rangkoébo-induced changes in RAC BP,
including both increases and decreases (Figure 3wd data points that demonstrated
substantial decreases (> than 20%) in responsethddvodopa and placebo were suspected of
being outliers, and when the analysis was repeatetting these data the results were

essentially unchanged.
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Figure 5.7 Vertical scatterplots indicating the individuanability in the percent decrease in
RAC BP ((RAC BRasciine—RAC BRjiacend/ RAC BRyaseiineX 100%) in response to placebo as a
function of Group (A-D, x-axes). Values were c#édted in the same manner as in Figure 5.5.

A positive percent change in RAC BP from baselividates DA release, and a negative change
suggests a decrease in DA below baseline. Positidenegative responses can be seen in all
groups, in all striatal subregions.
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In order to attempt to account for this high vattigbin changes in RAC binding, patients were
divided into those who reported feeling benefinirplacebo (“mild” and above, placebo
responders) and those who did not (placebo norereigrs) (Figure 5.8). No significant
difference was found between responders and nq@oneers in any of the regions in the

striatum, although the difference was most pronednn Group C in the ventral striatum.
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Figure 5.8 Mean + SEM percent decrease in RAC BP ((RAG:EReRAC BRjacend/ RAC
BPraseiineX 100%) in each striatal subregion in responsdaogho in placebo responders (black)
and non-responders (open), as determined by siugeslf-report. The same data are presented
on both the left and right sides, but displayedfedéntly. Panels on the left show mean (+ SEM)
change in RAC BP and suggest increased DA relegsiacebo responders only in Group C in

all subregions, although this difference did netctesignificance. Panels on the right indicate
the individual values for responders and non-redpmwithin each group. It can be seen that
there was no correlation between subjective measfrelinical improvement and DA release in
response to placebo.
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Expected reward value

Although the study was designed to use probalaktyhe independent variable and
investigate its effect on placebo-induced DA redeage additionally sought to examine EV
and ER\,y,; as independent variables in order to assess whatbieability alone or ERV better
predicted the degree of placebo-induced DA relegatiee each region of the striatum. When
used as a continuous independent variable in dpteufegression analysis with age and
RAChaseiinelS regressors, a significant effect was seen ipuk@men for ERM,; (r = 0.61, p =
0.0058, Figure 5.9). This was not seen using &Ras the independent variable (r = 0.496, p =
0.0579). Both ERM, and ER\{zprovided significant results in the ventral striat¢r = 0.58, p
=0.012 and r = 0.60, p = 0.007, respectively)ddtnot increase the highly significant main
effect of Group in this region (see Table 5.2) hé@tindependent variables were also
investigated, and the p-values for the putamernvantral striatum are shown in Table 5.3. No
significant effects were seen in the caudate uamgof the regressions. No correlation was

found between ERyjjalone and Group when adjusted for age.

Standard Model Independent Meaning p-value, p-value, Ventral
variable Putamen Striatum

Age + ERVop; Value (p x objective 0.0058 0.012

RAChaselin magnitude)

Age + ERVsup; Value (p x subjective 0.0579 0.0071

RAChaselin magnitude)

Age + Levodopa Magnitude of reward 0.068 0.0156

RAChaselin subjective benefit (subjective)

Age + Placebo Responder / Non 0.0554 0.0081

RAChaselin subjective benefit Responder

Table 5.3 P-values for placebo-induced DA release (BAGne— RAGyacenoas the dependent
variable) regressed against different independanables in the putamen and ventral striatum.
Multiple regression analyses were conducted usiffigreint independent variables and corrected
for age and RAGaseindBP. Only ER\4p;as an independent variable produced a signifidéette

in the putamen. Whereas all of the variables predstatistically significant results in the

ventral striatum, the overall significance in thegion was higher when Group alone was used as
a factor in the ANCOVAs (Table 5.2).
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Figure 5.9 Placebo-induced percent decrease in RAC BP ((R&fre— RAGiacend /

RAChaseiing, Y-axis) in the putamen plotted against ERYor all subjects (n=30). ER), and
not probability alone, better predicted the degrigglacebo-induced change in RAC BP in this
region (r = 0.61, p = 0.0058 versus p = 0.028) wadjnsted for age and RALseiine

123



Correlations between {'C] raclopride BP and objective scores

Although the patterns were similar (i.e. greategtrovement in Group C), there was no
significant correlation observed between the chamgenUPDRS scores (MUPDRS ine—
MUPDRSaceny and the changes in RAC BP (RASeine— RAGyiaceng IN response to placebo in

any subregion.

Correlations between levodopa response and placebssponse
Highly significant positive correlations were foubdtween changes in RAC BP in
response to levodopa and in response to placedlbtimree striatal subregions (caudate, r = 0.67,

p = 0.0013; putamen, r = 0.65, p = 0.0022; versirgtum, r = 0.74, p = 0.0001) (Figure 5.10).
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Figure 5.10 Correlations of the percent decrease in RAC BRsponse to levodopa (x-axes)
and to placebo (y-axes). Significant correlatiasgse found in all striatal subregions (caudate, r
= 0.65, p = 0.0022; putamen, r = 0.65, p = 0.002&)) the strongest in the ventral striatum (r =

0.74, p = 0.0001).
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5.4 Discussion

The present study was conducted to investigatehghéhe degree of DA released in
response to a placebo in mild to moderate PD gatman be modulated by the degree of
likelihood of improvement. Based on the role of D¥eward signaling, we hypothesized that
placebo-induced DA release would follow eithemee#ir monotonic or an inverted-U-shaped
dose response curve as a function of the patistrexigth of expectation of symptom
improvement. The results presented here inditatiepiacebo-induced DA release can be
modulated by the strength of expectation, anddrdissociation exists between dorsal and
ventral striatal placebo-induced DA release in Rizhereas the degree of DA release in the
putamen is related in a monotonic fashion to thmeeted reward value (i.e. the potential degree
of clinical improvement to the active medicationltiplied by the probability of receiving it),
the DA release in the ventral striatum is assodiatigh the uncertainty or saliency of benefit.
Thus, the mechanism of the placebo effect in PDlires two separate components to the
anticipation of benefit that are mediated by defarportions of the DA system: the expectation
of benefit itself which is scaled to reflect thdueaof the drug response to the patient and is
mediated by nigrostriatal DA release in the putanagid the uncertainty of benefit that is
mediated by mesolimbic DA release in the ventr@sim. We additionally measured DA
release in response to an oral levodopa challentieeipatients, and found an approximate 8%
decrease in RAC BP from baseline levels in therpata which is in line with published results
in PD patients of similar disease severity (Pawtsd., 2006;de la Fuente-Fernandez et al.,
2001a). A significant reduction in RAC BP was detected in the caudate nucleus or the
ventral striatum in response to levodopa, whidh i@ccordance with previous studies and
consistent with the putamen being the primaryditevodopa-induced increases in synaptic DA

in PD (de la Fuente-Fernandez et al., 2001a;dedate-Fernandez et al., 2004;Pavese et al.,
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2006). This indicates that the PET data are robndtreliable, and that the analysis methods
employed were sound.
5.4.1 Placebo-induced dopamine release and strehgif expectation

The reward hypothesis of the placebo effect proptsat the expectation of
improvement in disease symptoms that is stimulbyed placebo is analogous to the expectation
of reward, and thus recruits reward circuitry ia tirain, specifically, the mesolimbic DA system
(de la Fuente-Fernandez and Stoessl, 2002). elndhtext of the placebo effect in a patient
living with a chronic illness, the reward is symmioelief. During the expectation of rewards,
midbrain DA neurons demonstrate two distinct maufesctivity: a phasic response at the
presentation of a reward-predicting cue that ensdxeh the probability and the expected
magnitude of the reward (Fiorillo et al., 2003; Tabét al., 2005), and a sustained, tonic activity
during the interval between the cue and the rewaligery which signals the uncertainty (or
variance) associated with the probability distnbat(Fiorillo et al., 2003). The phasic response
increases in a monotonic fashion with increasirapgability or value, such that the greater the
likelihood of reward, the greater the DA cell figin In extensively trained non-human primates,
the tonic response follows an inverted-U shape@-desponse curve that is maximal at peak
uncertainty, which occurs at a probability of 50%ofillo et al., 2003). This finding was
supported in functional magnetic resonance imagiig|) studies in healthy human subjects
that demonstrated sustained BOLD responses in ittleramn that covaried with activity in the
ventral striatum and reflected reward uncertaibiyefier et al., 2006;Aron et al., 2004). Our
results indicate that in PD patients, the peak Blaase in the ventral striatum in response to
placebo occurs when the probability of reward %7 $et is absent at 25%, 50% and 100%
(Figure 5.6). The finding that Group D, who weskltthat they were receiving active

medication, demonstrated no change in DA releaskdat decrease, if anything) indicates that
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the uncertainty of receiving clinical benefit ligatontributes to the increase in DA release in the
ventral striatum.

However, if DA release is driven by uncertainty,ywdiould it be maximal at 75% rather
than 50% probability? One possibility is that dae¢he loss of midbrain DA neurons, the
reward-processing circuitry is abnormal in PD page Several studies have indicated
dysfunctional reward processing in PD patients,relpatients are either impaired on the task
itself (Knowlton et al., 1996;Brand et al., 2004Fk et al., 2004), or demonstrate different
patterns of brain activity while performing thekdse. compensatory mechanisms) (Kunig et
al., 2000;Goerendt et al., 2004;Mattox et al., 28060tt et al., 2007;Sawamoto et al., 2008).
Un-medicated PD patients have been shown to héaedancy to overestimate aversive
outcomes and underestimate the expected valueedigbed rewards (Frank et al., 2004;Schott
et al., 2007). Frank et al. (2004) used a tria-arror probabilistic learning task and
demonstrated that when off medication, PD patieits mild to moderate disease displayed an
enhanced ability to learn by avoiding negative batk. This bias reversed while on
medication, where patients exhibited enhanced igediéedback learning, even beyond that of
healthy controls. If this is indeed the case, veeil expect that the probability of reward
distribution curve in PD patients might be shiftedhe right, such that a 75% probability of
reward might be interpreted by an un-medicated Riizpt as equivalent to a 50% probability of
reward in healthy controls.

Another possibility involves the success of thpemtancy manipulation. Clearly the
verbal instructions influenced the degree of DAask in the ventral striatum and putamen, but
it remains unknown what the expected subjectivéglodity of the patients actually was. The
subjective probability is represented by an indialk interpretation of an objective probability,
and does not always occur consciously. For exanepkn among healthy individuals, a 50%
chance of rain might be interpreted as closer # By one person, but closer to 75% by
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another. Although we gave the patients clear vansaituctions explicitly outlining their
probability of receiving levodopa, we did not fordilganeasure how they interpreted that
probability. There is evidence to suggest thatgdbents have deficits in learning tasks that
involve probabilistic classification, such as &t#sat involves weather prediction (Knowlton et
al., 1996). These results were corroborated bijviiti study where PD patients of mild disease
severity, elderly adults and healthy young contpggformed a reward-prediction task, and it
was found that unlike the young controls, PD pasiemd the elderly subjects displayed no
activation in the midbrain and ventral striatumidgmreward anticipation, but a robust activation
in these regions when they received the rewarddtehal., 2007). The authors attributed this
lack of response to a deficiency in learning thedpstive value of reward cues. Thus, it is
possible that the verbal instruction given to tikegatients was not interpreted by the brain in
the same manner as in healthy controls, and thusdviee reflected in a different brain DA
response.

An alternate (although not mutually exclusive) btyyesis for the role of DA in reward
that is highly relevant to the placebo effect is ithcentive motivation hypothesis of DA function
(Mogenson and Phillips, 1978;Fibiger and Phillip886;lkemoto and Panksepp, 1999).
Incentive salience is a learning process wheréfiiked” stimulus is transformed into a
“wanted” stimulus following exposure to that stimsiiwhen the organism is in a particular
motivational state (for example, water when thigtyood when hungry). The attribution of
incentive value to a rewarding stimulus is medidiganesolimbic DA, and occurs
independently of any conscious experience of thexaye quality of the stimulus (Berridge and
Robinson, 1998). The incentive motivation hypoihiéiaks the concept of incentive salience to
behaviour, proposing that DA activity reflects theentive motivational state of an organism
which is triggered by stimuli which have gaineddntive salience. It is based on findings in the
animal literature showing that DA efflux in the NA&s measured by microdialysis) increases
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upon the presentation of a “wanted” stimulus buréases with satiety, reflecting devaluation of
the stimulus (Vacca et al., 2007;Ahn and Phill#99;Balleine and Dickinson, 1998). This has
been demonstrated in using RAC PET in humans, wbAreslease in the ventral striatum has
been shown in response to amphetamine-relatedepalfts of “drug wanting” (Leyton et al.,
2002). In PD patients one would assume that tisemebasal level of motivation to be in a
symptom-free state. These patients may take ded@sas of medication a day, often cycling
through periods of good and poor mobility (“on” diodf” periods). According to this
framework, in everyday life levodopa pills wouldredst certainly acquire incentive salience
through repeated associations with symptom imprevenand thus be capable of activating
incentive motivational processes. In short, thgepés “want” their medication and are highly
motivated to have their symptoms alleviated. Theseepts are highly relevant to the placebo
effect, particularly in patients with a chronimiss, where the desire for symptom relief is
strong. Itis interesting to note that patientthvahronic, clinical pain demonstrate more
prominent placebo analgesia effects than healthgréory volunteers participating in pain
experiments (BEECHER, 1960). The desire-motivatidneory for the mechanism of the
placebo effect argues that the placebo respomeesslikely to occur when individuals have a
goal that can be fulfilled by confirmation of theapebo expectation, i.e. the placebo effect is
consistent with their desire for symptom improvemm@hice et al., 2008). Experimental results
demonstrate a role for the desire for an effecisca variety of symptom domains, including
those related to positive (approach or appeti@ra) negative (avoidance) goals (Geers et al.,
2005). In the current study, all of the patienesevexperienced with levodopa and were given
active levodopa on Day 1, and therefore had expegiaith their response to it before they
were given the placebo on the second day. Thagdtients would have a clear expectation and
motivation for symptom improvement in responselax@bo, which almost certainly would

have acquired the same incentive value as théenaadlopa given on Day 1. It is not
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unreasonable to postulate that the mesolimbic BfAarse to stimuli that have acquired
incentive motivational properties could also be mlated by probability. This could explain the
strong positive correlation between the DA relaasesponse to levodopa and the DA release in
response to placebo that was seen in the ventiaish. The peak DA release in the ventral
striatum at 75% could therefore not represent dacey of reward per se, but rather the
motivational value of the drug to the patient whieciis modulated by their probability of
receiving it. While the expected reward value rigd maximal when probability is 100%, the
motivational stimulus or salience might be less parad with a lower probability, precisely
because the outcome is deemed as certain. Omestitg alternative idea that is consistent with
incentive motivation is that the decreases in Didase seen in half of the patients in Group D
(Figure 5.7) could represent the “devaluation”h# tevodopa stimulus; some patients expressed
disappointment when they were told that they haashlvandomized to Group D and were
receiving levodopa, since they had already received Day 1, and take it multiple times every
day. To these select patients, the placebo wae mtaresting (or, rewarding) as the outcome
was uncertain and was thus of greater value thatetitodopa.

To our knowledge, this is the first RAC PET stuldgttspecifically manipulates
probability of reward in a between-group design arghsures DA release in humans. Other
studies have demonstrated striatal DA releasesiporese to monetary reward (Koepp et al.,
1998;Pappata et al., 2002), drug rewards (Leyt@h.e2002;Martinez et al., 2003;Drevets et al.,
2001;Brody et al., 2004;0swald et al., 2005;Volkewval., 2001) and primary rewards (Small et
al., 2003) but the probability in each of thesalss was kept constant. Zald et al. (2004)
examined DA release in response to reward usingfbad and variable schedules of
reinforcement, with a reward rate of only 25%. fease was higher in the variable schedule
of reinforcement condition in the left medial catedanly, but there were simultaneous decreases
in DA release in the putamen and other areas afdbdate and no change in the ventral striatum
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(Zald et al., 2004). The present results alsccete that a reward probability of 25% might be
too low to detect DA release using RAC PET.
5.4.2 Expected reward value and dopamine releasethe dorsal striatum

The second major finding of this study was thdi@lgh the probability of receiving
medication significantly predicted the degree @icgbo-induced DA release in the putamen of
PD patients, the degree of DA release was betegligied by the ERY;. Thus, while DA
release in the putamen was maximal at a probabilitb% thep value of the ANCOVA
declined from 0.028 when ER) was ignored to a non-significant value of 0.065ethis
factor was accounted for. ERYwas significantly and linearly correlated with Délease in
both ventral striatum and putamen, but did not riyathie relationship between probability and
DA release in the ventral striatum. Thus, DA reéeappears to have been predominantly driven
by probability (uncertainty) in the ventral striatpbut by ERVp; in the putamen.

Neuroeconomists have adopted theoretical conceptshicroeconomics and utility
theory and applied them to the functioning of the §stem in reward and decision making
(Glimcher 2003). The ERV has emerged as a paranheteintegrates the probability of
obtaining a rewardnd the reward magnitude. Midbrain DA neuronsthedegions they
innervate, including the striatum and the mediafjantal cortex, have been shown to play a
critical role in the computation of ERV (Tobleradt, 2005;Knutson et al., 2005;Tobler et al.,
2007;Rolls et al., 2008). When ERywas used as a continuous independent variable@nd
just probability alone, we found a highly signifidamonotonic increase in putaminal DA
release with increasing ERY/(r = 0.61, p = 0.0058). Thus, the product of thebability of
therapeutic benefit and the actual clinical bertbfit was produced by levodopa on Day 1
determined the amount of DA release elicited bypllaeebo on Day 2. This makes conceptual
sense if one considers the situation in which spthas a poor response to levodopa on Day 1,
and is then randomized to a high probability ofvactirug on Day 2, and told that they are being
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given levodopa again. The placebo effect producehlis situation (i.e. DA release) is likely to
be lower than for someone who had a strong resporisgodopa. This finding suggests that
the placebo effect in PD involves a scaled degfé®?orelease to the putamen that reflects the
“motor value” of the active medication to the patieln other words, probability alone is
insufficient to account for the degree of placebduiced DA release in the putamen, and one
must incorporate a scaling factor that represémsattual symptomatic benefit that the patient
experiences in response to the active medicafldms is consistent with the findings in
depression and pain that indicate that the plaediect “goes where it is most needed,” and
emulates the biochemical effect of the treatmesrhfwhich it is yoked (Benedetti et al., 2005).

Interestingly, this relationship was not seen g€t Vsup;, suggesting that the clinical
response plays a more important role in the plae#tect seen in the putamen than the
subjective feeling of benefit felt by the patiefthe lack of correlation seen between the
objective clinical response and the subjectiveigedf benefit could explain this, and it is
interesting to note that the striatum has been shtowespond to novelty in the absence of
conscious awareness (Berns et al., 1997). How#vsralso possible that the self-reporting of
subjective benefit in response to placebo did ivehys reflect the benefit experienced by the
subjects, as many patients commented that it wasudli for them to assess their motor
symptoms while lying still in the PET scanner.

Although the placebo-induced DA release in thenastriatum was also correlated with
the ER\bpj and ER\p;j, these factors had no significant additional imimarcthe relationship
between probability and DA release. Three fMRUOg&s that explicitly probed ERYV failed to
find correlations between ERV and ventral stri@®@ILD signals (Knutson et al., 2005;Dreher et
al., 2006;Rolls et al., 2008), although in one gtadmeevidence of a positive correlation with
ERV was found in a mogosterior and dorsal part of the ventral striatuhicl could be the
putamen (Rolls et al., 2008). Further supporifdissociation between the computation of ERV
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and uncertainty in the striatum comes from an fidfady in healthy controls demonstrating that
separate regions of the striatum coded distinat@spf ERV and uncertainty: activity in the
medial and posterior striatum correlated with ERN ot with uncertainty, and the ventral
striatum BOLD responses correlated with uncertaamig reaction time, which was interpreted
as coding the increasing motivation associated initheasing reward (Tobler et al., 2007).
5.4.3 Placebo responders and non-responders

Our previous study demonstrated that an injecticsabne in PD patients caused a
reduction of RAC BP in the dorsal striatum that \gesater in patients who reported feeling
benefit (placebo responders). In the current stadyfound this to be the case only in Group C,
and in fact the opposite relationship was seenrou@D. It is interesting to note that in the
previous study, the strength of expectation of benas also 75%, as patients were aware that
they would receive apomorphine for three of the BEdns and placebo for one (de la Fuente-
Fernandez et al., 2001b). As previously noteds#iereporting of symptomatic benefit in these
studies was of questionable utility, as the pasievere lying in the PET scanner when the
medication (or placebo) took effect. It is possitilat the symptomatic benefit produced by the
placebo would be more noticeable if the subjectdcdcengage in the movements they would do
in everyday life, such as walking. Anecdotallycempright and out of the scanner, many
patients did comment that they could then feelntieelication working. This could also explain
the failure to observe a correlation between theatlve and subjective measures in response to
levodopa.

Another possibility is that due to the temporabtaton of PET, it is likely that RAC
displacement measures the cumulative effects ¢f tomiic and phasic DA release. DA neuron
firing at the time of reward delivery has been shawreflect the discrepancy between the
expected outcome and the actual outcome (the repvadiction error) (Mirenowicz and
Schultz, 1994;Schultz et al., 1997;Schultz, 1998js therefore also possible that in non-
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responders, the belief that they got placebo cbale created a negative prediction error,
leading to a depression in phasic DA cell firinglandecrease in DA release, which would lead
to an increased RAC signal overall. The contritnubf this negative DA response would likely
be largest in Group D, since the expectation w&8d @hose who did not perceive benefit
would have a greater (more negative) reward predierror. However, as only two patients
were defined as non-responders in that group bedaesmajority of them believed that they
were receiving active medication, we would expectde the maximal contrast between the DA
response in responders and non-responders themefGreup C. This is indeed what was
observed (Figure 5.8).
5.4.4 Dopamine release and clinical outcomes

In this study, we did not observe a correlatiomlaein DA release and the changes in
MUPDRS scores in response to either levodopa oepta This is not entirely surprising for the
latter, as the DA release is associated with egpiect, and would not necessarily lead to clinical
improvement, although this would clearly be dedeabit should be noted that the overall
pattern of clinical improvement paralleled the pattof DA release in response to placebo,
however the correlation was not significant. Imgments in rigidity and bradykinesia, but not
in tremor or axial symptoms, have been shown todoeelated with DA release in the putamen
of PD patients in response to levodopa as measy&AC PET (Pavese et al., 2006).
Although in this study, the patients were of gredisease duration (12 years) and severity (the
mean Hoehn and Yahr stage in the “off” state w83 &ad the full UPDRS Ill was used after the
scan was completed. The absence of correlatiotissistudy could be due to the fact that we
used an abridged version of the UPDRS and therefiagehave missed some symptoms that
improved in response to either levodopa or placebo.

5.4.5 Levodopa response and placebo response
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One interesting observation was the strong posttoreelation between the DA release in
response to levodopa and the DA release in resgorsacebo that occurred in all striatal
subregions. This finding suggests that the DAesyisis capable of responding the same way to
placebo as it does to levodopa, and may serve amlax of the responsivity of the patient, or,
the capacity for the patient to respond to meddcatiThe notion that the brain response to
placebo mimics the response from the active treattfinem which it is yoked has been put forth
as a mechanism underlying the placebo effect imedspn and pain (Benedetti et al.,
2005;Mayberg et al., 2002;Petrovic et al., 200R)rthermore, expectation has been shown to
amplify the brain response to methylphenidate icagte abusers when they are expecting to
receive the active drug but instead receive placgbmonstrating that expectation alone can
emulate the same drug-induced brain effects (Volkbal., 2003).

5.4.6 Individual variability of the placebo effectin Parkinson’s disease

We found a high degree of inter-subject variabilityesponse to placebo, in all three
measures of the placebo effect. This is consistéhtthe literature which shows the mean
prevalence of placebo responses ranging from 10%; depending on the criteria used to define
a placebo responder (Shetty et al., 1999;Goetlz, @090;Goetz et al., 2002). We found that age
correlated positively with placebo-induced DA ralean every group except group C, where
there was a flat relationship between age and D#ase. Therefore, controlling for age had a
strong effect on the results, unmasking the mdecebf Group on placebo-induced DA release.
This may suggest that older people don’'t encodbghility the same way as younger
individuals, which was seen in part in Schott aaleagues (2008). However, a positive
correlation with age and propensity to demonsip&eebo effects has been shown in two
clinical studies in PD patients (Goetz et al., 2@tz et al., 2008). In this study, disease
duration was not correlated with the presenceméeebo effect (and was not correlated to age),
nor was gender.

136



The high variability we detected could occur assutt of differences in the many
variable psychological and social factors that ibate to a patient’s expectations which are
impossible to control for in an experiment suchhas. Personal experience is likely to be the
largest determinant of expectations, and includdioa¢ion experiences (i.e. the response to
medication, which is variable itself in PD), medibe&story and experiences with physicians and
the health-care setting, the severity and duraifdhe disease, as well as the knowledge and
insight into their own disease and its symptomersénality factors could include the degree of
motivation for improvement, anxiety level, tendenoward optimism or pessimism, and the
propensity for novelty-seeking or risk-taking beioav. There are also several factors on the
experimenter side that could contribute to the Wghability seen in this study. Primarily, the
UPDRS is essentially a subjective scale, and igsitally variable. We attempted to control
for this by using the same blinded rater for aflemsments within the same patient, as well as
throughout the study. However, due to the longiteature of the study it was practically
difficult to use the same examiner, and three s#pandividuals performed this role (although
always the same rater within subject). We must atzount for the possibility that the nurse
coordinator and I, who spent the majority of tim#wthe patients, could have subconsciously
communicated subtle signs to the patients whichdcloave altered their expectations or
perceptions, by virtue of the fact that we wereblotd to the study design. The placebo effect
is often a product of the entire treatment milied @asychosocial context surrounding the
patient, and although we attempted to be as cemsias possible over the course of the study,
each patient was different and thus would haveahdifferent experience, resulting in different
responses to placebo.

5.4.7 Sources of error
Aside from the sources of variation mentioned @ phevious section, there were other

sources of error in this study that could have rtbuated additional variability to the results.
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Although we tried to recruit patients of moderaitsedse severity, the baseline UPDRS motor
scores of some patients were quite low (e.g. 5tla@dnean was approximately 21). This was
puzzling to us, for each patient was seen in timécgbrior to recruitment to ensure that they fit
the criteria. This could reflect a related phenoarein which the very act of participating in a
study may be rewarding (so-called Hawthorne effextrould simply represent the well-known
cycling of “good” days and “bad” days in PD. Tleding that placebo-induced DA release was
not predicted by disease severity might indicaée this may not be as problematic.

In order to obtain the clinical measure of thecplzo response, we chose to conduct the
mUPDRS at the midpoint of each scan, which couilcehapacted the PET data in two negative
ways: (1) it could degrade the scans with motidifieats, and (2) movement itself has been
shown to induce striatal release of DA (Ouchi et2002;Goerendt et al., 2003). Although we
can reliably and accurately correct the data feariframe motion (as described in Section 4.5),
we are not able to correct the scans for intra-&ramotion, which was the case in some
instances.

A third source of error which likely contributed tfee discrepancy in subjective self-
report ratings was the variable time to “on” treaseen with oral levodopa (Pavese et al., 2006).
The patients were administered immediate-releasxltgpa exactly one-hour prior to radiotracer
injection, which gave them 40 minutes outside efshanner before positioning on the bed when
they were mobile and could feel the effects ofrttedlication. Due to individual variation in the
time it takes the medication to take effect, somepts did not perceive benefit prior to
positioning. We attempted to control for thigoart by at least restricting subjects to a non-
protein diet prior to scanning to prevent competitirom other amino acids at the blood-brain-

barrier.
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5.5 Conclusion

This study advances the understanding of not tn@ymechanism of the placebo effect in
Parkinson’s, but also the fundamental mechanisrdenying reward processing in the human
brain. We found that the expectation of symptorpriosrement that is stimulated by a placebo
activates two distinct components of reward praogss PD: an uncertainty or saliency-based
element that results in DA release from mesolinmgarons to the ventral striatum, and DA
release from nigrostriatal neurons to the putarhahis scaled to reflect the expected reward
value of the potential clinical benefit. Both bEse responses are modulated by the likelihood
of receiving active treatment, reinforcing previasdies indicating that expectations are central
in driving the placebo effect. These results shimat conscious, cognitive expectancies are able
to modulate the activity of midbrain DA neuronsaimanner that integrates the patient’s past
experience into the neural representation of rewahde, while simultaneously maintaining a
state of uncertainty about the outcome. It lenathér support to the reward hypothesis of the
placebo effect, advancing the idea that the expentaf therapeutic benefit is analogous to the
expectation of reward. However, the present regutther refine this hypothesis to include a
role for expected reward value, which acts to “peadize” the placebo effect by scaling the
degree of DA release with the clinical efficacytloé active treatment that is experienced by the
patient. These findings have important implicagidor the design of clinical trials, as we have
shown that the probability of receiving active treant can influence DA system activity and
impact the clinical outcome.

The present results also provide important hisignto the functioning of reward
circuitry in the human brain in response to proliigbi This is the first study to measure DA
release in humans in response to different proibiaisilof reward, and to demonstrate separate
neural DA responses that encode different aspécesvard expectation. We have shown that
reward probability affects both dorsal and venal release, but in different ways. Ventral
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striatal DA release seems to be more fundamerdaipciated with uncertainty and/or the
incentive motivational aspects of reward expectatwehereas dorsal striatal DA release encodes
the expected value of the reward, thereby incotpayahe magnitude of reward into the DA
signals. These findings provide a solid foundafmarfuture investigations of how the different
parameters associated with reward expectationcatedcfor in the human brain by the DA

system and its afferent structures.
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involving human subjects and was approved for renewal by the UBC Clinical Research Ethics Board.

Approval of the Clinical Research Ethics Board by:

Dr. Bonita Sawatzky,
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APPENDIX B: Full Unified Parkinson’s disease RatingScale (ll)

Project:
Date & Time

Examiner:
Subject ID:

Comments:

Speech

0= Normal
1= Slight loss of expression, diction, volume.

2 = Monotone, slurred but understandable;
moderately impaired

3= Marked impairment, difficult to understand
4= Unintelligible

Facial Expression

= Normal

= Slight hypomimia, could be poker face

= Slight but definitely abnormal diminution in
facial expression

=  Moderate hypomimia; lips parted some of tinhe

= Marked or fixed face with severe or complete
loss of facial expression; lips parted ¥4 inch pr
more

Tremor at Rest

0= Absent

1= Slight and infrequently present

2 = Mild in amplitude and persistent. Or moderate
in amplitude, but only intermittently present

3= Moderate in amplitude and present most of the
time

4= Marked in amplitude and present most of the
time

Action/Postural Tremor Of

Hands

0= Absent

1= Slight; present with action

2 = Moderate in amplitude , present with action

3=  Moderate in amplitude, present with action ahd
posture holding

4= Marked in amplitude; interferes with feeding

Rigidity
Judged on passive movement

of major joints with patient in
sitting position; ignore

cogwheeling
0= Absent
1= Slight, or detectable only when activated by

mirror or other movements.

2 Mild or moderate
3= Marked, but full range of motion easily
achieved.
4= Severe, range of motion achieved with
difficulty.
Finger Taps
= Normal
= Mild slowing and/or reduction in amplitude
= Moderately impaired. Definite and early
fatiguing. May have occasional arrests in
movement.
3= Severely impaired. Frequent hesitation en
initiating movements or arrests in ongoing
movement.
4= Can barely perform the task

Hand Movements

0=
1=
2=

Normal

Mild slowing and/or reduction in amplitude
Moderately impaired. Definite and early
fatiguing. May have occasional arrests in
movement

Severely impaired. Frequent hesitation in
initiating movements or arrests in ongoing
movement.

Can barely perform the task.

Rapid Alternating Movement
of Hands

Normal

Mild slowing and/or reduction in amplitude
Moderately impaired. Definite and early
fatiguing. May have occasional arrests in
movement

Severely impaired. Frequent hesitation in
initiating movements or arrests in ongoing
movement.

Can barely perform the task.
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APPENDIX B: Full Unified Parkinson’s disease RatingScale (lIl)

Leg Agility
= Normal
= Mild slowing and/or reduction in amplitude
= Moderately impaired. Definite and early
fatiguing. May have occasional arrests in
movement
3= Severely impaired. Frequent hesitation in
initiating movements or arrests in ongoing
movement.
4= Can barely perform the task.
Arising From Chair
0= Normal.
1= Slow; or may need more than one attempt.
2 = Pushes self up from arms of seat.
3= Tends to fall back and may have to try more
than one time, but can get up without help.
4= Unable to arise without help.
Posture
0= Normal erect
1= Not quite erect, slightly stooped posture; coyld
be normal for older person.
2 = Moderately stooped posture, definitely
abnormal; can be slightly leaning to one sidg.
3= Severely stooped posture with kyphosis; car| be
moderately leaning to one side.
4= Marked flexion with extreme abnormality of
posture
Gait
= Normal
= Walks slowly, may shuffle with short steps, Qut
no festination (hastening steps) or propulsion
2 = Walks with difficulty, but requires little or no
assistance, may have some festination, short
steps, or propulsion.
3= Severe disturbance of gait, requiring assistance.
4= Cannot walk at all, even with assistance.
Postural Stability
= Normal
= Retropulsion, but recovers unaided.
= Absence of postural response; would fall if npt
caught by examiner.
3= Very unstable, tends to lose balance
spontaneously.
4= Unable to stand without assistance.

Body

0=
1=

Bradykinesia and Hypokinesia

None

Minimal slowness, giving movement a
deliberate character; could be normal for son
persons. Possibly reduce amplitude.

Mild degree of slowness and poverty of
movement which is definitely abnormal.
Alternatively, some reduced amplitude.
Moderate dergree of slowness, poverty or sr
amplitude of movement.

Marked slowness, poverty or small amplitudeé
of movement.

nall

Modified Hoehn and Yahr Staging:

Stage
0

1

15

2

2.5

3

No signs of disease

Unilateral disease

Unilateral plus axial involvement

Bilateral disease

No impairment of balance (0/4)

Bilateral disease: mild

Recovery on pull test (1/4)

Bilateral disease: mild to moderate

Some postural instability; Physically

independent (2/4)

= Severe disability

=  Still able to walk or stand unassisted
(3/14)

=  Wheelchair bound or bedridden unle

5S

unaided
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Project:

APPENDIX C: Modified Unified Parkinson’s disease Raing Scale (lll)
Wearing Off

Date & Time
Scan no. (circle) 1 2 3 4

Examiner:

Name:

DOB & Age

N~ O
Il

Tremor at Rest NO

HEAD

Absent

Slight and infrequently present

Mild in amplitude and persistent. Or moderate
in amplitude, but only intermittently present

Judged on passive movement
of major joints with patient in
sSitting position; ignore

3=  Moderate in amplitude and present most of the
time
4= Marked in amplitude and present most of the
time
Rigidit NO
giety HEAD

cogwhesling

0= Absent

1= Slight, or detectable only when activated by
mirror or other movements.

2= Mild or moderate

3= Marked, but full range of motion easily
achieved.

4= Severe, range of motion achieved with
difficulty.

Finger Taps

0= Norma

1= Mild slowing and/or reduction in amplitude

2= Moderately impaired. Definite and early
fatiguing. May have occasional arrestsin
movement.

3=  Severely impaired. Frequent hesitation en
initiating movements or arrests in ongoing
movement.

4= Can barely perform the task

Dyskinesias
Last Meds Taken

Hand Movements

Normal

Mild slowing and/or reduction in amplitude
Moderately impaired. Definite and early
fatiguing. May have occasional arrestsin
movement

Severely impaired. Frequent hesitationin
initiating movements or arrests in ongoing
movement.

Can barely perform the task.

Rapid Alternating Movement

of Hands

0= Norma

1= Mild slowing and/or reduction in amplitude

2= Moderately impaired. Definite and early
fatiguing. May have occasional arrestsin
movement

3=  Severely impaired. Frequent hesitation in
initiating movements or arrests in ongoing
movement.

4= Can barely perform the task.
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APPENDIX D: Frame-to-frame realignment protocol flow chart
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uUBC The University of British Columbia

= Office of Research Services

W Clinical Research Ethics Board — Room 210,
828 West 10th Avenue, Vancouver, BC V57
1L8

ETHICS CERTIFICATE OF EXPEDITED APPROVAL.:
RENEWAL WITH AMENDMENTS TO THE STUDY

PRINCIPAL INVESTIGATOR: DEPARTMENT: UBC CREB NUMBER:
IA. Jon Stoessl H05-70124
INSTITUTION(S) WHERE RESEARCH WILL BE CARRIED OUT:

[ Institution [ Site
Vancouver Coastal Health (VCHRI/VCHA) UBC Hospital

Other locations where the research will be conducted:

N/A

CO-INVESTIGATOR(S):

\Vesna Sossi

IAnthony G. Phillips

Thomas J. Ruth

Sarah Christine Lidstone

Martin J. McKeown

SPONSORING AGENCIES:

Canadian Institutes of Health Research (CIHR) - "Manipulation of Expectation Using Pharmacological Treatment;
CIHR Grant "Expectation, the Placebo Effect and Dopamine Release in Parkinson's Disease™

PROJECT TITLE:

Manipulation of Expectation Using Pharmacological Treatment; CIHR Grant "Expectation, the Placebo Effect and
Dopamine Release in Parkinson's Disease"

The current UBC CREB approval for this study expires: March 26, 2009

AMENDMENT(S): [AMENDMENT APPROVAL DATE:
| Change of Study Team Member | | [March 26, 2008

CERTIFICATION:

In respect of clinical trials:

1. The membership of this Research Ethics Board complies with the membership requirements for Research Ethics
Boards defined in Division 5 of the Food and Drug Regulations.

2. The Research Ethics Board carries out its functions in a manner consistent with Good Clinical Practices.

3. This Research Ethics Board has reviewed and approved the clinical trial protocol and informed consent form for the
trial which is to be conducted by the qualified investigator named above at the specified clinical trial site. This
approval and the views of this Research Ethics Board have been documented in writing.

The Chair of the UBC Clinical Research Ethics Board has reviewed the documentation for the above named project.
The research study, as presented in the documentation, was found to be acceptable on ethical grounds for research
involving human subjects and was approved for renewal by the UBC Clinical Research Ethics Board.

Approval of the Clinical Research Ethics Board by:

Dr. James McCormack,
Associate Chair
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Date:
Examiner:
Name:

Group:

Scan 1

How did you feel during this scan?

Worse than Average Better
usual than usual

Comments:

Scan 2

Did you notice any benefit following the medication?

APPENDIX F. Subject Self-Reporting Form

worse none mild moderate strong
How did it compare with your usual medication?
Comments:
Scan 3
Did you notice any benefit following the medication?
worse none mild moderate strong

How did it compare with your usual medication?

Comments:
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THE UNIVERSITY OF BRITISH COLUMBIA

Pacific Parkinson’s Research Centre

Faculty of Medicine

Vancouver Coastal Health Authority
Purdgvition, 2221 Wesbrook Mall

Vancouver, B.C. Canada V6T 2B5

Tel: 604-822-7660
Fax: 604-822-7866

CONSENT FORM

Title of project: Manipulation of expectation using pharmacologial treatment
Institute: University of British Columbia
Principal Investigator: Dr. A. Jon Stoessl

Co-Investigators:
Phone:
24 hour contact (pager):

T. Ruth, A. Phillips, S. Lidstone
7
1

You are invited to participate in a research stsgignsored by the Canadian Institutes of Health
Reaserch (CIHR) and conducted by the Pacific Paokiis Research Centre at the Heath
Sciences Centre Hospital — UBC site. It is impairtaat you read and understand the following
general principles that apply to all participamt®ur studies:

a) Participation is entirely voluntary.

b) You will receive no direct benefit from participai in the study although knowledge may be
gained that will benefit others.

C) You may withdraw from the study at any time withgdpardizing your access to future health
care or losing good will.

d) We do not have information for pregnant women otaang mothers. Therefore, you should not
be participating in this study if there is a pog#ibthat you are pregnant or breastfeeding. dfiy
are a woman of childbearing age and have not expezd menopause or had a surgical procedure
to prevent pregnancy, you will be asked to compdetieine pregnancy test prior to participating in
this study.

The nature or the study, risks, inconveniencesodidorts, and other pertinent information aboutghely
are discussed below. Please feel free to askaestigns you may have of those discussing the groje
with you.

We are conducting a study that will examine hovesspn’s thoughts and feelings about treatment for
Parkinson’s disease affect their Parkinson’s dsegmptoms. You have been invited to participatis
study because you have been diagnosed with idimpR#rkinson’s disease. In other studies, we have
discovered that a person’s expectations about titegitment can contribute to their response to that
treatment.

In studies of depression and pain it has been weddhat belief in a device or drug results ingmnsicant
improvement in symptoms. Recent studies of bmanttioning have also shown that use of suggestion o
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belief in a device or drug by people with Parkirnsddisease has resulted in increased dopamine, the
chemical (neurotransmitter) responsible for sendwegsages from one nerve cell to another, and
therefore to a reduction of symptoms. This studi/fwther evaluate those observations.

The purpose of this study is to examine the diffefactors that contribute to a person’s respoosbée
treatment of their Parkinson’s disease. The staduires the use of some deception, and as a tksult
full purpose of the study cannot be revealed toajothis time. However, nothing that has been desdr
above about the purpose is false. We have simpiiteshrsome details. These will be described to you
once the study has been completed. At that tineewilN fully debrief you about the background, posp
and methods that were used during the experimehaaswer any questions that you may have.

This study will be entirely conducted at UBC Hoapit40 subjects will be invited to participateow’

must have been diagnosed with idiopathic Parkirssdisease, and your symptoms are considered to be
‘moderate.” In order to participate in this stuglgu must be taking levodopa/carbidopa (Sinemet),
although the additional use of any dopamine agemsalso permitted.

You should not participate in this study if:
* You have atypical parkinsonism, dementia, or sigaift other neurological disease (i.e. stroke);
* You are pregnant or breastfeeding;
* You are unable to tolerate staying off anti-parkiman medication for at least 12 hours;
* You have significant memory problems;
* You have a history of significant depression oramently depressed;
* You have a history of drug abuse or any signifigayichiatric history or symptoms.

We will be using a brain imaging technique callegiBon Emission Tomography (PET). PET involves
injecting a very small amount of a known medicatttached to a very small amount of radiation and
following the medication via the scanner, whichum gives us information about how nerve cellthia
brain are working. The PET scanner is similaa ©T scanner in size and shape. While PET scamsing
not used as a diagnostic imaging tool for movendesdrders in Canada and is considered by Canadian
regulatory agencies to be an investigative dewiée considered the optimal way to examine the
behaviour of living nerve cells.

The experiment will consist of 3 PET scans overdbse of two consecutive days—2 scans on Day 1
and one scan on Day 2. The first scan (Scan 1pwia baseline scan, in which you won't receivg an
medication. The second scan (Scan 2) will be tedication scan, in which you will receive an oratd

of levodopa/carbidopa (Sinemet). The third PEThg&xcan 3) will take place the following morning.
You will receive either the same Sinemet dose yaeived for Scan 2, or you will receive a placebo.
placebo is an inactive substance that looks idantiicthe medication used in this study (i.e. Siegnbut
contains no active ingredients and is thereforepietaly inert.

Placebos are routinely used in medical researtdstdhow effective a particular drug is. In tlase of

this study, you will be randomly assigned (by clegri&e the flip of a coin) to one of four groupsish

will determine your likelihood of receiving Sinem&or example, subjects in Group A will have a 25%
chance of receiving Sinemet, and so a 75% chanexeiving placebo. Subjects in Group B will have
50% chance of receiving Sinemet, and a 50% chan@eeiving placebo. Subjects in Group C will have
a 75% chance of receiving Sinemet, and a 25% chafneeeiving placebo.

Finally, subjects in Group D will have a 100% chawot receiving Sinemet (no chance of receiving
placebo). Your chance of being in Group A is thms as your chance of being in Group B, C or D.
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You will be told which group you have been assigteeand so you will be made fully aware of your
chances of receiving Sinemet or placebo, howevemt not be told what you actually received dgrin
the scan until after the experiment has been cdetple

Prior to receiving medication (levodopa/carbidopaday 1 & levodopa/carbidopa or placebo on day 2)
you will also be given 20 mg of the medication Damngone. This is to prevent any possibility of sea
from taking levodopa/carbidopa.

This study requires a time commitment of 1.5 daysu will be compensated for parking and travel
expenses and provided with a mid-day meal and fightks while here. Receipts will be needed for
compensation.

This study also requires that you have an MRI (neigmesonance imaging) scan. This scan, which
should not take more than %2 an hour may or mayappen during the 2 days you are completing your
PET scans. The MRI scan will provide us with imfation about thickness, size and shape of parts of
your brain and it will be correlated with the PEStal

You should not have an MRI if:

* You have any of the following: a cardiac pacemaidees, debrillator, artifical heart valve, brain
aneurysm clip, electrical bone/nerve stimulatoplented drug infusion pump, implanted metal
joints,screws, plates, or rods, coil/catheterffilteany blood vessel, imbedded shrapnel, butlets
metal fragments, non-removable dentures, bracesnees

* You have had surgery, tattoos or ear pearcingsaietst 6 weeks

* You have a joint injection the last 4 weeks

* You have been a metal worker or machinist

If you cannot complete the MRI scan, this will pogvent you from participating in the study

Each night prior to the PET scans; we will ask tfmat not take any Sinemet after 10:00 PM. If yoal a
taking Sinemet CR, or any of the anti-parkinsom@dications such as bromocriptine, Permax, Requip,
or Mirapex we will ask that you not take the driiga6:00 PM the day before the visit. On eachhef t
days of your scans we will ask you to limit yourifls and eat a light breakfast before coming to
University Hospital.

You will be met at UBC Hospital on the morning bétscan and we will review the consent form. In
order to determine if you are eligible for the stugbu will first be asked to complete two questiaites
that will take approximately 15 minutes. Followitigs, you will meet with the doctor and will be ask
to undergo a 15-minute neurological assessment.

We will then go to the PET suite to setup for seagywhich is located in our Nuclear Medicine
Department at UBC Hospital. You will be askedigodn your back on a padded bed. You may be asked
to wear a swim cap that has motion markers attattha&dThis will allow us to record any head
movement during the scan. A thermoplastic mask eydand ear holes will be shaped over your
forehead and cheekbones. It will harden and hedp kour head still while you are being scanned and
can be used for all 3 scans.

At the start of each day a needle will be useatimduce a fine plastic tube into a vein in younar
(intravenous, 1IV). This will remain in place fdret remainder of the day for the injection of thezérs. A
15-minute pre-scan (similar to a CT scan) will leefprmed prior to tracer injection. This allowstas
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account for the effect of the brain and skull on ability to measure radioactivity from the injedte
tracers.

After the pre-scan, the first raclopride scan Wwéhgin and you will be scanned for 60 minutes. &aatle
is a medication that is used to treat psychiaisorders. Upon completion of this scan you wiNéa
break to have a snack and stretch your legs. Wewiform a second raclopride scan 1.5 hours #iter
first and this will last for 60 minutes as well.pth completion of these 2 scans you will restauryo
regular anti-parkinsonian medications and be foegepart until the following morning.

On the second day, the third scan will be donéénsame manner as for the first day, and at thettid
scan you will resume your medications and be foegepart. However, following the end of the schedu
scan, you may be asked, if you are willing, to tensied on another PET scanner so that we can cempar
the 2 scanners. This does not require any furtijections and only a very small amount of radioagti
(much less than that received from the injectianyill simply extend your time here by up to a nraxkm

of 40 minutes.

Risks, Inconveniences and Discomfort

Some people find that lying in the PET or MRI seanfor extended periods may be uncomfortable and
others find that they will feel claustrophobic éaf of closed in spaces).

There are few known risks related to MRI. The pneg of certain types of loose metalwork (eg, saigi
artery clips or metal bits, and pacemakers mgyrbblematic as they become warm and are pulledeo t
magnet in the scanner. You will not be able toehaw MRI if any of the exclusion factors listedtbe
previous page are present so this risk shouldb@ain issue.

Because you will not be taking your anti-parkinganimedication while being PET scanned you may
experience a temporary return of your Parkinsoyrspgoms. These symptoms will invariably resolve
when you restart your medications. If you areairrthat you cannot tolerate this you should not
participate in this study. Because your balanceraovement may not be as good as usual overnight we
encourage you to be cautious in your activitiédgiou at any time during the night you feel thatmat
remain off your medication you should telephoneZfiénour contact number and restart your
medications. Every effort will be made to ensuvarycomfort while you are being scanned.

There may be some discomfort associated with thesphent of the intravenous needle during the PET
scan. There is a remote risk of fainting assodiat¢h the placement of the needle, and a slight
possibility of arm bleeding, inflammation or cloig of the blood vessel. Permanent damage frone thes
complications is extremely rare. We have done 4980 scans at UBC without complications. The risk
is therefore less than 0.05%.

Raclopride is a medication that is used to tregtiuatric disorders and has a tranquilizing efect
treatment doses. Common effects at treatment dasesclude restlessness, abnormal muscle
contractions and a mild decrease in blood presslinese side effects are not expected at the deses
here, which are substantially lower. We estimhagerisk of any side effects to use of this traeeldss

than 1.0 %

Levodopa is the best drug for the treatment of iRadn's disease, which is approved and widely used.
The dose of levodopa/carbidopa (250/25 mg) givemduhe procedure may be higher than your usual
individual doses. The most common side effect oEBiet is nausea. Because you already are taksg th
medication this side effect is not expected here.
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However because there is about a 2% risk of nauseaill give you another standard medication,
domperidone, shortly before taking the Sinemenhefiet may also cause a lowering of the blood
pressure, which can cause light-headedness aed;, fainting. There is less than 1% possibilitylos
happening. You may also experience a temporargase in dyskinesias if this is a usual symptom of
your Parkinson’s disease treatment. These possitéeeffects are temporary and will resolve io 2 t
hours.

Domperidone is a medication commonly given in canfion with Sinemet or dopamine agonist therapy
in order to reduce or prevent nausea or posturalrkss that may result from these medications.
Because we are giving you a dosage of Sinemetrtagtbe higher than what you usually take, we waish t
minimize this risk by giving you domperidone firdRegular prescribed use of this medication might
result in a lower than 1% occurrence of nervousraigginess, thirst, lethargy, abdominal cramps and
irritability. Side effects are unlikely to occural with use of this medication for the short aliwn of

this study and we calculate risk of side effectbe¢avell below 1%.

Benefits
As stated in Section B of Page 1 of this documg,will receive no direct benefit from participatiin
the study. However, knowledge may be gained thiabenefit others.

Confidentiality

Your confidentiality will be respected. No informat that discloses your identity will be released o
published without your specific consent to the ldisare. However, research records and medicatasco
identifying you may be inspected in the presenddefinvestigator or his or her designate by
representatives of Health Canada and the UBC Rasé&dhics Board for the purpose of monitoring the
research. However, no records, which identify gguname or initials, will be allowed to leave the
Investigators' offices. The information obtaineah this study will eventually be used in sciextifi
publications. Your identity will not be revealedsuch publications or other reports.

Signing this consent form does not in any way liyoitir legal rights against the investigator or arg/o
else. Atany time you may call the doctors invdiee the study co-ordinator || EEGg764 01
have concerns about your treatment or rights asearch participant, you may call the ResearcheSubj
Information Line in the UBC Office of Research Sees || EEGgps.
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Consent to Participate

* | haveread and understood the subject information and consent form.

* | have been told that | will receive a dated and signed copy of this form.

* | have had sufficient time to consider the information provided and to ask for advice if necessary.

» | have had the opportunity to ask questions and have had satisfactory responses to my questions.

* | understand that all of the information collected will be kept confidential and that the result will
only be used for scientific objectives.

» | understand that my participation in this study is voluntary and that | am completely free to refuse
to participate or to withdraw from this study at any time without changing in any way the quality
of carethat | receive.

* | understand that | am not waiving any of my legal rights as a result of signing this consent form.

* | understand that that this study will not provide any direct benefit to me.

| have read thisformand | freely consent to participate in this study.

kkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkk

Subject’s Signature Printed Name Date
Witness Signature Printed Name Date
Investigator’s Signature Printed Name Date
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DEBRIEFING FORM

Title of project: Manipulation of expectation using pharmacologicktreatment:
Expectation, the Placebo Effect ardopamine Release in
Parkinson's Disease

Institute: University of British Columbia

Principal InvestigatorsA. Jon Stoessl, T. Ruth, V. Sossi, A. PhillipsLBIstone

You have just participated in a study where it wasessary to use deception in order to achieve the
goals of the research. The true purpose of thidyst to better understand the role of expectation
the placebo effect in Parkinson’s disease, and éqectation may affect dopamine release in the
brain.

A placebo is a substance that looks, tastes, tg $gmilar to an active drug, but has no active
ingredients and is therefore inert. The placelbecebccurs when a person takes a placebo (for
example a sugar pill) which they think is a realgjrand ends up feeling better. The improvement the
person feels can therefore not be due to the ptasgtice it has no action in the body, but may occu
because of some mechanism in the person’s brdie.pdssibility also exists that the person feels
better because the illness simply runs its coungesnaturally over. Prominent placebo effectsuoc

in a wide variety of medical conditions, includipgin, depression and Parkinson’s disease. Research
in this and other Centres has shown that a pergxpectations about the drug or placebo they are
taking are critical to how the placebo effect workor example, if a person takes a placebo but
thinks that it is a painkiller, they report feelitegs pain and experience a placebo effect. Howéve
those people are told that they are being givarbatance that does nothing and are then exposed to
painful stimulus, they do not feel less pain aretéfiore do not experience a placebo effect.

However, how these expectations are able to triggeacebo effect in the brain is still unknowny B
observing the placebo effect in people who have lokggnosed with Parkinson’s disease, our
research has discovered that the expectationsarpbas about how they will feel after taking their
medication is able to stimulate dopamine releagkarbrain. Since dopamine is the key chemical
messenger (neurotransmitter) that is depletedarbthin in Parkinson’s disease, we believe that
perhaps this dopamine release is responsible faing#he person feel better and for the
improvement in their symptoms.

In this study, we wanted to see if the strength peérson’s beliefs or expectations about whether or
not they would receive levodopa is related to thpashnine levels in their brain. To achieve this, it
was necessary for you to believe that you hadtaiocerhance of receiving levodopa for Scan 3 when
in fact, you actually received placebo. Since liad no active medication for this scan, we were abl
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to measure the changes in dopamine levels in y@im that were caused by the expectations you
had, and not the levodopa.

We deeply appreciate your participation in thiglgttand are more than happy to answer any
questions you may have about any aspect of thg.stifigou should have any further inquiries, feel
free to contact our PET Imaging Coordinjj | ). 7 you have any concerns about the

use of deception or your general rights as a rebgarticipant, you may call the Research Subject
Information Line, Office of Research Services araimnistration ajjj oS
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APPENDIX |
CO-AUTHORSHIP STATEMENT

Much of the work conducted in Chapters 3-5 wasiedmut in collaboration with my research
supervisor, mentors, and colleagues at the Pd#ikinson’s Research Centre, the UBC PET
Program, TRIUMF, and the UBC Movement DisordersiiCli Every attempt has been made to give
credit where credit is due, either by sharing axghip in published manuscripts and abstracts, or by
acknowledging assistance at the end of publicatorigmally, in the Acknowledgements section of
this thesis. In general, | performed 70-80% ofwluek required to conduct these experiments and
produce publishable results, including the expenitaledesign, patient recruitment, data collection,
analysis and interpretation, and all of the wrifisgcept comments and suggestions from co-authors
on the manuscripts.
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