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Abstract

Introduction: Parkinson’s disease (PD) patients show cognitive deficits that are relevant in terms of
prognosis and quality of life. Degeneration of striatal dopaminergic afferents proceeds from
dorsal/caudal to anterior/ventral and is discussed to account for some of these symptoms.
Treatment with dopamine (DA) has differential effects on cognitive dysfunctions, improving some
and worsening others. We hypothesized that cognitive performance during the dopaminergic OFF
state correlates with DAT availability in the associative striatum.

Methods: 16 PD patients underwent motor and cognitive examination ON and OFF DA. Global
cognition was measured using the Montréal Cognitive Assessment (MoCA) test and executive
functioning using a Stroop test. Nigrostriatal dopaminergic innervation was characterized with
[*B1]FP-CIT SPECT. A connectivity atlas of the striatum was used to assess DAT availability in
functionally defined striatal subregions. Correlations between imaging data and behavioral data OFF
medication were calculated.

Results: Correlations between DAT availability and MoCA performance in the dopaminergic OFF state
was strongest in the associative part of the striatum (r=0.674, p=0.004). MoCA test performance did
not differ between the ON and the OFF state. There was no correlation of DAT availability with
Stroop performance in the OFF state but performance was significantly better during the ON state.
Conclusions: Not only motor but also cognitive dysfunctions in PD is associated with striatal
dopaminergic depletion. Cognitive decline in non-demented PD patients goes along with nigrostriatal
degeneration, most pronounced in the associative subdivision of the striatum. In addition, the
present findings suggest that executive dysfunctions are ameliorated by DA whereas global cognition
is not improved by dopaminergic medication.
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Introduction

The pathological hallmark of PD consists in the loss of dopaminergic neurons of the substantia nigra
pars compacta (SNc) and the consecutive dopamine depletion in the striatum (Kish et al., 1988).
Apart from the extensively studied motor domains of the basal ganglia, increasing attention has been
devoted to the cognitive and neuropsychiatric symptoms resulting from dopaminergic depletion as
parallel frontostriatal circuits are also involved in cognitive and emotional processing (Alexander et
al., 1986). Previous studies in PD patients have produced heterogeneous results about the effect of
DA on cognition (Robbins and Cools, 2014). On the one hand, DA leads to an improvement of the
dysexecutive syndrome in non-demented PD patients (Cools et al., 2003; Costa et al., 2014) and
improves executive task performance for example in the Stroop task (Fera et al., 2007). On the other
hand, DA impairs domains like reversal learning, especially when feedback is negative (Cools et al.,
2006) and increases impulsivity (Cools et al., 2003).

Functional imaging and clinical pathology studies suggest that cognitive and motor deficits relate to
different patterns of degeneration of striatal dopamine afferents across the functional striatal
subdivisions as PD progresses. The ventral part of the SNc projects primarily to the posterior/dorsal
striatum and the dorsal part of the SNc sends its projections to the more anterior/ventral striatal
parts (Vaillancourt et al., 2013). The pattern of degeneration within the SNc during the progression of
PD proceeds from ventral to dorsal and is different from normal aging (Briick et al., 2006; Kaasinen
and Rinne, 2002). This gradient seems to be maintained during the course of the disease. Based on
this observation it is hypothesized that motor and cognitive symptoms that predominantly rely on
the primarily affected dorsal striatum are ameliorated by DA whereas those cognitive functions that
are mediated by the relatively intact ventral striatum are worsened by dopamine according to the so-
called overdose theory (Aarts et al., 2014; MacDonald et al., 2013). In line with this, Costa and
colleagues showed that only PD patients with low cognitive performance significantly improved their
mental flexibility performance under DA. In contrast, patients who performed well without DA got
worse under dopaminergic medication (Costa et al., 2013).

However, it is not clear to date if the degree of dopaminergic loss in the striatum relates to a global
cognitive decline in PD. Several studies that have investigated early stage non-medicated PD patients
with [*23I]FP-CIT SPECT suggest that impaired cognitive performance goes along with striatal
degeneration (Pellecchia et al., 2015; Polito et al., 2012). Similar, DA neuron integrity of the caudate
nucleus (CN) revealed by PET was reduced in PD patients with Montréal Cognitive Assessment
(MoCA) scores below 26 in comparison to those with normal MoCA scores (Chou et al., 2014). The
observed lack of correlations between cognitive function and dopaminergic imaging in PD patients
with normal MoCA scores was attributed to the very homogenous study population with little
variance regarding cognitive function and disease duration. These findings suggest a relationship
between overall cognitive functioning as measured by the MoCA test and striatal integrity and
motivated us to use this test in a more heterogenous cohort.

Executive functions also have been discussed in the light of dopaminergic degeneration. Here, a
positive but small correlation between striatal DAT availability and executive function has been found
in a large cohort of early drug-ndive PD patients (Siepel et al., 2014) and in the dopaminergic ON
state (Rektorova et al., 2008). More specifically, reduced tracer uptake in the (right) CN correlated
negatively with Stoop performance in two [*®F]Fluorodopa PET studies (Briick et al., 2006; Rinne et



al., 2000) which is in line with improvement of Stroop performance under DA in several studies (Fera
et al., 2007; Costa et al., 2013).

Taking these considerations together, cognitive performance in non-demented PD patients seems
dependent on task requirements, on the degree of dopamine loss and its relative replacement at the
time of the study. However, all above-mentioned studies analysed DA uptake in the entire striatum
not taking into consideration the functional subareas or only made an anatomical dissociation
between the CN and the putamen (see Pellecchia et al., 2015; Polito et al., 2012; Chou, Lenhart,
Koeppe, & Bohnen, 2014). As the course of striatal degeneration in PD follows a dorsal/caudal to
anterior/ventral gradient, we applied a functional striatal atlas based on the work of Tziortzi and
colleagues that allowed us to segment the striatum in its three main parts that were labeled
according to their cortical connections: the sensorimotor, associative and limbic subdivision (Tziortzi
et al., 2014).

In order to investigate the effects of functionally distinct striatal dopamine depletion on cognitive
performance, we asked 16 non-demented PD patients in different stages of the disease to perform
two well characterized cognitive tasks for global cognition (MoCA test) and executive functions
(Stroop test) ON and OFF DA and correlated task performance with individual patterns of striatal
dopaminergic degeneration. We hypothesized that cognitive performance during the dopaminergic
OFF state correlates with DAT availability, especially in the associative striatum.



Methods

Patients: 16 patients with idiopathic PD participated in this study after having given their written
informed consent. Study procedures were approved by the ethics committee of the Charité -
Universitdatsmedizin Berlin and the German Federal Office for Radiation Protection. Patients were
recruited from the clinics of neurology and nuclear medicine. The diagnosis of idiopathic PD was
given according to the United Kingdom Parkinson's Disease Society Brain Bank Clinical Diagnostic
Criteria (Hughes et al., 1992) . Table 1 shows the demographic and clinical characteristics of our
cohort, which entail a wide range of age, disease duration and severity of motor symptoms covering
a broad clinical spectrum of PD. Nine patients showed an akinetic-rigid, 2 patients a tremor dominant
and 5 an equivalent type of PD.

Table 1: Demographic and clinical characteristics of the patient sample

gender (m/f) 8/8

mean (SD) min-max
age (ys) 62.1(11.6) 44-78
age at symptom onset (ys) 57.6(10.9) 41-72
formal education (ys) 14.8 (2.5) 10-21
disease duration (ys) 4.5(4.1) 1-15
UPDRS Il ON DA 11.3(6.7) 3-29
UPDRS Ill OFF DA 25.1(10.1) 12-44
more affected body side (I/r) 6/10
LED (mg) 510 (260) 200-1100
therapy with DA agonists (y/n) 12/4

m: male, f: female, SD: standard deviation, ys: years, I: left, r: right, y: yes, n: no

Clinical assessment: The UPDRS motor part lll was performed to evaluate the motor deficit ON and
OFF medication in all patients. On medication we used the second version of the Beck Depression
Inventory (Hautzinger, 1991) , a self-reported questionnaire to evaluate the intensity of depressive
symptoms; the self-reported questionnaire SF-36 (Short Form 36 Health Survey Questionnaire
(Bullinger, 1995) ) to assess health-related quality of life and the Barratt Impulsiveness Scale (BIS-11
(Hartmann et al., 2011) ) that is widely used and validated to investigate self-reported impulsiveness.
For assessment of global cognitive function, we used the Montréal Cognitive Assessment (MoCA) and
the Stroop test for executive function (paradigm according to JR Stroop, 1935) ON and OFF
medication.

The MoCA test measures global cognition and represents a valid screening instrument for mild
cognitive impairment in PD (Dalrymple-Alford et al., 2010) . It evaluates different cognitive domains
including attention, concentration, executive functions, memory, language, visuoconstructive skills,
conceptual thinking, calculations and orientation without major motor speed effects which is
important when investigating cognition in PD. The test consists of 11 categories with a maximum
score of 30 points. One point is added for participants who received only 12 years or less of formal
education. A score of 26 or more is considered normal. Screening cutoffs for mild cognitive
impairment (PD-MCl) and dementia (PD-D) are <26/30 and <21/30 respectively. Different German
versions of the full MoCA test were used for evaluation in ON and OFF state in a randomized order.



The Stroop test was applied in order to assess attention, selective inhibition and working memory. It
consists of two subtests: color naming (subjects are asked to name the color of differently colored
rectangles) and the interference task (subjects have to name the color of color-words which are
written in differently colored font and therefore have to suppress the automatic process of reading
and instead have to consciously name the color the word is written in). Time needed for the subtasks
and the number of errors in the interference task were counted. The difference of processing time
between the interference task and the color naming task was calculated as a measure of pure
executive functioning minus motor speed (nomination and reading speed) so there is no interference
by motor speed.

Patients were withdrawn from their dopaminergic medication for a minimum of two halftimes of
their specific medication but at least 12h for the OFF medication session. Assessment ON medication
was performed about 1 h after intake of their usual dopaminergic medication of at least 200mg
levodopa. We excluded one patient as she did not show motor improvement of 30% in the UPDRS I
score ON versus OFF dopaminergic medication indicating no clear ON and/or OFF state at the time of
study participation. The temporal sequence of ON and OFF study sessions was randomized in order
to rule out learning effects.

[*21]FP-CIT SPECT — image acquisition and data analysis: [*23|]FP-CIT SPECT to measure DAT
availability in the striatum was performed according to common guidelines (Darcourt et al., 2010) .
Patients avoided taking medications or drugs of abuse known to significantly interfere with DAT
imaging (Booij and Kemp, 2007) . Antiparkinsonian medication was not withdrawn for DAT imaging.
SPECT acquisition was performed with a dual head SPECT camera, either a Symbia S (Siemens
Healthcare, Hoffman Estates, USA) or a Millenium VG-Hawkeye (GE Healthcare, Haifa, Israel),
equipped with low-energy, high-resolution, parallel-hole collimators. The acquisition started
between 3 and 4 hours after intravenous injection of about 180 MBq FP-CIT following blocking of the
thyroid gland by oral administration of perchlorate. A 128x128 matrix was used and an energy
window of 20% centered at the photopeak of I-123 at 159keV. Three-dimensional SPECT images were
reconstructed by filtered back-projection with a Butterworth filter (harmonized between the two
SPECT cameras). Post reconstruction uniform attenuation correction was performed using Chang’s
method with linear attenuation coefficient u=0.11/cm. No scatter correction was applied.

Quantitative analysis of FP-CIT uptake was performed using a fully automated processing pipeline
based on the statistical parametric mapping (SPM) software package (version SPM8). First, the
patient’s FP-CIT SPECT image was stereotactically normalized into the anatomical space of the
Montreal Neurological Institute (MNI) using SPM’s normalize tool and a custom-made FP-CIT
template (Lange et al., 2014). Stereotactical normalization included both affine transformation and
warping. Mean FP-CIT uptake was determined separately in the unilateral limbic, associative and
sensorimotor part of the striatum using regions of interest (ROI) provided by the Oxford-GSK-
Imanova Striatal Connectivity Atlas with three subregions (and 50% threshold) based on cortico-
striatal anatomical connections (Tziortzi et al., 2014). For this atlas, striatal voxels have previously
been labeled in a sample of 26 healthy individuals corresponding to the cortical region showing the
highest probability of connection using diffusion weighted MRI data and probabilistic tractography
(Behrens et al., 2003). The striatal subregions (corresponding cortical regions of interests in brackets)
are from dorsal/caudal to anterior/ventral: sensorimotor (area 4 and 6, supplementary motor area,
pre-SMA and frontal eye field), “executive” (rostral superior and middle frontal gyri, dorsal prefrontal



cortex) and limbic subregion (orbital gyrus, gyrus rectus, subcallosal gyrus, ventral anterior cingulate
and area 25). The striatal subregion labeled “executive” in this atlas has wide connections to cortical
areas (see above) that are not only involved in executive functions but in a wide range of cognitive
domains. We therefore denote it as “associative” subdivision of the striatum in this paper. The
volume of the striatal subregions is 2.65 / 2.26 ml for left / right sensorimotor part, 5.87 / 5.71 ml for
left / right associative part, and 2.89 / 2.73 ml for left / right limbic part of the striatum. Whole brain
without striata, thalamus and brainstem was used as reference region for the quantitative analysis of
striatal FP-CIT uptake (Buchert et al., 2016; Kupitz et al., 2014) . The FP-CIT binding ratio (BR) in a ROI
was computed as BR = mean FP-CIT uptake in ROl / mean FP-CIT uptake in reference region. The BRis
a measure of the concentration of available DAT in the ROI. The BR of the whole striatum was
obtained as the volume weighted average of limbic, associative and sensorimotor BR. As cognition is
not as much lateralized as motoric deficits, bilateral BR values were obtained by volume weighted
averaging over left and right hemisphere.

Statistical analyses: The Kolmorogov-Smirnov test was used to test for normal distribution. Mean
values were compared using paired Student’s t-tests or Wilcoxon signed rank tests where applicable.
Correlation between two variables was tested by Pearson’s method or Spearman's rho method
depending or whether normal distribution could be assumed or not. Correlation analysis for DAT
binding in subregions of the striatum were performed for the respective motor or cognitive tasks.
Partial correlation analysis was used to correct correlations for confounding effects of disease
duration. Two-sided p-values < 0.05 were considered significant. Correlation between striatal DAT
uptake and MoCA scores during OFF have been corrected for disease duration, BDI-Il and UPDRS llI
(during OFF).

Hochberg correction for multiple comparisons was ensured using pplot (Turkheimer et al., 2001).
Statistical analyses were performed with IBM SPSS Statistics version 23 (SPSS Inc., Chicago).



Results

Self-reported questionnaires: Table 2 lists the results of the BDI-II, the SF-36 and the BIS-11.
Questionnaires were filled in in the ON state. Two of the participants had BDI-II scores of 15 and 16,
respectively, and therefore fulfilled the screening criteria of minor depressive symptoms (>14). In the
SF-36, the item General Health was rated most impaired by participants with a mean of 52.7 and a
wide range between 25 and 92 reflecting a poor self-rated overall health state. Limitations due to
Emotional Problems (87.5 + 26.9) and Social Functioning (87.5 + 16.5) were rated least impaired. BIS-
11 scores of 1.90 in average and similar values in the 3 subscores indicated normal traits of
impulsivity in our sample of PD patients.

Table 2: Results of self-reported questionnaires

mean (SD) min-max

Beck Depression Inventory Il (BDI-Il)
Score 8.7 (4.1) 2-16

Short Form 36 Health Survey Questionnaire (SF-36)

General Health 52.7 (18.2) 25-92
Physical Functioning 72.3(19.5) 40-100
Limitations due to Physical Health 57.8 (40.5) 0-100
Limitations due to Emotional Problems 87.5(26.9) 33-100
Vitality 56.6 (18.4) 30-90
Mental Health 78.2 (16.7) 40-100
Social Functioning 87.5(16.5) 50-100
Pain 65.6 (19.7) 22-100

Barratt Impulsiveness Scale (BIS-11)

Attention 1.79(0.35) 1.30-2.37
Motor 1.89(0.33) 1.32-2.31
Nonplanning 2.00(0.41) 1.18-2.60

Cognitive tests performed during the ON and OFF state: MoCA scores in the ON condition showed a
mean of 27.6 (£1.8) and ranged from 24 to 30. MoCA scores in the OFF condition ranged from 23 to
30 and were 27.5 (+2.0) on average. During ON, three patients with MoCA scores of 24 and 25
fulfilled the criteria of PD-MCI. During OFF, two patients scored below 26 with scores of 25 and 23.
None of the patients was demented, neither clinically (as no limitations in activities of daily living due
to cognitive decline were reported) nor according to the MoCA score. The MoCA score did not differ
between ON and OFF state (paired t-test p=0.842, see figure 1A) and there was no difference in
MoCA scores with respect to the order of ON and OFF medication states.

In the Stroop test patients showed significantly longer reaction times OFF medication as compared to
ON medication. Specifically, for the completion of the interference condition, patients needed
35.1sec (+9.2sec) in the ON and 40.0sec (+12.5sec) in the OFF state (paired t-test p=0.006). The



Stroop effect, i.e. the time difference between color naming and the interference condtion was
14.4sec (+7.0sec) in the ON and 19.7sec (+x11.3sec) in the OFF condition. This difference was
statistically highly significant (paired t-test p=0.008, see figure 1B) although there was no difference
in committed errors.
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Figure 1: A) MoCA scores during dopaminergic ON and OFF. B) Stroop performance (time difference
between the color naming and the interference condition in seconds) during dopaminergic ON and
OFF

[*231]FP-CIT SPECT: The FP-CIT BR in the whole striatum was significantly decreased in the
hemisphere contralateral to the clinically more affected body side in all patients in line with the
diagnosis of PD and ranged between 1.58 and 2.44 (mean % standard deviation of the sample = 2.04
+ 0.25). FP-CIT BR in the striatal subregions ranged between 1.32 and 1.93 (1.65 + 0.18) in the
sensorimotor part, between 1.71 and 2.61 (2.18 £ 0.27) in the associative part and between 1.47 and
2.53 (2.10 £ 0.29) for the limbic striatal part reflecting the gradient from dorsal/caudal to
anterior/ventral. The relative variance in the sample was similar in all striatal subregions (coefficient
of variance = standard deviation / mean = 10.9%, 12.4% and 13.8% in sensorimotor, associative and
limbic striatal subregion).

Correlations between motor and cognitive scores and [*?3I]FP-CIT SPECT: UPDRS IIl during OFF was
negatively correlated with DAT availability in the whole striatum (Pearson correlation: r=-0.519,
p=0.039). Correlation between UPDRS Il in the OFF state and DAT availability in the sensorimotor
part of the striatum did not reach the level of statistical significance (r=-0.424, p=0.102). However,
duration of PD symptoms correlated negatively with sensorimotor (Spearman correlation: r=-0.500,
p=0.049) DAT binding. After correction for disease duration, the correlation between the UPDRS Il
and striatal degeneration did not reach significance anymore (r=0.442, p=0.099). Age did not show
significant correlations with disease duration or symptom severity as measured by the UPDRS ll|
during OFF also after correction for disease duration.



With respect to cognitive task performance, the better patients performed in the MoCA test during
the OFF condition, the more striatal DAT binding was seen overall (Pearson correlation: r=0.659,
p=0.005) and in the associative striatal subregion (associative r=0.674, p=0.004). These correlations
between MoCA scores and striatal degeneration became even more pronounced when corrected for
disease duration (striatum r=0.693, p=0.004; associative r=0.690, p=0.004). This correlation was
similar when corrected for BDI-Il and UPDRS Ill (during OFF) leading to a correlation for the overall
striatum of r=0.612, p=0.020 and for the associative striatum r=0.640, p=0.014.

In the Stroop test, the time difference between the interference and the color naming condition
indicating executive functioning per se did not show correlations with striatal DAT.

After Hochberg correction for multiple comparisons for all correlations between behavioural
measures and DAT availability on an a-level of 0.05, only the correlations between MoCA scores and
overall striatal DAT and that in the associative part of the striatum stayed significant (see figure 2).
These correlations were not significant for the motor and limbic subregion of the striatum.
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Figure 2: A) Correlation of overall striatal DAT binding and MoCA scores. After correction for disease
duration the correlation coefficient is r=0.693, p=0.004. B) Correlation of striatal DAT binding in the
associative subdivision and MoCA scores. After correction for disease duration the correlation
coefficient is r=0.690, p=0.004.



Discussion

A link between striatal dopaminergic integrity and cognition in non-demented PD patients has been
suggested but the role of the striatal subdivisions and the effects of dopaminergic medication have
not been specified yet. As striatal degeneration follows a disease-specific temporospatial gradient,
we used a functional striatal atlas to correlate DAT availability according to [*21]FP-CIT SPECT and
overall cognitive performance as well as executive functioning in the dopaminergic OFF state. We
confirm that global cognitive impairment shows a significant correlation with reduced striatal DAT
availability. Importantly, this correlation was significant for the associative subdivision of the striatum
underscoring the role of spatially distinct neurodegeneration for global cognitive function in PD.

DA depletion in striatal subregions is differentially correlated with cognitive decline: According to
our hypothesis that the functional subdivisions of the striatum are relevant when looking at the
striatal impact on cognitive performance, MoCA scores during OFF showed a negative relationship
with DAT availability in the overall striatum as well as in the associative striatal subdivision which
became more evident when controlling for disease duration. These results stress the importance of
functional entities of the striatum with differing behavioral correlates and susceptibility for DA. The
associative subdivision of the striatum in the con3 atlas has been labeled according to its cortical
connections, namely to the rostral superior and middle frontal gyri as well as the dorsal prefrontal
cortex. These cortical areas are connected to the striatum via segregated circuits (Alexander et al.,
1986). Thereby, in an anatomical sense the correlations are plausible as the multifaceted MoCA test
encompasses an array of different cognitive functions recruiting cortico-striatal circuitry. Our sample
of PD patients was not demented but partly fulfilled the criteria of PD-MCI. This heterogeneity was a
prerequisite for the correlations found between cognition and DAT availability. Previous studies have
primarily looked at early untreated PD patients or subgroups of PD-MCI patients (Chou et al., 2014;
Christopher et al., 2014; Pellecchia et al., 2015). Christopher and colleagues investigated PD-MCI
patients with dual tracer PET applying [*!C]Dihydrotetrabenazine and [*'C]FLB 457 as marker of
cortical D2 receptors and found significantly greater DA depletion in the region of interest of the
associative striatal subdivision and reduced D2 receptor availability in the bilateral insula as
compared to HC. The associative striatal subdivision is comparable to the associative subdivision of
the con3 atlas. DA depletion was predictive of insular receptor loss thus demonstrating interrelated
cortico-striatal circuitry. More specific testing of executive function using the Stroop test did not
reveal a correlation with striatal DAT decline in our patients. This is in contrast to the previously
described relationship of striatal DAT decline and executive deficits (Siepel et al., 2014). Different PET
and SPECT tracers have been applied in order to study correlations between executive functioning
and striatal DA depletion in previous studies. Two of the studies that also used a Stroop test should
be mentioned here: Rinne and colleagues found reduced [*®F]Fluorodopa uptake in the striatum and
the frontal cortex in PD patients as compared to age-matched HC that was not correlated with
overall cognitive performance but the tracer uptake in the CN correlated negatively with
performance in the Stroop test (Rinne et al., 2000). A similar result was found in another
[*F]Fluorodopa PET study in de novo PD patients with no previous dopaminergic medication: Here,
Briick and colleagues found a negative correlation between uptake in the right CN and slow
processing in the Stroop test (Brick et al., 2001). Reasons that might explain the discrepancy
between these and the present study include the difference in striatal subregions used (CN versus
limbic, associative and sensorimotor part) and higher spatial resolution of PET compared to SPECT
imaging. In other words we think that the very specific Stroop task is clearly dependent on the



dopaminergic system but the spatial resolution of [123I]FP-CIT SPECT was not sensitive enough to
detect effects that are limited to a small part of the ROI or not clearly localized to any of the three
ROIs.

Effects of DA on global cognition and specific executive functioning: Global cognition did not change
ON dopaminergic medication, possibly due to the fact that distinct mental abilities are tested here
that have been shown to respond differentially to DA treatment. Interestingly, we observed that
patients with advanced dopaminergic degeneration tend to improve in MoCA scores with DA
whereas patients with a smaller loss of dopamine perform worse but this correlation (MoCA during
ON minus MoCA during OFF and striatal DAT binding) did not reach significance (r =-0.376, p =
0.151). The Stroop test however requires a high load of cognitive flexibility and the interference
condition is not influenced by additional learning effects or motor speed. We found a dopaminergic
effect on Stroop performance when comparing the ON and OFF state. This is in line with other
studies that have seen an improvement of the dysexecutive syndrome with DA in non-demented PD
patients (Cools et al., 2003; Costa et al., 2014).

Study strengths and limitations: This study has to be interpreted considering its strengths as well as
its limitations. To our knowledge, we are the first to look into specific striatal subregions of
dopaminergic degeneration combined with cognitive testing OFF DA. Within our cohort a wide
clinical range was covered as a prerequisite to correlate the spatiotemporal pattern of striatal
degeneration with cognitive performance. Due to the fact that most patients in more advanced
stages of PD are not able to withdraw from their dopaminergic medication, the number of patients
studied is limited. This may have played a role in the missing correlation between DAT uptake in the
associative striatum and Stroop outcome measures. Also, the predefined associative striatal ROl is
not specifically related to subareas of executive processing. Furthermore, it has to be considered that
[*21]FP-CIT SPECT is only able to measure the DA system so we chose to solely investigate non-
demented PD patients. It may be postulated that in PD-D the correlation between DAT and cognition
may not have been found as result of a ceiling effect of striatal degeneration (as opposed to the floor
effect in early PD without MCI) and the involvement of other transmitter systems during the course
of the disease. SPECT is limited due to restricted spatial resolution that can lead to partial volume
effects. This is especially relevant in the small sensorimotor region of the striatum. We could not
apply an additional test specific for the limbic striatum as we kept the time to a limit of two hours in
the interest of the patients. Otherwise, fatigue would have been a major confounding factor as well
as fluctuations between ON and OFF phases in more severely affected patients. Finally, due to the
limited number of patients we are not able to comment on the influence of motor-subtypes or
gender on striatal DAT binding.

Conclusions and perspective: We were able to show that cognitive decline in non-demented PD
patients goes along with degeneration in the associative subdivision of the striatum. Our data also
suggests that executive dysfunctions as measured by the Stroop test are ameliorated by DA whereas
global cognition as measured by the MoCA test is not altered by dopaminergic medication and
associated with marked striatal neurodegeneration within the associative subdivision. These findings
could be relevant for the interpretation of [*2I]FP-CIT SPECT data in routine clinical use. As it
becomes increasingly obvious that non-motor symptoms are relevant for quality of life it would be
helpful to have an imaging marker for the development of cognitive deficits. For example, Ramani
and colleagues were able to show that in akinetic-rigid PD patients, the degree of dopaminergic



deficiency on [12I]FP-CIT SPECT correlated inversely with motor severity after three years (Ramani et
al., 2016). Our results show the importance of the relative DAT availability in the associative
subdivision of the striatum for global cognition. Its potential role as a prognostic value for cognitive
decline could be evaluated in future studies.
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