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Background: Accruing positron emission tomography (PET) studies have suggested that dopaminergic functioning and metabolic changes are correlated with cognitive dysfunction in Parkinson’s disease (PD). Yet, the relationship between dopaminergic or cerebral metabolism and different cognitive domains in PD is poorly understood. To address this scarcity, we aimed to investigate the interactions among dopaminergic bindings, metabolic network changes, and the cognitive domains in PD patients.

Methods: We recruited 41 PD patients, including PD patients with no cognitive impairment (PD-NC; n = 21) and those with mild cognitive impairment (PD-MCI; n = 20). All patients underwent clinical evaluations and a schedule of neuropsychological tests and underwent both 11C-N-2-carbomethoxy-3-(4-fluorophenyl)-tropane (11C-CFT) and 18F-fluorodeoxyglucose (18F-FDG) PET imaging.

Results: 11C-CFT imaging revealed a significant positive correlation between executive function and striatal dopamine transporter (DAT) binding at both the voxel and regional levels. Metabolic imaging revealed that executive function correlated with 18F-FDG uptake, mainly in inferior frontal gyrus, putamen, and insula. Further analysis indicated that striatal DAT binding correlated strictly with metabolic activity in the temporal gyrus, medial frontal gyrus, and cingulate gyrus.

Conclusion: Our findings might promote the understanding of the neurobiological mechanisms underlying cognitive impairment in PD.
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INTRODUCTION

Cognitive decline is a prevalent comorbidity in Parkinson’s disease (PD), and up to 80% of patients ultimately suffer from dementia (PDD) (Hely et al., 2008). Mild cognitive impairment in PD (PD-MCI) represents a less severe cognitive deficit in patients and is defined as a transition from unnoticeable changes in cognition to dementia (Kehagia et al., 2010).

The pathophysiological mechanisms underlying PD-MCI are not well understood, although a wide variety of neurotransmitter deficits, including dopamine, acetylcholine, and norepinephrine deficits, have been proven to contribute (Halliday et al., 2014). Neuroimaging has considerably improved the understanding of the pathophysiological basis underlying cognitive impairment. Cognitive impairment in PD is characterized by deficits in major cognitive domains including executive function, attention, memory, visuospatial function, and language (Foltynie et al., 2004; Papagno and Trojano, 2018). However, detailed investigations of the relationship between neuroimaging and different cognitive domains in PD are limited. Some positron emission tomography (PET) studies have demonstrated the significant correlation between striatal dopamine transporter (DAT) binding and executive function (Rinne et al., 2000; Nobili et al., 2010; Siepel et al., 2014; Pellecchia et al., 2015; Kim et al., 2019), whereas a recent study found that DAT binding in the caudate was also well correlated with memory and visuospatial dysfunction (Chung et al., 2018).

Parkinson’s disease-related cognitive deficits go beyond the dopamine system. Accordingly, to explore metabolic network changes at a system level, 18F-fluorodeoxyglucose (18F-FDG) PET has been utilized. Our previous studies reported different cerebral glucose metabolisms among PDD patients, PD-MCI patients, and PD patients with normal cognition (PD-NC) (Tang et al., 2016). We suggest that all cognitive domains except language are associated with cerebral metabolism, mainly in the posterior cortical areas (Wu et al., 2018).

Nonetheless, information is scant concerning either dopaminergic integrity or whole-brain metabolic changes alone. Thus, the combined assessment of dopaminergic and metabolic imaging has been explored in few studies (Polito et al., 2012; Niethammer et al., 2013; Kim et al., 2019). However, these studies did not directly evaluate the interactions between cognitive domains and PET imaging. Herein, we conducted a dual-tracer PET study, with both 11C-N-2-carbomethoxy-3-(4-fluorophenyl)-tropane (11C-CFT) and 18F-FDG PET imaging, in a cohort of 20 PD-MCI and 21 PD-NC patients. We aimed to investigate the interactions among dopaminergic abnormalities, cerebral metabolism, and the different cognitive domains and gain further insights into the neurobiological mechanisms related to cognitive impairment in PD.



MATERIALS AND METHODS


Subjects

A total of 41 PD patients aged 50–80 years were consecutively enrolled from February 2012 to November 2016 in the Department of Neurology, Huashan Hospital affiliated with Fudan University. The patients were diagnosed by at least two specialists on movement disorders based on the United Kingdom PD Society Brain Bank (Hughes et al., 1992). Patients were excluded from the analysis if: (a) had a diagnosis of dementia (Emre et al., 2007) at baseline; (b) had undergone deep brain stimulation; (c) had major psychiatric disorder; (d) had a history of stroke and/or head injury; and (e) previous genetic testing related to PD. Both 11C-CFT and 18F-FDG PET were conducted in the same individuals.

The study was approved by the Human Studies Institutional Review Board of Huashan Hospital (Approval No.: 2011-174-3), and informed written consent based on the Declaration of Helsinki guidelines was provided by all enrolled patients.



Clinical and Cognitive Assessments

Clinical evaluations were conducted at Huashan Hospital. No anti-parkinsonian medications were administered to the patients no less than 12 h prior to the assessments. The modified Hoehn and Yahr scale and the Unified Parkinson’s Disease Rating Scale motor (UPDRS-III) sub-score were used to assess the stage and severity of parkinsonism for each patient. And the Geriatric Depression Rating Scale (GDS) was used to evaluate depression (Yesavage et al., 1982). The dosage of anti-parkinsonian drugs was converted into a total daily levodopa equivalent dose (LED) to standardize the medication data (Schade et al., 2020).

After the motor assessment, patients took the cognitive assessment in the ON condition. The Mini Mental State Examination (MMSE) was performed to assess global cognitive function (Katzman et al., 1988) and a full set of neuropsychological tests for five specific cognitive domains were carried out as follows: (1) attention and working memory: the Symbol Digit Modality Test (SDMT) (Sheridan et al., 2006) and Trail Making Test A (TMT-A) (Zhao et al., 2013); (2) executive function: Stroop Color-Word Test (CWT) (Steinberg et al., 2005) and Trail Making Test B (TMT-B) (Zhao et al., 2013); (3) language: Boston Naming Test (BNT) and Animal Fluency Test (AFT) (Lucas et al., 2005); (4) memory: Auditory Verbal Learning Test (AVLT) (Guo et al., 2009) and delayed recall of the Rey-Osterrieth Complex Figure Test (Caffarra et al., 2002); and (5) visuospatial function: Clock Drawing Test (Ricci et al., 2016) and copy task of Rey-Osterrieth Complex Figure test (Caffarra et al., 2002).

To obtain normative data for the Chinese adult population, 100 healthy subjects matched for age, education, and sex were recruited as controls (Supplementary Table 1). We transformed the raw score of individual neuropsychological tests into Z-scores by subtracting the mean test score of the control sample from an individual raw score and then dividing the difference by the standard deviation of the controls using the following formula: Z−Score = (test score−Meancontrol)÷SDcontrol. The mean of two or three Z-scores of the same domain was calculated as the Z-score for each cognition domain.

The MDS Task Force Level 2 was used to determine a PD-MCI diagnosis (Litvan et al., 2012). A score 1.5 SDs below the norm for a given cognitive test was defined as abnormal. PD-MCI was diagnosed based on the detection of impairment on two or more neuropsychological tests, characterized by either one impaired test involving two independent cognitive domains or two impaired tests involving the same domain.



PET Imaging

One week before or after the neuropsychological assessments, all patients underwent 11C-CFT PET and then underwent 18F-FDG PET on the following day. No anti-parkinsonian medications were administered to the patients within 12 h prior to PET imaging. To prepare for 18F-FDG PET, subjects were additionally required to fast for at least 6 h before the PET scan. The patients underwent a Siemens Biograph 64 PET/CT (Siemens, Munich, Germany) in 3D mode. A low-dose CT transmission scan was performed for attenuation correction. Then, PET scanning was acquired during the interval of 60–75 min after 350–400 MBq of 11C-CFT was intravenously injected. For 18F-FDG, a 10-min PET scan was acquired at 45 min post injection (150–200 MBq). Image reconstruction was obtained by the ordered subset expectation maximization 3D (OSEM 3D) method. All patients were placed in a quiet, dimly lit room to rest.



Imaging Processing and Data Analysis

Experienced physicians from the nuclear medicine clinic analyzed all images without knowing the patient’s clinical diagnosis. SPM8 software (Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, United Kingdom) implemented in MATLAB 8.4 (MathWorks Inc., Sherborn, MA, United States) was used for data pre-processing, and ScAnVP software Version 7.1.0 (Center for Neuroscience, The Feinstein Institute for Medical Research, Manhasset, NY, United States) was subsequently used for data processing. All images were spatially normalized into Montreal Neurological Institute (MNI) brain space. A brain DAT binding template in MNI space that was created by using 11C-CFT PET and corresponding structural MR images of another group consisting of 16 normal controls was used to normalize the 11C-CFT images. The procedures were presented in detail in former studies (Ma et al., 2010; Bu et al., 2018). After normalization, the PET images were then smoothed with an isotropic Gaussian kernel of 10 mm (18F-FDG) or 8 mm (11C-CFT) at full-width at half-maximum.

The regional binding of 11C-CFT in the striatum was quantified as the standard uptake value ratios (SUVRs) in the caudate nucleus, the anterior putamen (APU), and the posterior putamen (PPU). The detailed procedure was described previously (Bu et al., 2018). To calculate the regional DAT bindings, we placed the standard regions of interest (ROIs) for the caudate nucleus, APU, and PPU along the longitudinal axis and for the occipital cortex on the mean image summed over the central striatal slices and then adjusted each individually. Estimated hemispherically by the striatal-to-occipital ratio (SOR), defined as (striatum-occipital)/occipital counts, the regional DAT bindings were calculated in succession to obtain the average amount across hemispheres (Huang et al., 2020).

To obtain the SUVR maps from the 11C-CFT data, the smoothed images were individually calculated by the occipital counts as the reference [image/occipital counts-1] (Liu et al., 2018).



Statistical Analysis

A Student t-test and Mann–Whitney U-test were used to analyze the demographic profiles and neuropsychological characteristics at baseline in the PD-MCI and PD-NC patients, as appropriate.


Correlations Between Maps of DAT Bindings or Striatal DAT Bindings and Z-Scores of Cognitive Domains

To investigate the relationships between maps of DAT bindings and Z-scores of cognitive domains, multiple regression analyses in SPM8 were performed (Gratwicke et al., 2013). The threshold was set at P < 0.001 (uncorrected) for significant regions. Talairach Daemon software (Research Imaging Center, University of Texas Health Science Center, San Antonio, TX, United States) was employed to orient the significant regions after accomplishing an MNI-to-Talairach conversion. SPM t-maps were overlaid on a standard T1-weighted MRI brain template in stereotaxic space. A 4-mm radius spherical volume of interest (VOI) in the image space, centering at the peak voxel of clusters that were significant in each SPM analysis, was constructed to extract the specific DAT bindings using the ScAnVP software mentioned above. Then, the specific DAT bindings were correlated with the cognitive scores by Pearson’s correlation using SPSS software. P < 0.05 was considered significant.

In addition, the correlations between striatal DAT bindings (average 11C-CFT uptakes in caudate, APU, and PPU) and Z-scores of cognitive domains were tested separately in all patients by Pearson’s correlation in SPSS software.



Correlations Between Global Glucose Metabolism and Z-Scores of Cognitive Domains

We conducted multiple regression analyses to explore the relevance among global glucose metabolism and Z-scores of cognitive domains (Liu et al., 2018). Mean signal differences over the whole brain were removed by analysis of covariance per subject. The voxel threshold was set at P < 0.001 (uncorrected) over the whole brain for significant correlation evaluation. Significant region localization and SPM t-map overlying were accomplished using the methods described above. To explore post hoc correlations of imaging measures with cognitive scores in patients, we extracted the corresponding VOI values of 18F-FDG images using global counts [regional cerebral metabolic rate of glucose (rMRglc)] with ScAnVP software described previously. The correlations were estimated by Pearson’s correlation in SPSS.



Correlations Between Global Glucose Metabolism and Striatal DAT Bindings

To explore whether there was a potential association in cognitive function between these two different metabolic activities, multiple regression analyses were conducted to investigate the relationship among global glucose metabolism and average 11C-CFT uptakes in caudate, APU, and PPU (Liu et al., 2018). UPDRS-III sub-scores were used as covariates to eliminate confounding factors. Mean signal differences over the whole brain were removed by analysis of covariance per subject. The voxel threshold was set at P < 0.001 (uncorrected) over the whole brain for significant correlation evaluation. Significant region localization and SPM t-map overlying were accomplished using the methods described above. Similarly, the rMRglcs in the corresponding peak points were extracted with ScAnVP software described previously for post hoc analysis. Partial correlations were applied for these analyses with UPDRS-III sub-scores as covariate in SPSS.





RESULTS


Clinical Characteristics and Cognitive Profiles in PD Patients

A total of 41 PD patients including 20 PD-MCI and 21 PD-NC patients were enrolled in this study. No group differences were found for age, sex, education, disease severity (duration, H&Y stage, and UPDRS-III sub-score), LED, or GDS score. The PD-MCI group showed worse performance in global cognitive function (MMSE, P = 0.028) compared to that in the PD-NC group. In detail, Z-scores of executive function, attention, memory, and visuospatial function in the PD-MCI group were poorer than those in the PD-NC group (P < 0.05), while Z-score of language was relatively preserved (Table 1).


TABLE 1. Clinical characteristics and cognitive profile in PD patients.

[image: Table 1]


Correlations Between DAT Bindings and Cognitive Domains

At the regional level, the average DAT bindings in APU and PPU showed positive correlations with the Z-score of executive function (APU: P = 0.049, R = 0.308; PPU: P = 0.033, R = 0.334), though the one in the caudate only showed a broadly similar correlation, albeit without reaching significance (P = 0.061, R = 0.296). However, no significant correlation with other cognitive domains was observed (Supplementary Table 2). The voxel-wise analysis showed similar results. The Z-score of executive function correlated positively with DAT bindings in the claustrum and putamen (P < 0.001, uncorrected) (Figure 1A and Table 2). The specific bindings in these regions also showed positive correlations with the Z-score of executive function (claustrum: P < 0.001, R = 0.624; claustrum: P < 0.001, R = 0.567; putamen: P < 0.001, R = 0.531) (Figure 1B).
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FIGURE 1. Brain regions exhibiting a significant correlation between Z-score of executive function and regional DAT bindings. (A) Correlations between the Z-score of executive function and 11C-CFT uptake in PD patients. Positive correlations are displayed using a red–yellow scale and negative correlations using a blue–green scale. The overlays are depicted in neurologic orientation. The gray-scale image is the standard T1-weighted structural magnetic resonance image (MRI) in Montreal Neurological Institute (MNI) space. The thresholds of the color bars represent T values. Voxel threshold was set at P < 0.001. (B) In post hoc analysis, correlations of Z-score of executive function with regional DAT bindings are shown. DAT, dopamine transporter; PD-MCI, Parkinson’s disease with mild cognitive impairment; PD-NC, Parkinson’s disease with normal cognition.



TABLE 2. Brain regions exhibiting a significant correlation between Z-score of executive function and regional DAT bindings.
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Correlations Between Global Glucose Metabolism and Cognitive Domains

Only executive function showed significant correlation with glucose metabolism in voxel-wise analyses (P < 0.001, uncorrected). The Z-scores of executive function correlated positively with 18F-FDG metabolism in the inferior frontal gyrus (opercular part), putamen, and insula (Table 3 and Figure 2A). No negative correlation was observed. In post hoc analyses, the values of the normalized rMRglc in these specific regions showed consistent results (Figure 2B).


TABLE 3. Brain regions exhibiting significant correlations between Z-scores of executive function and regional brain glucose metabolism.
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FIGURE 2. Brain regions exhibiting a significant correlation between Z-score of executive function and 18F-FDG uptake. (A) Correlations between the 18F-FDG uptake and Z-score of executive function in PD patients. Positive correlations are displayed using a red–yellow scale and negative correlations using a blue–green scale. The overlays are depicted in neurologic orientation. The gray-scale image is the standard T1-weighted structural magnetic resonance image (MRI) in Montreal Neurological Institute (MNI) space. The thresholds of the color bars represent T values. Voxel threshold was set at P < 0.001. (B) In post hoc analysis, correlations of Z-score of executive function with regional glucose metabolic activities are shown. rMRglc, regional cerebral metabolic rate of glucose; PD-MCI, Parkinson’s disease with mild cognitive impairment; PD-NC, Parkinson’s disease with normal cognition.




Correlations Between Striatal DAT Binding and Whole-Brain Glucose Metabolism

The average DAT binding in the caudate correlated positively with 18F-FDG uptake in the superior temporal gyrus (Figure 3A and Table 4). Inverse correlations were found in the medial frontal gyrus [supplementary motor area (SMA)], cingulate gyrus, and paracentral lobule (Figure 3A and Table 4). The correlations in the APU and PPU were similar (Table 4). In post hoc analyses, the values of the normalized rMRglc in these regions all showed significant relationships with striatal DAT bindings (P < 0.005) (Figure 3B, only shows the results in caudate).
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FIGURE 3. Brain regions exhibiting a significant correlation between average DAT binding in caudate and 18F-FDG uptake. (A) Correlations between the average DAT binding in caudate and 18F-FDG uptake in PD patients. Positive correlations are displayed using a red–yellow scale and negative correlations using a blue–green scale. The overlays are depicted in neurologic orientation. The gray-scale image is the standard T1-weighted structural magnetic resonance image (MRI) in Montreal Neurological Institute (MNI) space. The thresholds of the color bars represent T values. Voxel threshold was set at P < 0.01. (B) In post hoc analysis, correlations of relative metabolic values for the significantly correlated regions in SPM and average DAT binding in caudate are shown. rMRglc, regional cerebral metabolic rate of glucose; DAT, dopamine transporter; PD-MCI, Parkinson’s disease with mild cognitive impairment; PD-NC, Parkinson’s disease with normal cognition.



TABLE 4. Brain regions exhibiting significant correlations between the average DAT bindings in sub-region and global glucose metabolism.
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DISCUSSION

To our knowledge, this is the first dual-tracer PET study to investigate the relationships among nigrostriatal abnormalities, glucose metabolic changes, and major cognitive domains in PD patients. The main findings were as follows: (1) DAT imaging revealed a significant positive correlation between striatal 11C-CFT binding and executive function at both the voxel and regional levels. (2) Glucose metabolic imaging revealed that executive function correlated with 18F-FDG uptake in the inferior frontal gyrus, putamen, and insula. (3) Further analysis of dopaminergic imaging and metabolic imaging indicated that DAT binding in the caudate and APU correlated positively with metabolic activity in the temporal gyrus, and negatively with medial frontal and cingulate gyrus.

It is well recognized that nigrostriatal dopaminergic denervation is an important contributor to motor symptoms in PD. In addition, the dopamine system is also involved in cognition, as suggested by accumulating evidence (Grahn et al., 2008). Many studies, mainly evaluating PET data, have revealed that striatal dopamine depletion is related to cognitive impairment in PD (Rinne et al., 2000; Nobili et al., 2010; Siepel et al., 2014; Pellecchia et al., 2015; Chung et al., 2018; Kim et al., 2019). Most of these studies demonstrated a significant association between DAT binding and executive function (Nobili et al., 2010; Siepel et al., 2014; Pellecchia et al., 2015). In support of these results, our study demonstrated a positive correlation between striatal DAT binding and executive performance. 11C-CFT uptake in the APU and PPU was shown to be associated with executive function. The APU, which receives projections from the prefrontal cortex, is correlated with working memory (Arsalidou et al., 2013), while the PPU plays a role in the control of habitual actions (Redgrave et al., 2010). These two cognitive abilities are both crucial components of executive function. In addition, the voxel-wise analysis showed executive function correlated positively with DAT bindings in the claustrum. The claustrum is a telencephalic gray matter nucleus which is interconnected with the neocortex. It might subserve frontal cortical function, mediating top-down executive function (White and Mathur, 2018; Krimmel et al., 2019). Our results support that a detailed segmentation of the striatum might provide more information related to neural circuits in cognitive impairment in PD.

The relationship between cognitive domains and cerebral metabolism in PD has yet to be fully elucidated. In our previous study, domains of attention, executive function, memory, and visuospatial function were associated with cerebral metabolism (Wu et al., 2018). However, in the present study, only executive function was found to be associated with cerebral metabolism. The disparity may be explained by the relatively mild cognitive impairment of subjects, without patients with PDD, were enrolled in this study. The executive function was positively correlated with metabolism of inferior frontal gyrus and putamen, which belong to the regions in the fronto-striatal network. Alteration of the fronto-striatal network has been suggested as playing a key role in cognitive dysfunction in PD, especially in executive dysfunction (Owen, 2004). In addition to the inferior frontal gyrus and putamen, our metabolic imaging also revealed that the metabolism of insula was significantly correlated with executive function. The insula functionally belongs to mesocortical network. Besides fronto-striatal network, mesocortical network was also demonstrated to be the neural circuitry underlying executive deficits in PD (Gratwicke et al., 2015). Insular cortex in particular is considered to facilitate cognitive flexibility, a core feature of executive processing (Menon and Uddin, 2010). Christopher et al. suggest that it is supervening dysfunction in the mesocortical projections to the insular upon existing fronto-striatal network disruption that heralds major executive impairment (Christopher et al., 2014).

Another finding is the association between DAT binding and whole-brain metabolism. Reduced DAT binding in the caudate and APU was correlated with reduced metabolism in the superior temporal gyrus and increased metabolism in the medial frontal gyrus and cingulate gyrus. Although future PET studies with specific radioligands need to elucidate the exact specific neurotransmitters contained in the cortical areas such as superior temporal gyrus and cingulate gyrus, this finding might suggest that interaction effects between the dopamine system and other neurotransmitter systems are possibly involved in cognitive impairment in PD. Bohnen et al. used combined [11C]PMP acetylcholinesterase and [11C]DTBZ monoaminergic PET to investigate the possible interaction effects between dopaminergic and cholinergic systems (Bohnen et al., 2015). The results revealed significant interactive cognitive effects between these two neurotransmitter systems, showing that striatal dopaminergic and cortical cholinergic degenerations contribute to cognitive deficits in PD in both an additive and a synergistic fashion. In an animal study, Kucinski et al. reported that dual dopaminergic-cholinergic lesions in rats induced greater attention deficits than those with only dopaminergic or cholinergic lesions. Another animal study supported the link between the promoted prefrontal cortical GABA level and GABAergic transmission and the amelioration of working memory deficits (Liu et al., 2019). However, how neurotransmitters interact with each other is not well understood. Although multiple neurotransmitter deficits have been observed in underlying cognitive deficits in PD in recent years (Halliday et al., 2014), the interactive cognitive effects between different neurotransmitter systems need to be clarified in future work.

Our study has some limitations. First, this study has a cross-sectional design with a small sample size; hence, dopaminergic-metabolic changes could not be investigated as cognition deteriorated. Thus, further longitudinal studies with a larger group of patients are needed to confirm these results. Furthermore, we limited DAT binding analysis to the nigrostriatal projections without cortex considering the controversial extrastriatal dopaminergic findings of current tracers (Ouchi et al., 2001). Additionally, our study is based on dopaminergic binding and glucose metabolism PET and is limited in its ability to clarify the specific neurotransmitters and the exact neural circuits underlying cognitive deficits in PD. Further studies, ideally with more specific PET tracers, can help to provide better insights in this regard.



CONCLUSION

In conclusion, the present study indicated interactions among dopaminergic deficits, cerebral metabolism, and cognitive domains at the voxel and regional levels. Our study might offer a new perspective for the application of dopaminergic-metabolic PET imaging in executive function in PD and promote the understanding of the neurobiological mechanisms underlying cognitive impairment in PD.
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Data are given as mean =+ standard deviation (SD) values.

*P < 0.05.

PD-MCI, Parkinson’s disease with mild cognitive impairment; PD-NC, Parkinson’s
disease with normal cognition; H&Y, Hoehn and Yahr stage; IQR, interquartile range;
MMSE, Mini Mental State Examination; CWT, Stroop Color-Word Test; TMT, Trail
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Complex Figure Test; CFT, Clock Drawing Test.





