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Abstract

The main pattern of cognitive impairments seen in early to moderate stages of Parkinson’s disease 

(PD) includes deficits of executive functions. These nonmotor complications have a significant 

impact on the quality of life and day-to-day activities of PD patients and are not effectively 

managed by current therapies, a problem which is almost certainly due to the fact that the disease 

extends beyond the nigrostriatal system. To investigate the role of extrastriatal dopamine in 

executive function in PD, PD patients and a control group were studied with positron-emission-

tomography using a high-affinity dopamine D2/D3 receptor tracer, [11C]FLB-457. All participants 

were scanned twice while performing an executive task and a control task. Patients were off 

medication for at least 12 h. The imaging analysis revealed that parkinsonian patients had lower 

[11C]FLB-457 binding than control group independently of task conditions across different brain 

regions. Cognitive assessment measures were positively correlated with [11C]FLB-457 binding in 

the bilateral dorsolateral prefrontal cortex and anterior cingulate cortex only in control group, but 

not in PD patients. Within the control group, during the executive task (as compared to control 

task), there was evidence of reduced [11C]FLB-457 binding (indicative of increased dopamine 

release) in the right orbitofrontal cortex. In contrast, PD patients did not show any reduction in 

binding during the executive task (as compared with control task). These findings suggest that PD 

patients present significant abnormalities in extrastriatal dopamine associated with executive 

processing. These observations provide important insights on the pathophysiology of cognitive 

dysfunction in PD.
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INTRODUCTION

It has been reported that approximately 15–20% of patients with Parkinson’s disease (PD) 

suffer some degree of cognitive impairment [Caviness et al., 2007; Muslimovic et al., 2005; 

Williams-Gray et al., 2007a]. The main pattern of cognitive impairments seen in early to 

moderate stages of PD resembles that produced by frontal lobe damage and includes deficits 

of executive functions [Dubois and Pillon, 1997; Leh et al., 2010; Owen, 2004]. Although it 

is not yet possible to predict who will progress to functional impairment and how fast this 

might happen, early cognitive deficits may represent an important risk factor for dementia 

and have also been associated with shorter life expectancy [Caviness et al., 2007] and 

increased adverse effects from anti-parkinsonian medications [Aarsland et al., 2001; 

Holroyd et al., 2001; Mayeux et al., 1992]. Thus, early recognition and understanding of the 

neurobiology of the executive deficits may be critical for the development of therapeutic 

strategies to combat them.

Neuroimaging studies have provided supporting evidence that disruption of both 

nigrostriatal [Owen et al., 1998] and mesocortical [Cools et al., 2002; Mattay et al., 2002; 

Monchi et al., 2004; 2007] pathway occurs in PD. While dopamine depletion within the 

caudate nucleus has been associated with cognitive disabilities [Carbon et al., 2004; Grahn 

et al., 2008; Lewis et al., 2003], recent neuroimaging reports have suggested that extrastriatal 

dopamine may also contribute to the cognitive deterioration in PD [Bruck et al., 2005; Klein 

et al., 2010; Rinne et al., 2000]. This observation is supported by recent studies reporting 

that a catechol O-methyltransferase gene polymorphism (i.e., met/met) may cause abnormal 

dopamine levels in the prefrontal cortex (PFC) and decreases performance on executive tests 

[Williams-Gray et al., 2007b]. Similarly, positron-emission-tomography (PET) experiments 

have suggested that there is a widespread decline of dopamine receptor availability in PD 

[Kaasinen et al., 2003; 2000a].

The recent development of new high-affinity dopaminergic ligands, such as [11C]FLB-457, 

permit an accurate assessment of dopaminergic function outside the striatum. Previous 

studies conducted with the Montreal-card-sorting-task (MCST) [Ko et al., 2009] and related 

investigations [Aalto et al., 2005] have demonstrated in healthy controls significant release 

of dopamine in the PFC associate with executive processing. Similarly, in the anterior 

cingulate cortex (ACC) dopamine receptor availability has been shown to correlate with 

performance level on the Wisconsin-card-sorting-task [Lumme et al., 2007]. Thus, while the 

extrastriatal dopamine has been shown to play an important role in executive functions in 

healthy subjects [Aalto et al., 2005; Ko et al., 2009; Lumme et al., 2007], much less clear is 

its contribution to executive dysfunction in PD patients.

In this study, we used [11C]FLB-457 PET to image extra-striatal D2/D3 receptor binding in 

PD compared with controls during executive task performance. We tested as well whether 

cognitive function (as measured with the Montreal-cognitive-assessment [MoCA] scale) was 
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correlated with dopamine receptor availability. Lastly, we investigated how executive task-

induced dopamine release was affected in PD compared with the control group in those 

prefrontal regions identified in our previous studies [Ko et al., 2009; Monchi et al., 2007].

METHOD

Subjects and Experimental Design

In this PET study, we recruited 16 participants who underwent imaging for a total of 32 

acquisition scans. Eight patients with PD (56–81 years, 6 males, H&Y: 1.5–3) were 

identified and their demographic features are described in Table I. All PD patients were 

right-handed and met the criteria for the diagnosis of idiopathic PD [Defer et al., 1999; 

Langston et al., 1992]; namely two of the three cardinal signs of PD (bradykinesia, tremor, 

rigidity), response to L-dopa treatment and lack of evidence of other medical conditions 

associated with parkinsonism. PD patients withheld their antiparkinsonian medication for 

12–18 h before the scanning session. Their mean score on the motor component (Part III) of 

the Unified Parkinson’s Disease Rating Scale (UPDRS) prior to scanning (off medication) 

was 32.75 ± 4.60 out of a maximum of 108. Patients were screened for depression and 

dementia using the Beck Depression Inventory (BDI) and the MoCA, respectively (Table I). 

The MoCA has been proposed as an accurate assessment tool of cognitive function 

[Nasreddine et al., 2005], especially in addressing frontal and executive domain [Ismail et 

al., 2010], and has been validated for its superior sensitivity over the Mini-Mental State 

Examination (MMSE) in PD [Hoops et al., 2009]. Parkinsonian patients were compared to a 

right-handed control group (CG) (8 subjects; range, 53–82 y/o, 5 males) with no history of 

neurological or psychiatric disorders. The CG was also screened for dementia and 

depression using MoCA and BDI. The control subjects were recruited from the general 

population by advertising, and one patient’s spouse also participated. None of the control 

subjects complained about memory problems. The patients and control subjects were not 

significantly different in age, handedness, MoCA (i.e., cognitive performance) and BDI (i.e., 

depression score). Handedness was assessed using the Edinburgh Handedness Inventory 

[Oldfield, 1971].

All participants were investigated with PET using the high-affinity D2/D3 radiotracer, 

[11C]FLB-457, while performing the MCST to measure extrastriatal dopaminergic receptor 

binding and changes in dopamine release. Each subject underwent a [11C]FLB-457 PET 

scan on two separate days (at the same time) while they performed either the MCST (active 

task) or the control task (Fig. 1) [Ko et al., 2009]. Scan order was counterbalanced across 

subjects. All participants gave informed consent after reading the protocol, which was 

reviewed and approved by the local Research Ethics Committee.

Cognitive Task

The tasks were displayed via a video eyewear (VR920; Vuzix Corporation, NY) placed on 

the plastic thermal mask. Details of the MCST have also been described in our previous 

studies [Ko et al., 2008a; 2009; Monchi et al., 2006]. In the retrieval with shift condition of 

the MCST (the active task, Fig. 1b), four reference cards were displayed in a row at the top 

of the screen in all trials. Each one of them encompasses three kinds of characteristics, i.e., 
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number (one to four), shape (triangle, star, cross, and circle) and color (red, green, yellow, 

and blue). Their position changed pseudo-randomly on every trial. A block of 20 

classification trials was preceded by the brief presentation of a single cue card. The cue card 

did not reappear and had to be remembered throughout the block. On each classification 

trial, a new test card was presented below the reference cards and the subject had to match 

the test card to one of the four reference cards using one of four buttons with the right 

dominant hand. Matching each test card to one of the reference cards was based on a 

classification rule (color, shape, or number) determined by making a comparison between 

the previously viewed cue card and the current test card (Fig. 1b). The test card and the cue 

card shared only one characteristic among number, shape and color. The test cards on 

consecutive trials never shared the same attribute with the cue card, resulting in a pseudo-

random sequence which allowed for a set-shift on each trial. Each selection of the reference 

card was followed by a three-second positive (white) or negative (dark) feedback. Five 

blocks of 20 classification trials (total: 100 trials) were followed by a 2-min break. A 

different cue card was presented before each block. At the end of each block, the subjects 

were asked if they remembered the cue card, and selected the cue card that they remember 

from four samples. The successfully remembered cue cards were counted as percentage of 

correct selection of the cue card (CUE). The control task was identical to the active task 

except that there was no set-shift within a block (Fig. 1c). Subjects underwent a training 

session of the task before each PET session in order to minimize learning effect. Participants 

learnt how to perform the MCST within 30 min, i.e., reached >80% accuracy. Accuracy was 

counted as percentage of correct responses and was averaged for each scan. The 

performance time (PT) was measured from the presentation of new test card to the selection 

of the reference card. All values are presented as mean ± SE.

Positron-Emission-Tomography

PET scans were obtained with a high resolution PET-CT, Siemens-Biograph HiRez XVI 

(Siemens Molecular Imaging, Knoxville, TN) operating in 3D mode with an in-plane 

resolution of ~4.6 mm full width at half-maximum (FWHM). To minimize subject’s head 

movements in the PET scanner, we used a custom-made thermoplastic face-mask together 

with a head-fixation system (Tru-Scan Imaging, Annapolis). Before each emission scan, 

following the acquisition of a scout view for accurate positioning of the subject, a low dose 

(0.2 mSv) CT scan was acquired.

Upon completion of the acquisition, the emission list mode data was rebinned into a series 

of 3D sinogram. For each 3D sinogram, the data were normalized with attenuation and 

scatter correction before applying Fourier rebinning to convert the 3D sinograms into 2D 

sinograms [Defrise et al., 1997]. The 2D sinograms were then reconstructed into image 

space using a 2D filtered back projection algorithm, with a ramp filter at Nyquist cut-off 

frequency.

[11C]FLB-457 was injected into the left antecubital vein over 60 s and emission data were 

then acquired over a period of 90 min in 15 one-minute frames and 15 five-minute frames. 

For PD, the injected amount was 10.03 ± 0.16 mCi (specific activity: 3,034 ± 358 mCi/

μmol) for the active condition and 9.66 ± 0.10 mCi (specific activity: 2,794 ± 392 mCi/
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μmol) for the control condition. For CG, the injected amount was 9.99 ± 0.21 mCi (specific 

activity: 2348 ± 288 mCi/μmol) for the active condition and 9.94 ± 0.38 mCi (specific 

activity: 2086 ± 289 mCi/μmol) for the control condition. There was no significant 

difference in the injected amount of tracer (one-way ANOVA; f(3,28) = 0.500, P = 0.685) or 

the specific activity (one-way ANOVA; f(3,28) = 1.466, P = 0.245).

High-resolution MRI (GE Signa 1.5 T, T1-weighted images, 1 mm slice thickness) of each 

subject’s brain was acquired and transformed into standardized stereotaxic space [Talairach 

and Tournoux, 1988] using nonlinear automated feature-matching to the MNI template 

[Collins et al., 1994; Robbins et al., 2004].

PET frames were smoothed, realigned, summed, registered to the corresponding MRI 

[Woods et al., 1993] and transformed into standardized stereotaxic space [Talairach and 

Tournoux, 1988] using the transformation parameters of the individual structural MRIs 

[Collins et al., 1994; Robbins et al., 2004]. All PET images were smoothed with an isotropic 

Gaussian of 6 mm FWHM to accommodate for intersubject anatomical variability. 

Voxelwise [11C]FLB-457 binding potentials (BPND) was calculated using a simplified 

reference tissue (cerebellum) method [Gunn et al., 1997; Lammertsma and Hume, 1996; 

Sudo et al., 2001] to generate statistical parametric images of change in BPND [Aston et al., 

2000]. This method uses the residuals of the least-squares fit of the compartmental model to 

the data at each voxel to estimate the standard deviation of the BPND estimate, thus greatly 

increasing degrees of freedom without generating false-positive results.

Statistical Analysis

The BPND-maps were analyzed using a 2 × 2 factorial repeated measures ANOVA. First, the 

main effect of group independently of task conditions was analyzed (PD vs. CG); then, the 

interaction effect of task × group was investigated (PD vs. CG × Active vs. Control task). A 

post hoc analysis was carried out to study the simple effect of task (Active vs. Control) 

within each group. A threshold level of t > 4.2 was considered significant (P < 0.05, two-

tailed) corrected for multiple comparisons [Friston, 1997; Worsley et al., 1996] for those 

regions within our a priori hypothesis, i.e., the dorsolateral prefrontal cortex (DLPFC), 

ventro-lateral prefrontal cortex (VLPFC), anterior cingulate cortex (ACC), and orbitofrontal 

cortex (OFC). A more stringent threshold (t > 4.8) was applied when the search was 

extended to the entire brain. Regions within our a priori hypothesis were extracted from 

automated anatomical labeling (AAL) using WFU PickAtlas (http://fmri.wfubm-c.edu/

software/PickAtlas) [Maldjian et al., 2003]. The reason for choosing these cortical regions as 

a priori areas was based on their consistent activations during card sorting tasks in previous 

[11C]FLB-457 PET [Ko et al., 2009] and fMRI studies conducted by our and other groups 

[Buchsbaum et al., 2005; Konishi et al., 2002; Lie et al., 2006; Monchi et al., 2007].

Voxel-based correlation analysis on [11C]FLB-457 BPND maps from active and control 

scans was performed with MoCA score within each group using SPM5 (Wellcome 

Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). The t-
maps were thresholded at P < 0.001 uncorrected with an extent threshold of at least >20 

contiguous voxels [Friston et al., 1996]. In this analysis, regions were considered significant 

at the threshold of P-value<0.05 corrected at the cluster level.
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To confirm individual changes in binding, BPND were extracted from volumes of interest 

(VOI, radius = 6 mm) centered at the statistical peak defined by the parametric maps.

The statistical analysis of the behavioral data and the VOI-extracted BPND was performed 

with SPSS for Windows (Rel. 13.0 2004. Chicago: SPSS) by applying the 2 × 2 factorial 

repeated measures ANOVA and a post hoc t-test when applicable. The Kolmogorov-Smirnov 

test was used to test for a Gaussian normal distribution.

RESULTS

Behavioral Data

The patients and control subjects were not significantly different in age, handedness, MoCA 

(i.e., cognitive performance) and BDI (i.e., depression score) (Table I). The 2 × 2 factorial 

repeated measures ANOVA showed no significant main effect of group in all three 

behavioral measures of the MCST acquired during scanning (CUE, accuracy and PT; P > 

0.05). For the main effect of task, only PT was significantly slower for active task compared 

to control task (P = 0.002), but no difference was found for CUE or accuracy (P > 0.05). 

There was no interaction effect of task and group in all three variables (P > 0.05). No 

correlation was observed between age and MoCA score within each group of subjects (CG: r 
= −0.625, P > 0.05; PD: r = −0.492, P > 0.05).

PET Data

The factorial repeated measures ANOVA with a 2 × 2 design showed a significant main 

effect of group (PD vs. CG) independently of task conditions with the CG having higher 

[11C]FLB-457 binding than PD across different brain regions (P < 0.05 corrected, Fig. 2a,b). 

The voxel-based correlation analysis showed that individuals in the CG with higher MoCA 

score (i.e., better cognitive performance) had higher [11C]FLB-457 binding in the bilateral 

DLPFC (Left: BA 46/10, X = −36 Y = 48 Z = 20; Right: BA 46/9, X = 34 Y = 50 Z = 16; P 
< 0.05 corrected) and ACC (Left: BA32, X = −6 Y = 40 Z = 18; Right: BA32/24, X = 6 Y = 

40 Z = 16; P < 0.05 corrected) (Fig. 3a,c). This correlation was not evident in PD patients 

(Fig. 3b,d). The significant difference in correlation (Fig. 3c,d: right DLPFC BA 46, X = 34 

Y = 50 Z = 16) between PD and CG was confirmed by Fisher’s Z transform (Z = 2.9998, P 
= 0.0024). Inclusion of UPDRS-III and age as nuisance variables did not change the result.

A significant interaction (group × task) effect was observed in the left (BA 11; X = −24, Y = 

54, Z = −12; t = 4.5; P < 0.05 corrected) and right lateral (BA 10/11; X = 36, Y = 52, Z = 

−8; t = 4.8; P < 0.05 corrected) and medial orbitofrontal cortex (OFC, BA 11; X = 12, Y = 

56, Z = −18; t = 5.8; P < 0.05 corrected) suggesting that task-induced changes in 

[11C]FLB-457 BPND were significantly different between PD and CG (Fig. 4).

The simple effect of task (active vs. control condition) was analyzed within each group (Fig. 

5). Within the CG, there was a significant decrease of [11C]FLB-457 BPND in the right OFC 

(BA 11; t = 4.4, P < 0.05 corrected), left fusiform gyrus (BA 20; t = 5.0, P < 0.05 corrected) 

and uncus (BA 20; t = 5.0, P < 0.05 corrected). In contrast, in the PD group, no significant 

reduction in [11C]FLB-457 BPND (i.e., release of dopamine) during active task was observed 

in any cortical areas. There was evidence of an increased BPND in different prefrontral areas 
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in the PD group which was not observed in the CG. These areas included the ACC (BA32; X 
= 12 Y = 48 Z = 18; P < 0.05 corrected), VLPFC (BA46/47; X = 42 Y = 48 Z = −6; P < 0.05 

corrected), medial prefrontal cortex (MPFC) (BA9; X = 12 Y = 48 Z = 34; P < 0.05 

corrected) and OFC (BA 11; X = 10 Y = 58 Z = −18 and X = −28 Y = 50 Z = −10, P < 0.05 

corrected).

DISCUSSION

This study identified a number of differences in dopaminergic function associated with 

executive function in the prefrontal cortex between PD patients and controls. The first main 

finding was that PD patients had an overall reduced D2/D3 receptor availability (i.e., less 

[11C]FLB-457 binding) in different cortical areas compared to the control group. In 

particular, whole brain voxel-based correlation analysis showed that, while in the CG, higher 

MoCA score (i.e., better cognitive performance) correlated with more receptor availability 

(i.e., higher [11C]FLB-457 BPND) particularly in the DLPFC and ACC, this correlation was 

not observed in PD patients. Last, while individuals within the CG presented a significant 

decrease in [11C]FLB-457 BPND in the OFC during the executive task, the PD group did not 

reveal any reduction in [11C]FLB-457 BPND (i.e., release of dopamine) in any cortical area.

Reductions of D2/D3 Receptor Binding

In summarizing these findings, we should emphasize first that the behavioral analysis 

confirmed that the active task was more cognitively challenging than the control task as 

performance time was significantly slower. However, there was no significant main effect of 

groups or interactions suggesting that PD patients were not cognitively different from the 

CG (Table I). Nonetheless, patients with PD presented an overall decrease in [11C]FLB-457 

binding (i.e., D2/D3 receptor binding) compared to the control group in different brain 

regions (Fig. 2a,b). This observation confirms previous imaging reports with [11C]FLB-457 

PET [Kaasinen et al., 2003, 2000a] and postmortem studies [Scatton et al., 1982] conducted 

in PD patients. The reduction in D2/D3 receptor binding was observed in critical areas such 

as DLPFC, VLPFC, ACC, and OFC involved in different aspects of cognitive processing, 

particularly executive control. The interpretation of these findings remains open to question, 

as reduced post-synaptic receptor binding in these regions may reflect decreased receptor 

affinity, a primary reduction in D2/D3 receptor density, internalization of receptors in 

response to increased dopaminergic stimulation (e.g., chronic treatment [Thobois et al., 

2004]) or as most likely secondary to competition from an increased release of endogenous 

DA triggered by well-described compensatory mechanisms. This is not surprising in light of 

previous studies with [18F]FDOPA PET reporting an increase in presynaptic uptake in 

different frontal areas suggesting an up-regulated mesocortical dopaminergic function in PD 

[Bruck et al., 2005; Kaasinen et al., 2001; Rakshi et al., 1999]. However, to our knowledge, 

no direct comparisons have been made to date between presynaptic and postsynaptic 

dopaminergic changes in PD at the cortical level.

Age-related decline in [11C]FLB-457 binding has been previously reported [Inoue et al., 

2001; Kaasinen et al., 2002, 2000b; Narendran et al., 2009], thus this factor may have played 

a certain role in the PD-related reduction of D2/D3 receptor availability. However, we 
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believe that this possibility may be quite unlikely given that our groups of subjects were 

matched for age and the additional inclusion of age as nuisance variable in the analysis did 

not change our findings.

Of particular interest was the observation that voxel-based correlation analysis showed that 

[11C]FLB-457 BPND specifically at the level of the DLPFC and ACC was significantly 

correlated with the MoCA score in the CG (Fig. 3a,c). In other words, better cognitive 

performance (higher MoCA score) was associated in those prefrontal areas (i.e., DLPFC and 

ACC) with more receptor availability (i.e., higher [11C]FLB-457 binding). This was not a 

surprise considering the observations of other reports showing that mesocortical 

dopaminergic function in those cortical areas plays an important role in cognitive processing 

and particularly in executive control [Ko et al., 2009; Lumme et al., 2007; MacDonald et al., 

2009]. Interestingly, this correlation was absent in PD patients (Fig. 3b,d). The most likely 

explanation is that the reduced availability of D2/D3 receptors (i.e., reduced [11C]FLB-457 

binding) reported in Figure 2 along with postsynaptic compensatory mechanisms [Calne and 

Zigmond, 1991] may have played a role in disrupting this correlation. Another possible 

explanation for this lack of effect in the PD group was the presence of subjects likely 

responding to the criteria of mild cognitive impairment (MCI) and others that did not.

According to a proposed theory of dopamine function in PFC [Seamans and Yang, 2004], 

there exists a two-state model of dopamine action with a balance between D1 and D2 

receptor activation. As such, PFC networks would function in between the two-states. A 

reduced D2-receptor function would shift the system towards a state that would favor one 

mode of action at the expenses of response flexibility (i.e., impaired set-shifting).

Disordered Dopaminergic Modulation

The interaction effect on [11C]FLB-457 BPND demonstrated that the task-induced changes 

of [11C]FLB-457 BPND were significantly different between PD and CG particularly at the 

level of the OFC (Fig. 4). The post hoc simple effect analysis within the CG revealed that 

there was a significant reduction of [11C]FLB-457 BPND at the level of the right OFC during 

the executive task (compared to the control task) (Fig. 5), indicating an increase in synaptic 

dopamine release. The traditional role of the OFC has been depicted as been involved 

mainly in decision making [Fellows, 2007; Kringelbach and Rolls, 2004] and reversal 

learning [Hampshire and Owen, 2006; Walker et al., 2009]. As the MCST requires a certain 

degree of disengagement from previously relevant sorting rule, it was not surprising to 

observe that there was an increase in dopamine release in the OFC, especially given that 

there were also positive prediction errors after the reversals (or set-shifts). Recent PET 

studies have also suggested that [11C]FLB-457 binding in the OFC is significantly correlated 

with the performance level of set-shifting measured in a different type of sorting task (i.e., 

intra-/extradimensional set-shifting task) [Mac-Donald et al., 2009]. This is consistent with 

other fMRI studies which showed that performance of the MCST increases blood-oxygen-

level-dependency signal in the OFC [Monchi et al., 2007].

This task-induced DA release was not observed in PD patients as no evidence of reduction 

of [11C]FLB-457 BPND was seen during the active task (Fig. 5). While the interpretation of 

this finding remains open to question, there are a number of reasons that could explain this 
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observation. Given that PD patients were studied off-medication, one possible explanation is 

that there was not sufficient dopamine to be released in the prefrontal areas. However, 

another plausible explanation could be a possible “ceiling effect” linking this finding to our 

observation of reduced D2/D3 receptor binding reported above (Fig. 2). In other words, if 

the reduced D2/D3 receptor binding as suggested above is most likely secondary to a 

competition from a baseline increase in release of endogenous DA triggered by natural 

compensatory mechanisms [Bruck et al., 2005; Kaasinen et al., 2001; Rakshi et al., 1999], 

then it is conceivable that the lack of task-induced release of dopamine is the result of an 

already maximized neuronal reserve (i.e., ceiling effect). Similarly, given that these patients 

were not naïve to dopaminergic medications, previous chronic treatment (with subsequent 

receptor changes) may also have played a role.

Although in these patients we did not observe any reduction in [11C]FLB-457 BPND during 

the set-shifting task, there was however a surprising task-induced increase in [11C]FLB-457 

BPND in a number of prefrontal areas (Fig. 5), including VLPFC. The neurobiological 

interpretation of this finding is unclear, particularly because it was observed only in the PD 

patients and not in the control group. In fact, the majority of the studies conducted so far 

with this type of tracer have been performed in healthy subjects leaving largely unexplored 

their behavior in brain diseases. Nonetheless, based on current knowledge, the 

[11C]FLB-457 BPND is determined by various factors such as dopamine receptor densities, 

radioligand affinity and synaptic dopamine concentration [Laruelle, 2000]. Traditionally, 

while acute reduction in [11C]FLB-457 BPND is interpreted as an increase in synaptic 

dopamine concentration or internalization of dopamine receptors [Skinbjerg et al., 2010], 

acute increases in [11C]FLB-457 BPND have been the subject of controversy with a leading 

interpretation being a possible reduction of synaptic dopamine concentration [Hagelberg et 

al., 2004]. In fact, while Fujita et al. [2000] reported that dopamine depletion may lead to 

increased cortical [123I]epidepride binding (i.e., a SPECT radiotracer equivalent to 

[11C]FLB-457), the most recent attempts to demonstrate the cortical dopamine depletion 

effect in healthy controls on [11C]FLB-457 and [18F]fallypride BPND failed, leaving this 

issue of induced reduction in release of dopamine in healthy subjects currently unresolved 

[Frankle et al., 2010; Riccardi et al., 2008].

On the basis of these preliminary reports, we suggest that the postsynaptic receptor changes 

observed in our patients may be a specific characteristic of the disease itself and may 

represent for PD patients (but not the CG) a post-synaptic compensatory mechanism 

secondary to the task-demand. In fact, in support of our hypothesis, there have been a 

number of studies in experimental animals that have elegantly documented that dopamine 

receptor expression can be rapidly up-regulated in response to an acute levodopa challenge 

[Hume et al., 1995; Murata and Kanazawa, 1993; Opacka-Juffry et al., 1998]. Similarly in 

patients with early PD, Tedroff et al. [1996] previously demonstrated the possibility of 

having increased dopamine receptor binding in different brain areas in response to levodopa 

challenge. Svenningsson et al. [2000] showed that the levodopa-induced c-fos mRNA 

expression is not limited to the striatum but extended to extrastriatal regions including 

prefrontal and anterior cingulate areas. Although the underlying mechanisms of this acute 

receptor over-expression is still unclear, it has been recently demonstrated that dopamine D2 

receptor expression can be up-regulated within an hour by facilitated recycling of 
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internalized receptors [Ji et al., 2009]. Therefore, it is reasonable to suggest that our 

observation of task-induced increased [11C]FLB-457 BPND is not caused by a decrease in 

synaptic dopamine concentration [Frankle et al., 2010] but rather it could due to the 

increased (or up-regulated) dopamine receptor expression or its affinity in PD.

Localization of Findings

A number of critical prefrontal areas linked to executive processing (i.e., DLPFC, VLPFC, 

ACC, OFC, and MPFC) were identified in our study. Lesion studies in primates and humans 

[Petrides, 2005; Stuss and Alexander, 2007] along with neuroimaging reports [Ko et al., 

2008b; Leh et al., 2009; Monchi et al., 2001; Owen, 2000] have suggested that the DLPFC is 

engaged in high-level executive control of monitoring and manipulation of working memory. 

Besides the DLPFC, the ACC has also been documented to be involved in different cognitive 

processing, especially motivation, error detection and conflict monitoring [Botvinick et al., 

2004; Bush et al., 2000; Ko et al., 2009; Luu et al., 2000; MacDonald et al., 2000; Stuss and 

Alexander, 2007]. There is a close functional interaction between these two areas, i.e., 

DLPFC and ACC are often co-activated when cognitive task difficulty is increased [Koski 

and Paus, 2000]. In particular, it has been proposed that the ACC monitors conflicts and 

signals to the DLPFC to implement a higher-level cognitive control when behavioral 

adjustment is required [Botvinick et al., 2001]. The correlation of [11C]FLB-457 binding 

with MoCA score we observed in CG particularly in those two areas, DLPFC and ACC (Fig. 

3), strengthens the hypothesis that these structures are highly interconnected in cognitive 

processing and further suggests that postsynaptic dopaminergic receptor changes in this 

network plays an important role in higher-level cognition.

Studies in primates have suggested that the VLPFC is involved with active encoding and 

retrieval of information [Petrides, 2005]. In humans, a more specific role of the VLPFC in 

card sorting task has been described with planning of set-shifting [Monchi et al., 2004; 

2007; 2001]. The fact that the behavioral performance of the tasks was not significantly 

different in PD vs. CG despite the overall differences in [11C]FLB-457 binding (Fig. 2) 

strengthens the possibility that the observed increase in [11C]FLB-457 binding in PD during 

the active task (Fig. 5) may represent a compensatory change in the absence of an increased 

synaptic dopamine transmission (i.e., task-induced decreased [11C]FLB-457 binding) in the 

prefrontal areas.

The role of the OFC in executive function has been often investigated with behavioral tasks 

associated with reversal learning [Hampshire and Owen, 2006; Walker et al., 2009]. 

However, activation of the OFC has been consistently reported during card sorting tasks 

[Monchi et al., 2004; 2007; 2001] partly due to the fact that the applied card sorting tasks 

also demand reversals of relevant sorting rule. Although, the temporal resolution of PET 

does not allow us to make strong claims about which specific cognitive function may be 

related to the increased DA release in our controls, it is possible that a composite effect of 

set-shifting and reversals of relevant sorting rules may have contributed to this observation.

The MPFC is known to play a key-role when refraining to react automatically to congruent 

stimuli, a prerequisite to gain time to settle on the appropriate response in complex decision 

making tasks and executive processing [Jaffard et al., 2007; 2008]. In our case, the task-
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induced increase in [11C]FLB-457 binding in the MPFC (Fig. 5) may suggest some 

dopaminergic compensatory changes secondary to the executive task-demand.

Although all these cortical regions notoriously play a significant role in cognitive functions, 

it is important to acknowledge that other areas in the temporal lobe, precuneus and thalamus 

with lower [11C]FLB-457 binding (i.e., D2/D3 receptor binding) were also observed in PD 

compared to the CG (Fig. 2a,b). PD-related reduction of D2/D3 receptor binding in the 

temporal cortex and thalamus has been previously reported in the literature [Kaasinen et al., 

2003], possibly due to the fact that these areas are particularly rich in D2 receptors [Olsson 

et al., 2004] therefore making them vulnerable to changes in receptor availability in PD. The 

functional role of temporal areas has been generally described to be associated with 

recognition memory (i.e., differentiating familiar and unfamiliar objects) [Milner, 1972]. 

While recent postmortem studies have shown D2 receptor-loss in the temporal cortex in 

parkinsonism [Piggott et al., 2007], previous [11C]FLB-457 PET studies provided evidence 

of hippocampus-temporal dopaminergic influence on executive function via interaction with 

the PFC [Aalto et al., 2005; Takahashi et al., 2007; 2008]. The thalamus and precuneus have 

also been described to be involved with executive function including the active inhibition of 

automatic response to congruent stimuli [Jaffard et al., 2007; 2008]. Similarly, other fMRI 

investigations have confirmed activations in the temporal cortex, thalamus and precuneus 

during set-shifting task suggesting a clear role in executive processing [Monchi et al., 2007]. 

The decrease in [11C]FLB-457 binding in these areas, observed in the current and previous 

[11C]FLB-457 PET studies [Kaasinen et al., 2003; 2000a] implies a global reduction in 

dopamine receptor availability in PD possibly reflecting, as suggested above, an overall 

upregulation of synaptic dopamine concentration.

Study Limitations

There are a number of intrinsic limitations in our study. First, while the high-affinity 

dopaminergic ligand, [11C]FLB-457, permits an accurate assessment of dopaminergic 

function at the cortical level, one disadvantage is that the BPND estimation is not possible at 

the striatal level. Unfortunately, this prevents to study simultaneously the nigrostriatal and 

mesocortical dopaminergic systems. Because of its high-affinity, a much longer acquisition 

time (>3 h) is needed to obtain an appropriate estimation of BPND at the striatal level. This it 

is not possible with this radiotracer but is relatively feasible with another high-affinity 

radiotracer, [18F]fallypride [Narendran et al., 2009]. This would however raise other 

practical issues related to limited use in PD patients due to the long acquisition time 

required.

Another potential limitation is the inclusion criteria of this study which may have a number 

of consequences. However, we felt that our inclusion criteria were justified as the most 

prudent way of generating meaningful results with a modest sample size. For example, 

limiting the study to patients who lacked severe cognitive deficits optimized the practicality 

of the experiment at the expense of their generalizability. Subsequent investigations on 

patients with more severe disease may well demonstrate greater differences compared to 

controls.
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Along this line, the modest sample size may also represent a limiting factor, however we 

believe that the strict imaging approach proposed by Aston et al. [2000] utilized in our study 

may have prevented false-positive observations.

Since our main interest was to understand the endogenous extrastriatal dopaminergic 

responses in the PFC during cognitive task performance, all patients were studied off-

medication. However, future studies should be designed to include drug interaction with 

behavioral tasks to investigate inverted-U shape relationship between the PD severity and 

prefronto-striatal activities [Rowe et al., 2008, 2010] along with the role of different gene 

polymorphisms [Williams-Gray et al., 2007b]. Similarly, a number of reports have recently 

proposed that set-shifting in PD may also be dependent upon the integrity of the 

noradrenergic system which may provide additional new insights in executive functions 

[Kehagia et al., 2009; 2010].
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Abbreviations

ACC anterior cingulate cortex

AAL automated anatomical labeling

BDI Beck Depression Inventory

BPND binding potential

CG control group

CUE percentage of correct selection of the cue card

DLPFC dorsolateral prefrontal cortex

MCST montreal-card-sorting-task

MoCA montreal-cognitive-assessment

OFC orbitofrontal cortex

PD Parkinson’s disease

PET positron-emission-tomography

PFC prefrontal cortex

PT performance time

UPDRS Unified Parkinson’s Disease Rating Scale
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VLPFC ventrolateral prefrontal cortex
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Figure 1. 
Study design. (a) Each subject underwent two [11C]FLB-457 PET scans at the same time on 

two separate days while performing either the active task (retrieval with shift) or the control 

task (retrieval without shift) of the MCST. Scan order was counterbalanced across subjects. 

Participants started the MCST five minutes before the radio-ligand injection and terminated 

10 min before the end of the PET scanning with two-minute breaks between blocks; (b) 

active task; (c) control task.
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Figure 2. 
Main effect of group on [11C]FLB-457 binding potential (BPND). (a) Voxel-based analysis 

showed that the [11C]FLB-457 BPND from both active and control scans were significantly 

lower in patients with Parkinson’s disease (PD) than control group (CG) in various regions 

(P < 0.05 corrected). (b) Sample BPND (spherical VOI, radius 6 mm) was extracted from the 

statistical peak identified in the voxel-based analysis, and averaged between control and 

active tasks. Independent t-test between CG vs. PD in each VOI also confirmed the lower 

[11C]FLB-457 BPND in all areas (*P < 0.05).
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Figure 3. 
Correlation between MoCA and [ C]FLB-457 BPND. (a) Voxel-based analysis showed that 

the [11C]FLB-457 BPND of active and control scans were positively correlated with MoCA 

only in control group in the bilateral DLPFC and ACC (P < 0.05 corrected at cluster level, 

thresholded at P < 0.001 uncorrected), (b) but not in PD (P > 0.05 corrected at cluster level, 

thresholded at P < 0.001 uncorrected). (c) Sample [11C]FLB-457 BPND (spherical VOI, 

radius 6 mm) was extracted from the statistical peak identified in the voxel-based analysis 

(right DLPFC, BA 46, X = 34 Y = 50 Z = 16). Significant correlation was confirmed with 

MoCA score only in control group (r = 0.834, P < 0.001), (d) but not in PD (r = 0.024, P > 

0.05). The significant difference in correlations was confirmed by Fisher’s Z transform (Z = 

2.9998, P = 0.0024).
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Figure 4. 
Interaction effect of group × task (PD_active – PD_control –CG_active + CG_control). 

Voxel-based analysis showed that the [11C]FLB-457 BPND was differentially affected by 

task performance between PD and CG in the OFC.
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Figure 5. 
Summary of simple effect of task on [11C]FLB-457 BPND within each group. (a) In control 

group, performing the active task compared to the control task decreased [11C]FLB-457 

BPND in the orbitofrontal cortex (OFC), uncus and fusiform gyrus. In PD, performing the 

active task compared with control task increased BPND in the anterior cingulate cortex 

(ACC), ventro-lateral prefrontal cortex (VLPFC), medial prefrontal cortex (MPFC) and 

OFC. (b) The [11C]FLB-457 BPND in the OFC (BA 11) was extracted from spherical VOI 

(X = 24, Y = 26, Z = −24; radius 6 mm) that was identified in the voxel-based simple effect 

analysis of task (active vs. control) in control group. The significant reduction of 

[11C]FLB-457 BPND during active task vs. control task was confirmed in control group 

(paired-t test: t(7)=3.57, *P = 0.009), but not in PD (paired-t test: t(7) = −1.136, P > 0.05). 

(c) The [11C]FLB-457 BPND in the VLPFC (BA 46/47) was extracted from spherical VOI 

(X = 42, Y = 48, Z = −6; radius 6 mm) that was identified in the voxel-based simple effect 

analysis of task (active vs. control) in PD. The significant increase of [11C]FLB-457 BPND 

during active task vs. control task was confirmed in PD (paired-t test: t (7) = 3.839, *P = 

0.009), but not in control group (paired-t test: t(7) = −0.186, P > 0.05).
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TABLE I

Demographic figure of subjects

PD (n = 8) Controls (n = 8) P-value

Age (years) 66.3 ± 2.78 65.5 ± 3.12 0.86

Male/Female 6/2 5/3 —

Disease duration (years) 7.25 ± 2.12 — —

UPDRS III 32.75 ± 4.60 — —

Hoehn and Yahr stage 2.25 ± 0.19 — —

MoCA 25.5 ± 0.82 26.75 ± 0.75 0.28

BDI 6.25 ± 1.85 4.75 ± 1.24 0.51

Education 17.25 ± 0.96 16.38 ± 1.00 0.54

Total LEDD (mg/day) 677.9 ± 182.5 — —

Dopamine agonist LEDD daily dose (mg/day) 159.1 ± 48.5 — —

Injected mass of [11C]FLB-457 (μg) 1.36 ± 0.18 (active) 1.89 ± 0.31 (active) 0.16

1.45 ± 0.18 (control) 1.98 ± 0.24 (control) 0.10

UPDRS III, Unified Parkinson’s Disease Rating Scale, motor score; MoCA, montreal cognitive assessment; BDI, beck depression inventory; 
LEDD, levodopa equivalent daily dose: l-dopa dose + l-dopa-CR × 0.75 + pramipexole (mg) × 67 [Evans et al., 2004].
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