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ABSTRACT

Dopamine (DA) depletion in Parkinson’s disease (Phot only affects motor
function, but also cognitive flexibility, associatd with the DA-depleted dorsolateral
(DL) circuitry, while relatively sparing the separate ventromedial (VM)
frontostriatal circuitry necessary for reward processing. We employed a rewarded
switching task and fMRI to assess whether early Ppatients OFF medication can
compensate for switch deficits with anticipated moetary reward. Furthermore, we
investigated the effects of DA medication on this ativation-cognition interface.
Results showed that PD patients OFF medication extit a task-switching deficit in
the proportion of errors on low reward trials, but not on high reward trials,
accompanied by an increase of switch-related BOLDOgnal in the dorsal anterior
cingulate cortex (dAACC) on high relative to low revard targets. PD patients ON
medication did not show abnormal cognitive inflexilidity, and did not use
anticipated reward to reduce their switch cost. Thee findings concur with our
hypothesis that motivational processing can be usdxyy PD patient OFF medication
to overcome cognitive inflexibility, and implicatea crucial role of the dACC in this

compensation process.
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INTRODUCTION

Although the exact causes of Parkinson’s diseal¢ & unknown, the
pathophysiology involves the loss of dopamine ([PA)ducing neurons in the substantia
nigra. The resulting DA depletion affects the atyiof several brain regions that are
normally modulated by DA and that are implicatednator control, reward processing
and cognition (Rodriguez-Orat al, 2009). One such region is the striatum, which in
turn connects with many other parts of the brairparticular the prefrontal cortex (PFC).
Low levels of DA disrupt information-processing Wween the striatum and the PFC

which are strongly connected in so-called frontasdt circuits (Alexander, DelLong &



Strick, 1986). Besides motor deficits, symptomgude cognitive and motivational
problems. These cognitive deficits make it difficiar PD patients to adapt their
behavior to the ever changing environment we livelhe cognitive decline experienced
by PD patients greatly contributes to a decreasledin quality of life (Schrag,
Jahanshahi & Quinn, 2000).

There is increasing evidence for the existencsewvéral parallel frontostriatal
circuits involved in different aspects of behawoat interact with each other (Haber,
2003). The dorsolateral (DL) frontostriatal circimcludes the dorsal parts of the striatum
(i.e., the caudate nucleus) and the dorsolateeditgntal cortex (DLPFC), and is
associated with cognitive flexibility and workingemory (Levyet al, 1997; Fuster,
2000). The ventromedial (VM) frontostriatal circuntludes the ventral parts of the
striatum (i.e. nucleus accumbens), areas in (vignedial PFC like the orbitofrontal
cortex (OFC) and the anterior cingulate cortex (ACGEd is associated with
motivational functions and sensitivity to rewar@atdinalet al, 2002; O’'Doherty,
2004). PD is characterized by a spatiotemporalnessgon of DA depletion, so that DA
levels in the ventral part of the striatum aretreddy intact in the early stage of the
disease, while the dorsal striatum is already sdyelepleted of DA (Kish, Shannak &
Hornykiewicz, 1988). Brain functions associatedhwiiie DL frontostriatal circuit are
therefore disrupted in early PD, while those asged with the VM frontostriatal circuit
remain relatively unaffected at this stage (Catlal, 2003).

Previous studies suggest that DA medication dawiate deficits in task
switching associated with the dopaminergic dysfiomcof the DL frontostriatal circuit
(Coolset al, 2001; Gotham, Brown & Marsden, 1988), presumalylypringing DA in
the dorsal striatum back to optimal levels. Ondtieer hand, the same medication has
detrimental effects on task performance during reviearning which relies on proper
functioning of the VM frontostriatal circuit (Cooé&t al, 2001; Coolst al, 2007). These
latter findings suggest that dopaminergic medicatian actually overdose the ventral
striatum in early PD by increasing the levels of DAan area that still exhibits baseline
dopaminergic function under normal conditions (thegpamine overdose’ hypothesis;
Gotham, Brown & Marsden, 1988). Overstimulatiorire reward system by DA

medication could be at the basis of several impedserol disorders prevalent in PD



patients, such as pathological gambling and adbutidb medication (Dagher & Robbins,
2009).

In the present study we employ a controlled memdinavithdrawal procedure in
which we assess PD patients in an early stageeadid®ease both ON and OFF their DA
medication in two separate sessions using fMRI.céfapare these data with those of
healthy controls who also have been scanned omteasions.

Our first goal is to test the hypothesis that mational processing (reward
anticipation) associated with the relatively ints® frontostriatal circuit can
compensate for cognitive inflexibility associatehnDA depletion in the DL
frontostriatal circuit. Work with experimental ratts has shown that an induced
lowering of DA levels in the DL striatum can leadan increase in DA levels in the VM
striatum (van Oosten, Verheij & Cools, 2005). Saahechanism could also apply to
early PD in which there is a depletion of DA in @k circuit. A previous fMRI study on
the effects of reward and task switching in youdglt as a function of expression of the
gene coding for the DA transporter (DAT1) showesdranger interaction between
reward mechanisms and task switching with increasedunts of DA in the striatum
(Aartset al, 2010), suggesting that DA plays a key role inittteraction between reward
processing and task switching. A follow-up studyPid patients by Aartst al. (in
preparation) provided direct evidence for this Hiaesis by showing that the task
switching deficit in PD patients OFF their norma nedication was correlated with
DA depletion in the dorsal striatum as measurett WaT (DA transporter) single photon
emission computed tomography (SPECT). Aattal. found that patients with more
decreased levels of DA in the posterior putamendcimereasingly use reward to
compensate for their switch deficit. This obsemattoncurs with anatomical evidence
from tracer studies in primates, which implicatesttthe interaction of the VM and DL
frontostriatal circuits could come about by spirglconnections between functional
regions of the striatum via DA midbrain cells (Hgldeudge & McFarland, 2000). We
investigate the compensation hypothesis by asggebsiin behavioral and blood
oxygenation level-dependent (BOLD) data from PDeguas OFF their normal DA
medication. We predict that patients OFF DA medbcashow intact task switching due
to compensation by the relatively intact VM circuita high reward condition, but not in



a low reward condition, as we have shown previoosla behavioral level (Aaret al,
in preparation). In terms of the BOLD signal, wgeat to find a decrease in task
switching-related activity in the dorsal striatumdaconnected cortical structures in
patients OFF medication compared to healthy camitrod low reward condition, but a
restoration of this activity to normal in a higlward condition. Thus, we expect to find
an increased effect of high relative to low rewandfunctional activity related to task-
switching

Our second goal is to obtain definitive evidermetlhe neurobiological basis of
the paradoxical effects of dopaminergic medicatinrcognitive functioning in PD.
Earlier studies investigating the ‘dopamine oveedbypothesis (Gotharet al, 1988;
Coolset al, 2001; Cool%t al, 2003) did not provide evidence for a double digsmon
in terms of brain activity in the DL frontostriatahd VM frontostriatal circuits. The aim
of the current study is to obtain such a doublsatigtion using a single task in which
task switching and reward sensitivity are meassneullitaneously. We predict that PD
patients OFF their normal DA medication will showlecrease in performance on task
switching and reduced activity in DL circuitry rédd to task switching in a low reward
condition but not in a high reward condition. F& Patients ON DA medication we
predict that they will show intact task switchimga low reward condition, but show
premature (i.e. too fast, incorrect) task switchim@ high reward condition. In terms of
the BOLD signal, we expect to find that switch-tethactivity in DL circuitry is
normalized under low reward, but abnormally enhdnesvard-related activity in the
ventral striatum and connected cortical structulesg, to medication-induced

oversensitivity to reward.

METHODS

Participants

Twelve PD patients (7 males) and thirteen matdwoedrol subjects (10 males)
participated in the study. All participants weréiveDutch speakers, right-handed, and
had normal or corrected to normal vision. Partiotpavere assessed on two occasions,

both starting at 09:00 h in the morning. All PDipats included in the study were



receiving levodopa preparations and/or dopaminetatp(see Table 1) on a daily basis.
Patients were asked to take their normal DA memhcait 08:30 h on one occasion, and
to abstain from their normal DA medication at leB8th prior to the other occasion (48 h
for Requip Modutab prolonged release tablets toiensomplete wash-out). The
sequence of these ON and OFF sessions, respectnadypseudo-randomized (7 PD
patients were ON medication in the first sessi@ontrol subjects were also tested on
two separate sessions to allow for assessmenstarfetest effects.

PD patients were diagnosed by a neurologist sjismibin movement disorders
(BRB or RAE) as having idiopathic PD accordinghe tJK PD Society Brain Bank
criteria. Patients showed all three cardinal symstof PD (rest tremor, rigidity and
bradykinesia) and reported a reduction in sevefityreir symptoms when using DA
medication. Exclusion criteria were: neurologicadiér psychiatric co-morbidity (e.qg.
stroke, severe head trauma, hallucinations), uselustances acting on the central
nervous system other than anti-Parkinson medic&éan anti-cholinergics,
benzodiazepines; one PD patient in our study dédamsSSRI, but was not withdrawn
from it in the OFF session), clinical dementia (Mifental State Examination < 24;
Folstein, Folstein & McHugh, 1975), moderate toesewdepression (Beck Depression
Inventory scores > 20; Beeh al, 1961; Kendalkt al, 1987) and general exclusion
criteria for MRI scanning (e.g. claustrophobia, ahg@arts in the body). The severity of
clinical symptoms was assessed according to theddr?D Rating Scale (part Il motor
examination, consisting of 14 items measuring sgvef the cardinal symptoms of
Parkinson’s disease; Fabhal, 1987). Healthy control subjects were recruitefran
existing subject data base at the Donders Institut€ognitive Neuroimaging,
Nijmegen, The Netherlands. See Tables 2 and 3dimographics, symptoms and test
scores of both PD patients and healthy controls.

The protocol included additional assessment oi@pants on several
neuropsychological tests (Tables 2 & 3): We emgtbthe Dutch Reading Test for
Adults, which consists of a series of words withraegular pronunciation and is a good
predictor of premorbid intelligence level (Schmaatcl, 1991), to assess whether PD
patients and control subjects differed on premolQidTo assess possible differences

between PD patients and control subjects on frdoked functioning, we used the Frontal



Assessment Battery, consisting of six subtestsoeixyg conceptualization, mental
flexibility, motor programming, sensitivity to infierence, inhibitory control, and
environmental autonomy (Dubags al, 2000). In addition to the UPDRS motor
examination, we further characterized severity otandysfunction with the Timed
Motor Test, which measures the time needed toatisplvooden pegs on a pegboard with
the right hand, left hand, and both hands simutiasky (Haaxmaet al, 2008). Both PD
patients and the control group were furthermorgetesn visuomotor speed with the Box
Completion Task (measuring time to draw a misskig #or 100 squares; Lewis &
Kupke, 1977) and Digit Vigilance Test (measuringpdetion time and accuracy on
crossing out the numbers 6 and 9 amongst 28 rowanadbmly ordered numbers ranging
from 0 to 9; Lewis & Kupke, 1977). Participants qaeted the Barratt Impulsiveness
Scale-11, a self-report questionnaire measuringitngulsivity (Pattoret al, 1995), to
assess possible differences between groups in &wfiyl Subjective mood was
measured on both sessions with 16 visual analogpless(Bond & Lader, 1974)

This study was approved by the local researcltgtommittee (CMO region
Arnhem-Nijmegen, The Netherlands). All participagéve written informed consent.

Task Description

Participants were scanned while performing a rdedswitching task designed
to measure both reward sensitivity and cognitieibility (Fig. 1). Before scanning, the
task was practiced extensively (see below) to engptimal performance during
scanning. The targets to which participants hag$pond were incongruent arrow-word
combinations (see Aarts, Roelofs & van TurenhoD08). Targets consisted of written
Dutch words for “left” or “right” (“links” or “rechs”) within arrows that were always
pointing in the opposite direction of what the wandicated. Stimuli were presented in
white on a black background. Patients respondediaiigrto the incongruent targets by
pressing a left or right button with the index fng@nd middle finger of the hand that was
least affected (7 PD patients responded with teé&ihand, as did 5 control subjects).
Participants responded either to the directioratinew indicated (arrow task) or to the
direction the word indicated (word task). A tasle ¢odicated which task to perform:

“arrow ” (“pijl”) for the arrow task and “word” (*woord”) for the word task. The task



switched in a pseudo-random order such that hdtiefrials were repetitions of the task
in the previous trial and half of the trials werdtshes compared with the task on the
previous trial.

A reward cue (reward anticipation) preceded tk& taie, informing the
participant whether 1 cent (low reward) or 15 céhigh reward) could be earned with a
quick and correct response, denoted by the woradeft’ or “15 cent”. Additionally,
participants received feedback after their resp¢researd receipt). Positive feedback
was given for a correct response and dependedegprdteding reward cue at the
beginning of the trial: “correct! 1 cent” or “conti 15 cent”. Negative feedback was
given for an incorrect response, “wrong! 0 cenftd(it! 0 cent”), or for a missed
response, “too late! 0 cent” (“te laat! O cent"geffback for correct responses was given
in the color green, feedback for incorrect respemseed, and feedback for misses in
yellow. A white asterisk was displayed in the cemwtethe screen between the reward cue
and task cue, and between the task cue and tred.targhe inter-trial interval, a blue
asterisk was displayed.

The duration of the interval between task cuetangkt was 1 s. The intervals
between reward cue and task cue, and feedbackandward cue of the following trial
were jittered with a variable delay between 2 ® Beedback was given immediately
after the participant’s response. Cues and feedwac& displayed on screen for 600 ms.
Targets remained on screen either until a respeasemade by the participant or until
the end of the response window. This response wingas individually calculated for
each participant based on their mean response {RIesof the correct trials per trial-
type in a practice block during a T1-weighted amatal scan in the first session and
during a MR spectroscopy scan in the second sesEmnindividually calculated
response deadline was implemented to ensure fgsimding of participants and was not
used in the analysis, i.e. all RTs for both coresud incorrect responses were used
regardless of whether responses fell inside onadeithe response window. The practice
block lasted for ~5 minutes, and consisted of 1édwask trials and 16 arrow-task trials,
half of which were repeat trials and half of whighre switch trials. No reward cues or

feedback appeared on screen during this last pedotock.



The main experiment consisted of 160 trials asteth~ 32 min. The factors
reward (high/low), task (arrow/word), trial-typesisch/repeat), and response (right/left)
were equally distributed over trials in a randormshian, resulting in 40 trials per
condition when taking reward and trial-type int@@ent. Participants received a 30 s
break after 32 trials. During this break, the amafrmoney earned in the preceding 32
trials, the amount of money that could have beenesghin the preceding 32 trials, and
the total amount of money earned until thus farendisplayed on screen. Furthermore, a
message was displayed below these money stastoacgiraging the participant to earn
as much money as possible and indicating how misttk& were remaining until the end
of the experiment. The maximum amount of moneyrégyant was able to earn was
12.80 euros. The total amount of awarded moneysivawn on screen at the end of the
experiment and was transferred to the participdaisk account, along with a standard
compensation for participation in the experime® €8ros) and a compensation for travel
expenses.

Switch-related behavioral performance (RT andrenaite) on targets (i.e., switch
cost = switch — repeat trials) and switch-relat€d B changes during task cues and
targets (switch — repeat) were taken as corretdtesgnitive flexibility, while reward-
related performance (RT and error-rate; reward fitenéow rewarded — high rewarded
trials) and BOLD signal during reward anticipatigmgh — low reward) were taken as

correlates of reward processing.

Image acquisition

Whole-brain imaging was performed on a 3 Tesla Ey@8tem (Magnetom Trio
Tim, Siemens Medical Systems, Erlangen, Germarigguen eight-channel head coil.
High-resolution anatomical images were acquiredgiai T1-weighted MP-RAGE
sequence (192 saggital slices; TR, 2.3s; TE, 3.83vokel size, 1.0 x 1.0 x 1.0 mm; field
of view, 256 mm) over ~5 minutes. BOLD sensitivadtional images were acquired
using a T2*-weighted multi-echo EPI sequence (TR42; TEs for 5 echos, 9.4 ms, 21.2
ms, 33.0 ms, 45.0 ms, 56.0 ms). We used a mult-&€H sequence to reduce image
distortion and thereby increase BOLD sensitivitpur regions of interest which are

typically affected by strong susceptibility artifacsuch as the ventral striatum,



ventromedial PFC and orbitofrontal cortex (OFC)g@ret al, 2006). One volume
consisted of thirty-one axial slices (voxel sizé& 8 3.5 x 3.0 mm; interslice gap, 0.5
mm; field of view, 244 mm,; flip angle, 90°). All iages were acquired in a single run
comprising ~32 minutes.

To control for possible BOLD signal changes in pddients due to parkinsonian
tremor, muscle activity in the most-affected foreavas sampled with electromyography
(EMG) during the scanning procedure (see below)CHNlkeasurements were also taken
from the forearm (of the non-responding hand) oftaa subjects. In addition, heart rate
and respiratory rate were monitored using a pusmeter and respiratory belt,
respectively. To minimize head movement, all suisj@ere stabilized with tightly
packed foam padding surrounding the head. Visualu$itwere projected on a screen at
the back of the scanner and were viewed throughrrammounted on the head coil.

Preprocessing of imaging data

All data were pre-processed and analyzed with SP3##&istical Parametric
Mapping, Welcome Department of Cognitive Neuroldgyndon, UK). The first 4
volumes were discarded from analysis as dummy dcaaitow for magnetization to
reach steady state. Realignment parameters wensagsti from the shortest TE-images
and applied to all echoes of a given excitatiors@Pet al, 2006) using a least squares
approach and a 6 parameter (rigid body) spatiakfcamation (Fristoret al, 1995).
Thirty volumes acquired before the start of thaiacexperiment were used to estimate
weights for a BOLD contrast-to-noise ratio map (CMRp) for each echo. Weighted
summation was then used to combine all five echiwsa single data set (Posgral,
2006). Subsequently, the time-series for each waslrealigned temporally to
acquisition of the middle slice. Anatomical imagesl the mean of the functional images
were first spatially coregistered to their respartemplates before being coregistered to
each other. Structural images were segmented reforgatter, white matter and cerebro-
spinal fluid compartments using standard templiiethese compartments in Talairach
space. The parameters from this segmentation step wged for normalization of the
functional images. Normalized images were spat&iypothed with an isotropic 8 mm

full-width-half-maximum (FWHM) Gaussian kernel.



Behavioral statistical analyses

Dependent measures were mean response latencesect manual responses
(including correct responses on ‘too late’ triaday the proportion of errors (incorrect
responses on all trials, including ‘too late’ tslalThese were analyzed using a repeated
measures GLM with factors medication session (ON/QFeward (high/low), task
(arrow/word), trial-type (repeat/switch). Furthemapowe performed planned
comparisons between controls and patients ON migalicand between controls and
patients OFF medication with the same within-sutisjéactors. For all comparisons the
two sessions of controls were averaged. Specifectsf were tested using pairetésts
(ON versus OFF sessions) or independent satvipls (PD versus controls). Since PD
and control groups significantly differed in terofsage (k123 = 10.1; p < 0.001)age
was used as a covariate of non-interest in thesstail comparisons. Session number
(first session ON, first session OFF) was used@svariate in statistical analysis
between ON and OFF in order to control for posssiglesion effects (7 PD patients were
ON medication in the first session compared withCbpatients being OFF medication in

the first session). An effect was significant wipeq .05 (two-tailed).

fMRI statistical analyses

For each subject and medication session the megylte-processed fMRI time-
series was analyzed at the first level using amteradated approach in the context of the
general linear model (GLM). The first level modetiuded regressors for all phases of a
trial: reward cue, task cue-target combinations, f@edback, resulting in 14 regressors: 2
for reward cues (high/low), 8 regressors for tasdetward [high/low] x task
[arrow/word] x trial-type [switch/repeat]), and dgressors for feedback
(1cent/15cent/miss/error). All regressors of intekgere modeled as an impulse response
function (duration = 0) convolved with a canonibakEmodynamic response function
(HRF) (Fristonet al, 1998). Regressors of non-interest were: the 80rsktbreaks,
missed targets (no response at all for a targetXtaen EMG signal. Also, to optimally
control for motion effects, 36 motion parametersernadded to the model: the linear,

guadratic and cubic effects of x, y, z, pitch, rathd yaw movement. To remove non-
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neuronal fluctuations from the data, we added tim@ses to our model describing
compartment signals for cerebro-spinal fluid (C8/Jl out-of-brain signal (OOB). Both
regressors of interest and regressors of non-sitéegcept CSF and OOB compartment
regressors) were convolved with their temporalh@give to account for variance due to
different slice timings as well as to different HR&lays and/or shapes of different
regions. Functional scans were high-pass filtet@8 &) to remove low-frequency
confounds such as scanner drifts. Parameter essn@atall regressors were obtained by
maximume-likelihood estimation, modeling temporalaaorrelation as an AR(1) process.

We used contrasts images from the first levebloudate different-tests at the
second level, dividing participants into three greuPD patients OFF medication, PD
patients ON medication and controls. Contrast irmagere averaged over sessions for
the control group. Second level designs consisté@sample-tests comparing either
PD ON or PD OFF with control groups, including @&gea covariate of non-interest, and
paired-samplé-tests comparing ON and OFF sessions, includingi@esis covariate of
non-interest. To measure reward anticipation, wuged contrast images for high
versus low reward-cues for each participant (hidbviereward-cues). To measure
cognitive flexibility, we included contrast imagies switch versus repeat targets for each
participant (switch > repeat targets). Finallypnder to measure the interaction between
reward anticipation and cognitive flexibility, coast images for switch versus repeat
targets on low- versus high-reward trials wereudeld for each participant ((switch-
repeat)high — (switch-repeat)low).

First, we assessed the main effects of task (k@aaticipation, switch effect and
the reward x switch effect) across groups, as asethe task by group and task by
medication interaction effects at whole brain les@irected for multiple comparisons (
rwe < .09.

Secondly, we used two regions of interest (RQ@nfthe study by Aartst al.
(2010) to further investigate the BOLD signal dgrneward anticipation and the reward
x switch interaction. In their study, Aarts andleafues found activation of the bilateral
nucleus accumbens (peak voxels: x =10,y =8;Z and x =-12, y = 8, z = 8) during
reward anticipation on a similar task as used éendiirrent study. This activity was

DAT1-dependent, suggesting that activation of thisratstriatal region during reward
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anticipation is dependent on DA. In the same stédyiset al. found switch-related
activation of the left caudate nucleus (peak voxei:-12, y = 18, z = 8) on high relative
to low reward targets, which again varied as ationaf DAT1genotype, suggesting
that the amount of DA in the dorsomedial striatuedmnates the interaction between
reward anticipation and cognitive flexibility. Ihe current study, we assessed functional
activation of the same striatal regions with a Emtiask, this time manipulating DA
levels by testing PD patients ON and OFF their radfdA medication. For both the
bilateral nucleus accumbens and left caudate nsiclee constructed a 6 mm sphere
around the peak voxels as reported in the expetimeAartset al. (Fig. 3) and extracted
the mean beta weights from these regions with Mar¢Brettet al, 2002). These
regionally averaged beta weights were analyzedyusirepeated-measures GLM to
assess main and interaction effects during rewaed-and targets.

To further explore our a priori hypotheses, we alslected ROIs from the main
task effect contrasts, containing activation patexveraged over the two sessions of
both PD and control groups combined for rewardcgrdation and cognitive flexibility.
Extracted mean beta weights from all voxels wittlirsters located in the VM or DL
frontostriatal circuits (clusters selected baseg en0.001 uncorrected for multiple
comparisons cluster extent: 50 voxels; y-coordinate > 1) wanelyzed using a
repeated-measures GLM to assess main and intaraftects during reward-cues and
targets.

EMG analysis

Parkinsonian tremor might fluctuate with high relatto low reward and thereby
provide a trivial source of differences in BOLD rs&l between patient and control groups
For instance, this might cause us to attribute dreralated functional activity in motor
cortex and cerebellum (Helmieht al, 2010) to reward-related functional activity.
Therefore, we controlled for this factor by measgmmuscle activity during MR
scanning in the most-affected arm of PD patiente ®MG. The same measurement was
taken in the control group to ensure that PD ptiand controls experienced similar
conditions in the scanner. However, since the ENy@Gads of healthy controls contained

no tremor activity, these signals were not inclugtethe first-level analyses. Carbon
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wired MRI compatible electrodes were placed 3 cartaalong the muscle bellies of the
flexor and extensor in the forearm muscle, andudrakelectrode was placed on the head
of the ulna. Vision AnalyzeBrain Products GmBH, Gilching, Germarnyas used for
signal preprocessing: MR artifact correction folemiwthe method described in Alleh

al. (2000) and van Duineet al.(2005), which included down-sampling (From 5000 to
1000 Hz), band-pass filtering to remove possibléionaartifacts (allowing frequencies
between 25 and 250 Hz) and rectification to enhamoemation on tremor bursts
(Myerset al, 2003). After preprocessing, the time-series veggrented into one

segment for each volume. Subsequent analyses wdmamped in Matlab (MathWorks,
Natick, MA) using the FieldTrip toolbox for EEG/ME&halysis

(http://fieldtrip.fcdonders.n)/ Peak frequency of the parkinsonian tremor wasrdened

for each PD patient individually by visual inspectiof the average power spectrum
across segments, calculated in steps of 0.5 gshEanuscle with the clearest peak in the
power spectrum (either flexor or extensor), the @oat the peak tremor frequency was
extracted and log-transformed to remove outliecsscdpture functional activation related
to changes in tremor amplitude (e.g. in the pathdtielmichet al, in preparation), we
calculated the first derivative of the EMG ampligéugtgressor. Lastly, a z-transformation
was applied to both the EMG amplitude regressortaedEMG first derivative regressor.
Both regressors were then convolved with the HRFaded to the first level model of
all PD patients.

RESULTS

Demographics and neuropsychological assessment

In Table 2, we show that PD patients and healtmgrols did not differ in terms
of educational level, general mental status, impitysor reward sensitivity. However,
PD patients reported significantly more symptomdegression, had lower premorbid
IQ, and were younger than healthy controls. As datiection for the current study is
still in progress, we hope to resolve these diffees between groups in the near future.

In Table 3, we show that PD patients and healtmgrols did not differ on frontal
executive functioning, working memory or accuraoytbe Digit Vigilance Test. As
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expected, PD patients exhibited significantly mBEerelated motor symptoms on the
UPDRS when they were OFF their normal DA medicati@n when they were ON their
medication, showing that the pharmacological mdaipan in our study was successful.
This was confirmed by results from the Timed Mofest showing that there were no
significant differences in performance during the €ession between least and most
impaired hand, while there was a significant défere between least and most impaired
hand during the OFF session. Furthermore, patigats less accurate on the Digit
Vigilance test in the OFF relative to the ON stdtee PD patient group also performed

worse than controls on tasks measuring visuomgieed.

Effects of reward on behavioral switch cost

Our prediction was that patients OFF their normalmedication would show a
decrease in performance on task switching in areward condition, but not in a high
reward condition. As expected, the analysis ofpifugortion of errors revealed a
significant interaction effect of reward x switclgsoup in the HC versus PD OFF
comparison (f.22)= 5.2; p <.05; Fig. 2a). Further simple effecalgaes showed that
switch cost for the PD OFF group in the low rewenddition was significantly greater
compared to the control group{k)= 8.5; p < .01). Switch cost did not differ betwee
the PD OFF group and the healthy control groupnéhtigh reward condition (f>2) < 1).
These results demonstrate the predicted switchdesstt in the low reward condition,
but, critically, not in the high reward conditiomPD patients OFF their normal DA
medication compared to healthy controls. We herepiicate the behavioral results
found in the study by Aarest al. (in preparation).

PD patients ON medication did not demonstrate &chvdeficit in the low reward
condition compared with controls{fo)= 1.9; p > .1), nor did the PD ON group exhibit
an effect of anticipated reward on switching (< 1; p > .9).

For mean response latencies, the reward x swigploup interaction was not
significant in any of the group comparisons (Filg).2
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Neural correlates of the reward x switch interactim

We first assessed the main effects of task acnaagpg at whole brain level
corrected for multiple comparisons gwe < .05): reward anticipation (high > low reward-
cues), the switch effect (switch > repeat targats) the reward x switch effect ((switch-
repeat)high — (switch-repeat)low ). Analyses ofttek effects at this stringent statistical
threshold did not show any significant effects asrgroups. We also did not find any
differences, at this stringent statistical thredhbketween healthy controls and PD
patients OFF their DA medication, nor between tiNeadd OFF sessions. Note that tasks
effects at p < 0.001, uncorrected for multiple canmgons, are reported in Tables 4 and 5.
At this more liberal threshold, we observed severgions within the VM and DL
frontostriatal circuits to be activated, with thershl ACC specifically showing the
reward x switch interaction (fig. 4; see below).

Secondly, we used the two ROIs from the study bstshat al. (2010) to further
investigate the BOLD signal during reward anticipatand the reward x switch
interaction (as described above under fMRI staastnalyses). Statistical analyses of
the mean beta weights extracted from the ventriatgin ROI did not show any
differences between groups or as a function of oatidin in functional activity during
reward anticipation at p < 0.05. Similarly, thermagextracted from the dorsomedial
striatal ROI did not show significant differences the reward x switch interaction for
any of the group or medication comparisons. Thadyais suggests that the behavioural
differences observed between the OFF medicatiorcanttol group were not
accompanied by differences in striatal activitypExation of the relevant task by group
and task by medication brain maps at a more likbrashold oPyncorrectes< 0.001
confirmed this observation:

Our a priori hypotheses allowed us to further itigege the influence of reward
on cognitive flexibility in regions of the DL andW frontostriatal circuitry, and therefore
we selected ROIs from the main task effect cordrastntaining activation patterns
averaged over the two sessions for both PD andaarbups combined: reward
anticipation (associated with the VM frontostriatatuitry) and task-switching

(associated with the DL frontostriatal circuitrifor the main effect of reward (Table 4),
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we found no significant differences between graungsinctional activity during reward
anticipation in any of the group comparisons. ferrmain effect of switch (Table 5), the
dorsal ACC (dACC; Fig. 4) showed a significant redva switch effect when comparing
the PD OFF versus the control group ¢by= 4.4; p < 0.05). Simple effect analyses for
the separate reward conditions revealed a signifisaitch x group interaction for high
reward trials only, with PD patients OFF their nai®A medication showing more
switch-related activity compared to healthy conswabjects (F(1,22) = 5.0; p < 0.05). No
differences between these groups were found ondaward trials. Furthermore, no
reward x switch interactions were found in anyha bther group comparisons for dACC

activity, nor in any of the other regions seledt®an the main effect of switch.

DISCUSSION

The current study establishes a key role of DAermodulation of motivational
compensation of cognitive deficits, by demonstigatimat PD patients OFF their normal
DA medication exhibit a potentiation of the rewaftect on behavioral switch cost, in
line with earlier findings by Aarts and colleaggspreparation). Importantly, we also
show the neural correlates of this behavioral ¢ffeg demonstrating that it is
accompanied by a potentiation of the reward efd@acswitch-related BOLD signal in the
dACC. Thus, PD patients OFF medication show a sagikching deficit in the proportion
of errors on low reward trials, but not on high aed/trials, accompanied by an increase
of switch-related BOLD signal in the dACC on higHative to low reward targets. These
findings concur with our hypothesis that motivaabprocessing can be used by PD
patient OFF medication to overcome cognitive infddity, and implicate a crucial role
of the dACC in this compensation process.

Compensation of the switch deficit by monetary neina PD patients OFF
medication might be driven by intact or up-regualA levels in the ventral striatum,
which could normalize DA levels in the DA-depletdarsal striatum (Aartst al, in
preparation). An interaction of motivation and cibigm, two functions linked to distinct
VM and DL frontostriatal circuits (Alexandet al, 1986; Hoover & Strick, 1993), could

come about by spiraling connections between funaticegions of the striatum via DA
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midbrain cells (Habeet al, 2000). Although we did not find an interactionrefvard x
switch in activity of the DMS, as shown in healtdybjects by Aarts and colleagues
(2010), our BOLD data suggests that, on a corteadl, such an interaction of
motivation and cognition does take place in the @AGr PD patients OFF their DA
medication. Compensation mechanisms in PD patiets previously been shown to
occur more strongly on a cortical level, in compani to healthy controls that rely more
on striatal regions (Helmicét al, 2009;Monchiet al, 2004). Lack of functional activity
for a motivation and cognition interaction in th&B might be due to the fact that this
region is depleted of DA in PD patients in conttashealthy individuals who do show
activity in the DMS during this interaction (Aaesal.,2010). The ACC, specifically,
can become hyperactive in early PD patients (Kassahal, 2000), with findings by
Brucket al. (2005) suggesting that activity within the ACC nimyimportant in
resolving conflict during a Stroop task in PD. Téfere, we argue that in PD patients, the
dACC might serve as a nexus between the two sepfaaitostriatal circuits in PD
patients OFF medication on a cortical level, assdbe DMS in young healthy controls
on a subcortical level. The ACC seems to be pdatyusuitable for this function, as it is
one of the parts of the frontal cortex most ridniyervated by DA neurons from the
midbrain ventral tegmental area (VTA; Williams & lBman-Rakic, 1998), which are
still intact in early PD. The ACC has also repebtéeen found to be activated during
tasks requiring cognitive flexibility in neuroimang studies (Botviniclet al, 2004).
Importantly, the ACC has been suggested to usevatmnal input to guide decision
making (Amiezet al, 2006; Rushworth & Behrens, 2008), and could begeéon where
motor control, drive and cognition interface, widA modulating the interaction between
cognition and motor control in relation to changesmotional and motivational states
(Paus, 2001). Our current study provides furthélence for such a role of the ACC, and
in addition implicates that the region becomes #jgatly important in compensation of
cognitive deficits associated with DA depletiorPD patients.

Using the same experimental design as we empl@atset al. (2010) found an
increased reward benefit on task-switching in imdials with genetically-determined
higher DA levels accompanied by elevated BOLD digvithin the bilateral nucleus

accumbens. We did not observe supra-thresholdagicins of ventral striatal areas in the
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main effect of reward, nor an effect of reward-cinelseta weights extracted from the
bilateral nucleus accumbens ROI used by Aarts alidagues. However, the mean age
of healthy young volunteers in their study was 3&érs, and a reason for not finding
similar effects in the current experiment mightdoe to the effects of ageing on
activation of reward-processing regions in the okléjects who participated in our
study. It has been shown that various alternatiaks place in components of the DA
system with ageing, such as decreases in numlzEpaimine receptors (DaT; Seenstn
al, 2004) and dopamine transporters in the strigiotkow et al, 1996). Alternations in
the DA system might contribute to insufficient infation processing in the reward
system for elderly individuals (Medit al, 2009; Dreheet al, 2008)

Furthermore, the pattern of DA cell loss in thespasmpacta of the substantia
nigra (SN) in normal ageing shows a dorsal-to-ventral gnaidiEearnley & Lees, 1991),
opposite to the pattern found in PD patients (Kashl, 1988), implicating differences in
ventral striatal function between healthy elderig #D patients. We speculate that due
to relatively more DA-ergic cell loss in the venttampared to the dorsal striatum,
healthy elderly might also be less able to use réwacompensate for possible cognitive
decline. As we demonstrate in this study, PD p&i@¥F their DA medication can still
use reward to alleviate their switching deficitggasting that they recruit the ventral
striatum more strongly than healthy controls, despossible effects of age, as this
region is relatively intact compared to the alreadyerely depleted dorsal striatum in
early PD. Unfortunately, we were not able to shoawhsdifferences between the PD OFF
and control group in activation of the ventralatiim in the current analyses of the
BOLD signal, and the mechanism mentioned aboveirenspeculation.

Besides investigating the compensation hypothadisa current study (discussed
above), we also set out to find evidence for therdose hypothesis (Gothahal, 1988;
Coolset al, 2001; Coolt al, 2003): We predicted that PD patients ON theinmadr
DA medication would show intact task switching ifoes reward condition, but show
premature task switching in a high reward conditiarterms of the BOLD signal, we
expected abnormal functional activity in the vehstaatum and connected cortical
structures, due to medication-induced oversensittei reward in PD patients ON

medication compared to healthy control subjectavéier, we did not find any
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differences between the PD ON and control groumiih behavioral and functional
activity data. We were only able to demonstrat¢ tthe interaction of reward x switch
was not significant in PD patients ON medicatiohgweas it was significant in PD
patient OFF medication. Thus, it is unclear whethtirer the DA-rich ACC (Williams &
Goldman-Rakic, 1998) was overdosed in PD patietsr@dication, and therefore they
could no longer use reward to compensate theichvdéficit, or the PD ON group

simply did not use reward since there was no swigditit to compensate for in the first
place, likely because DA medication normalized [@#éls in the DL frontostriatal
circuitry associated with switching. Earlier stugliavestigating the DA overdose
hypothesis (Coolst al, 2001; Coolst al, 2003), used separate tasks to look into switch
deficits (Letter-number switching; Task-set switdhby Roger®t al, 1998) and reward
sensitivity (probabilistic reversal learning tagkltawrenceet al, 1999; decision-making
task by Rogerst al, 1999). In the rewarded switching task employethecurrent
experiment, on the other hand, both reward proegssid switching were intrinsically
linked to each other. This allowed us to uniquest the interaction between the two
cognitive processes, but might have made it mdfewdt to selectively assess
overdosing effects of DA medication. A separatearsensitivity paradigm might have
been needed to further test our overdose hypotHesiginately, a study employing such
a paradigm is currently being conducted withinghme PD patients and control subjects
who participated in our study (Smittenaar, in pragan).

Future studies into motivational compensation @fitive decline in Parkinson’s
disease might also be extended by including measiirgenetic polymorphisms. The
relation of genetic variations in DA transmissieng(DAT1gene polymorphisms: Aarts
et al, 2010; oDRD2 gene polymorphisms: Kirsadt al, 2006) to the extent to which PD
patients can make use of reward for compensatiggitiee deficits could then be
investigated. For example, recent evidence suggfestsiown-regulation of DaT might
underlie increased DA release in the ventral stnabf PD patients with pathological
gambling in comparison to those without impulsetoardisorders (Cilizet al, 2010).
Inter-individual differences iDAT expression might therefore mediate the ability to
reduce cognitive inflexibility with reward due tafférent degrees of DA transmission

sensitization.
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In general, our data did not exhibit significarffetiences between ON and OFF
sessions in PD patients, though the rewarded swgdhsk has repeatedly been shown to
be strongly modulated by DA (Aargt al, 2010; Aartset al, in preparation). This could
be a power issue, because the observed rewardohanieraction in both the PD OFF
group and control group was driven by the firssgasand not by the second session (see
Supplementary analyses), possibly due to habitwatidearning effects. This leaves only
a small number of PD patients in the first ses§fo®N and 5 OFF medication, against
13 control subjects) exhibiting the strongest éff@mn our task. Consequently, since task-
induced differences in behavioral data and braiiviacbetween groups presumably are
most explicit in the first session, the number @asurements taken in the second session
does not strongly contribute to differences betw@dhand OFF sessions and may have
even averaged out effects from the first sessiarthEr data collection, which is still in
progress, can hopefully solve this issue by addioge first session data of PD patients
in both ON and OFF states, thereby increasing tiveep of statistical comparisons
between these groups.

Due to the fact that data collection for this stiglgtill in progress, the current PD
patient and healthy control groups were not yetched for age, premorbid IQ scores and
depression scores. Both behavioral and brain ditiveesults remained significant when
age was entered as a covariate in statistical s@slypuggesting that the significant
difference in age between the PD patient and cbgtoup did not explain our findings.
Only when premorbid 1Q scores and/or BDI scoresevesttered either separate from or
together with age, the reported effects no longéda f(see Supplementary analyses). It is
likely that premorbid IQ scores and depressionestap-vary with disease severity, as
has at least been demonstrated for the latter §§cfiahanshahi & Quinn, 200%e
therefore did not use these covariates, becauseowkel have possibly regressed out the
group differences we were actually interested ioteNagain that for the current
experiment, data collection is still in progress are will match our PD patient and
control group on age, BDI scores and premorbiddQ@es with the inclusion of
additional participants.

The findings from the current study could have imgat therapeutic

implications. A well-documented literature existstbe use of external cues to overcome
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motor akinesia in PD patients, a phenomenon knasnkiresia paradoxa (Lewis, Byblow
& Walt, 2000; Jiang & Norman, 2006). Hesitationsl dreezing have also been shown to
be reduced in MPTP-lesioned monkeys due to motimatiprocesses (with preferred
food as rewards; Pessiglioatal, 2004). Furthermore, the prominent placebo effect
PD has been found to be accompanied by endogendusl€ase in the striatum and is
suggested to be related to reward expectancy (Bedate-Fernandes al, 2001). We
extend this literature on the use of external (refvaues to reduce motor deficits in PD
to the cognitive domain, showing that PD patieats ase external cues to reduce switch
deficits.

To conclude, we demonstrate that PD patients ORfaaon can make use of
monetary reward to reduce cognitive inflexibilitya rewarded task switching paradigm.
In addition, we show that PD patients OFF theimmalrDA medication exhibit more
switch-related activity in the dACC compared toltteacontrol on high relative to low
reward, thereby revealing the underlying neuraksalbes of this compensatory process.
Our results support the hypothesized mechanisnetrff PD patients OFF medication
use the intact VM frontostriatal circuitry (involden reward-processing) to compensate
for the DA-depleted DL frontostriatal circuitry @inlved in task-switching). The data
also indicate that the dACC serves as an importexiais on the cortical level between
these two separate circuits in early PD patients already severely depleted DA levels

in the dorsal striatum.
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FIGURES

Medications
Levodopa (DA precursor) 6
Ropinirole (D3 agonist)
Pramipexole (D3 agonist) 3

~

Mean L-DOPA equivalent dose* 502 (546)

Amantadine**

Tamsulosine (a1-blocker)

Omeprazol (H+/K+-ATP-ase inhibitor)
Simvastatine (A-(HMG-CoA-)reductase inhibitor)
Domperidone (peripheral DA-antagonist)
Cozaar (angiotensine-lI-R-(AT1)-antagonist)
Pantoprazole (H+/K+-ATP-ase inhibitor)
Nexium (H+/ K+-ATP-ase inhibitor)

Suprimal (anti-histaminicum)

Citalopram (SSRI)

R IFRPINIFPIFPININRFINN

Table 1

Medication taken by PD patients who participatedha study. Properties of the
substance mentioned in brackets; number of PD pi&tiaking the substance mentioned
in the last column. * Mean L-DOPA equivalent daSP (n brackets) calculated
according to Wenzelburger et al. (2002). ** Amantedis an anti-viral substance with
an anti-Parkinson effect, of which the exact wagkimechanism in PD is unknown.

Demographics
PD control p

Age 52.4 (10.0) | 62.5(5.4) 0.004
Disease duration 5.3(3.4) na

Premorbid 1Q 78.6 (13.0) | 91.4(7.1) 0.005
Education level 5.4 (0.8) 5.9 (0.9) 0.2
Depression score | 8.7 (4.9) 3.6 (3.1) 0.005
Mental status 28.5(1.2) 28.5(1.1) 0.9
Impulsivity score 60.4 (6.5) 60.9 (6.9) 0.9

Table 2

Mean demographics and questionnaire scores for Biepts (PD) and healthy control
subjects (control); SD in brackets. Premorbid IQaswed with Dutch Reading Test for
Adults; Education level determined according tossléication system of the Dutch
Reading Test for Adults. Depression scores measuitacdBeck Depression Inventory.
Mental status determined according to Mini Ment&t& examination. Impulsivity scores
measured with the Barrat Impulsiveness Scale-11.
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Symptoms and neuropsychology

p (ONvs Control p(control vs p (control vs
ON OFF OFF) average ON) OFF)
UPDRS | 19.6 (7.9) 28.5 (9.6) 0.001 | na na na
FAB 17.3(1.2) 16.6 (1.4) 0.1 |17.4(0.6) 0.8 0.1
WM 6.0 (0.3) 5.8 (0.2) 0.3 |6.2(0.9 0.5 0.1
Block 116.8 (6.3) 119.6 (9.1) 0.6 | 86.4 (28.2) 0.006 0.011
Digit 315.8 (16.3) | 315.8 (14.6) 1| 263.2 (55.0) 0.028 0.021
Digithit | 202.2 (1.0) 200.4 (1.2) 0.02 | 200.6 (3.9) 0.2 0.9
p (Least vs
Least Most Most)
TMTon | 25.4 (5.5) 40.4 (31.8) 0.1
TMToff | 24.3 (5.8) 42.3 (25.7) 0.015
Table 3

Mean symptoms and neuropsychological assessmarsdoo PD patients ON
dopaminergic medication (ON), PD patients OFF dopergic medication (OFF), and

healthy control subjects averaged over sessionstf@Gbaverage). SD in brackets.

UPDRS = Unified Parkinson’s Disease Rating Scateas (part 11, motor
examination); FAB = Frontal Assessment Battery; WMorking memory, assessed
using digit span incorporated in the FAB; Blockimé (s) to complete Block Completion
task; Digit = time (s) to complete Digit Cancellati task; Digithit = number of correct
hits on Digit Cancellation taskiMT = Timed Motor Test, with TMTon = time (s) for
completion using either least or most impaired héord®D patients ON medication,

TMToff = time (s) for completion using either leastmost impaired hand for PD

patients OFF medication.
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Reward effect
Volume
Label (mm3) MNI coordinates T z
Right middle frontal gyrus 171 26 -6 46 7.07 5.05
201050 4.26 3.60
28 8 56 4.12 3.51
Right precuneus 1525 12 -66 50 6.54 4.82
10-54 50 5.83 4.49
-14 -66 56 5.18 4.14
Right middle frontal gyrus 480 3254 24 6.12 4.63
34 44 24 4.81 3.91
324414 4.78 3.91
Right calcarine gyrus 428 12 -70 16 5.88 4.51
24 -60 8 5.02 4.05
-8-806 4.78 3.92
Left superior medial gyrus 468 01842 5.43 4.28
-412 46 5.40 4.27
128 64 5.18 4.14
Left superior frontal gyrus 69 -26 -6 56 4.95 4.01
Left superior frontal gyrus 65 -24 -4 62 4.92 4.00
Left middle frontal gyrus 125 -34 58 14 4.69 3.86
-36 46 26 4.38 3.68
-3248 14 3.98 3.42

Table 4

Signal change during high reward-cues relativedw reward-cues. Height threshold: p
< 0.001, uncorrected for multiple comparisons. Extreshold: 50 voxels. Frontal
areas (y > 1) were employed in subsequent a pdetermined region of interest
analyses.
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Switch effect
Volume
Label (mm3) MNI coordinates T z
Left inferior parietal lobule 799 -36 -46 42 7.06 5.05
-42 -40 40 6.40 4.76
-28 -66 28 5.52 4.33
Right SMA 582 8850 6.60 4.85
-6 1048 5.42 4.27
-216 52 5.19 4.15
Right inferior frontal gyrus 301 42 2210 6.18 4.65
48182 531 4.22
3024 -10 4.69 3.87
Left inferior frontal gyrus 530 -44 16 6 6.08 4.61
-5014 0 5.77 4.46
-30220 4.78 3.92
Left precentral gyrus 254 -50 0 42 5.07 4.09
-38 -2 40 5.18 4.14
-48 6 32 4.98 4.03
Left middle frontal gyrus 102 -30 6 52 4.97 4.03
-38 252 4.24 3.58
-22 6 62 3.79 3.29
Right superior frontal gyrus 52 26 -254 4.61 3.82

Table 5

Signal change during switch targets relative togaptargets. Height threshold: p <
0.001, uncorrected for multiple comparisons. Extaneshold: 50 voxels. Frontal areas
(y > 1) were employed in subsequent a priori deteeh region of interest analyses.
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reward cue 26 s task cue target feedback
response 26 s

deadline

-l

SWITCH

next trial

Figure 1

Example trials from the experimental paradigm. tthbthese trials the reward-cue
indicated that the participant could earn 15 cewith a correct and sufficiently quick
response (as opposed to 1 cent in the low rewandition). The task-cue told the
participant to respond to the word of the incongruarrow-word Stroop-like target in
the first trial, but to the arrow of the incongruearrow-word Stroop-like target in the
second trial. Hence, the second trial is an exanople switch of the task relative to the
previous trial. There was a variable delay of 246etween reward- and task-cues, and
between trials, in which participants had to fixate an asterisk in the middle of the
screen.
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Proportion of errors (%)
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Figure 2a

Switch cost (switch — repeat trials) in the meaogartion of errors for the high and low
reward condition. Error bars represent SE of theemeON = PD patients ON
dopaminergic medication; OFF = PD patients OFF dapaergic medication; control =
healthy control subjects.
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Mean response latencies (ms)
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Figure 2b

Switch cost (switch — repeat trials) in the measpanse latencies for the high and low
reward condition. Error bars represent SE of theameON = PD patients ON
dopaminergic medication; OFF = PD patients OFF dapaergic medication; control =
healthy control subjects.

34



Figures 3a & 3b

Coronal sections showing 6 mm spheres constructaahd peak coordinates of the
bilateral nucleus accumbens (Fig. 3a; y = 8) and téft caudate nucleus (Fig. 3b;y =
18) from the study by Aarts et al. (2010). Thetbilal neucleus accumbens region of
interest was used in the current study to investiglae BOLD signal during reward
anticipation in the ventral striatum. The left catel nucleus region of interest was used
to investigate the BOLD signal during the rewarsintch interaction in the dorsomedial
striatum.

Figure 4a

Switch-related signal across groups (PD ON, PD Gifid healthy control subjects) in
the dorsal anterior cingulate cortex (dAACC; x = &he figure shows the BOLD
activation pattern during switch relative to repeatgets, at p < 0.001, uncorrected for
multiple comparisons. See Table 5 for all peaks thached significance at this
threshold.
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Figure 4b

Reward effect on task-switching activity. Figurewh the reward x switch interaction
((switch-repeat)high — (switch-repeat)low) for timean beta weights extracted from the
dACC region of interest as found in the switchtedbactivity contrast (Fig. 4a). Error
bars represent SE of the mean. ON = PD patientsd@paminergic medication; OFF =
PD patients OFF dopaminergic medication; controhealthy control subjects.

dACC
High sw-rp | Low sw-rp
0.641 0.526

ON (0.115) (0.182)
0.324 0.231

OFF (0.132) (0.119)
0.105 0.263

control | (0.143) (0.089)

Figure 4c

Mean beta weights extracted from the dACC regiantefest (Fig. 4a) for switch

relative to repeat targets for high and low rewanals. SE of the mean in brackets. ON

= PD patients ON dopaminergic medication; OFF = PBtients OFF dopaminergic

medication; control = healthy control subjects.
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SUPPLEMENTARY ANALYSES

Session effects in healthy control subjects and Riatients

In the behavioral analyses of the error rates,om@d a significant reward x
switch x session effect when comparing the firgt scond session of healthy control
subjects (f1,120= 5.9; p < 0.05; Fig S1a) and PD patientg {§;= 7.3; p < 0.05; Fig S1b),
with both healthy controls and PD patients showirgreward x switch effect in the first
session (fr,12)= 6.2; p <0.05 andF11)= 7.3; p < 0.05 respectively), but not in the
second session @h2)< 1 and ky,11)<1, respectively). This reward x switch interantio
in the first session disappeared for PD patientsnvhedication was entered as a
covariate (f1,10= 1.1; p = .4). As both the healthy control and@Dient group
exhibited a reward x switch effect in the firstges, we averaged the two separate
sessions for the healthy controls in our analydésthen continued to investigate the ON
and OFF medication effects, which were also averager sessions and, therefore,
could still explore reward x switch x group effeptsst-hoc.

When only using the error rates from the first Eesfor statistical analyses, the
results still replicated our findings found wherngserror rates from both sessions: The
reward x switch interaction was only significant the PD OFF versus control group
comparison (f,16= 7.5; p < 0.05; Fig S1c), but not for the PD ONsus control group
(F,16)= 2.4; p = 0.2) or PD ON versus PD OFF compar{$@r < 1). Simple effects
revealed that switch cost was greater for PD pti©fF medication than for the control
group in the low reward condition e = 5.9; p < 0.05), as was the case in our analyses
of the error rates for both sessions. Again, tl&e no significant difference in switch

cost between these two groups in the high rewandition (R 16)< 1).

Inclusion of the covariates BDI and premorbid 1Q

Since patients had higher scores on the BDI anéd@aores on our premorbid
IQ measure compared with healthy controls (Tablev2)used each participant’s BDI
score and premorbid 1Q score as covariates, togefitie the original covariate age, in

the statistical analyses of behavioral data andriban betas weights to see whether our
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effects would still hold. The reward x switch eff@cthe error rates for the PD OFF
versus control group comparison was no longer sggmt when including the BDI and
premorbid 1Q covariates, either separately or tfogretand either with or without the
covariate age (Table Sla).

The reward x switch interaction in the dACC (FjgWwhich was selected from the
main effect of switch, was no longer significantemhincluding scores BDI and
premorbid IQ scores as covariates, either sepgrateébgether, with or without the
covariate age (Table S1b). Only when entering agleBDI score together in the
repeated measures GLM, the reward x switch interacemained significant (E21)=
4.4; p <0.05).
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Proportion of
errors
df F p

Age 1,22 5.2 0.032
BDI 1,22 2.7 0.2
NLV 1,22 1.7 0.3
Age & BDI 1,21 2.5 0.2
Age & NLV 1,21 1.6 0.3
BDI & NLV 1,21 1.3 0.3
Age & BDI & NLV 1,20 1.3 0.3

Table Sla

Influence of the covariates age, BDI score and mial IQ score on the reward x
switch interaction in the proportion of errors.

dACC
df F p
Age 1,22 4.4 0.047
BDI 1,22 1.2 0.3
NLV 1,22 <1 0.8
Age & BDI 1,21 4.4 0.048
Age & NLV 1,21 1.9 0.2
BDI & NLV 1,21 <1 0.6
Age & BDI & NLV 1,20 2.7 0.2
Table S1b

Influence of the covariates age, BDI score and mial IQ score on the reward x
switch interaction in the mean beta weights exeddtom the dACC region of interest
(Fig. 4a).
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Healthy controls: Proportion of errors (%)
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Figure Sla

Switch cost (switch — repeat trials) in the meaogartion of errors in the high and low
reward condition plotted for the first and secomdsion of the healthy control group.
Error bars represent SE of the mean.
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PD patients: Proportion of errors (%)
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Figure S1b

Switch cost (switch — repeat trials) in the meaogartion of errors in the high and low
reward condition plotted for the first and secomdsion of the PD patient group. Error
bars represent SE of the mean.
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Session 1: Proportion of errors (%)
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Figure Slc

Switch cost (switch — repeat trials) in the meaogartion of errors for the high and low
reward condition plotted for the first session oriyror bars represent SE of the mean.
ON = PD patients ON dopaminergic medication; OFPD patients OFF dopaminergic
medication; control = healthy control subjects.
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