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1. Introduction 

1.1. Functional resting-state networks  

The architecture of human brain function is determined by ordered patterns of 

interregional correlations, even under resting conditions (Fox and Raichle 2007). Intrinsic 

connectivity between regions may be ascertained with functional magnetic resonance 

imaging (fMRI) by the degree of synchronization within the activity-dependent 

oxygenation of blood (Biswal et al. 2010). In a very specific context, resting-state 

functional connectivity between brain areas refers to a temporal correlation between 

fluctuations (typically < 0.1 Hz) in the spontaneous blood-oxygenation-level-dependent 

(BOLD) signal (Fox and Raichle 2007). This intrinsic connectivity can be partially 

explained by direct structural connections between participating regions, yet may also 

result from more indirect interactions (Vincent et al. 2007; Biswal et al. 2010).  

Numerous studies analyzing independent cohorts have consistently described the 

universal architecture of homotopic resting-state networks (Biswal et al. 2010). In their 

seminal study, Biswal and colleagues (1995) first provided evidence for functional 

coherence in the resting-state between cortical regions which are typically activated 

during motor tasks. The default mode network (DMN) represents the most often 

investigated resting-state network. It includes a set of brain regions, which are highly 

active at rest and deactivate during cognitive demanding tasks (Raichle et al. 2001). The 

posterior cingulate cortex (PCC) extending into the precuneal cortex (PC) and the medial 

prefrontal cortex (mPFC) are key hub regions of the DMN, meaning both have a high 

level of functional connections to other regions of the network, including the inferior 

parietal cortex (IPC), and parahippocampal gyri (Drzezga et al. 2011). Several resting-

state networks have been described, e.g. the motor network (Biswal et al. 1995), the 

ventral attention network (Fox et al. 2006), the salience network (Seeley et al. 2007), and 

the primary visual network (Beckmann et al. 2005), all of which have been assigned to 

distinct cognitive features.  

However, the underlying neurophysiological and metabolic principles of functional 

connectivity remain incompletely understood (Riedl et al. 2014) and less is known about 

the influence of different neurotransmitter systems on resting-state networks. Sparse 

evidence proposes a modulating effect of the dopaminergic system on resting brain 

activity, e.g. in the  DMN (Cole et al. 2013; Conio et al. 2020) or even suggests 

dopaminergic nuclei as often neglected components of resting-state networks (Bär et al. 

2016). 
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1.2. Metabolic covariance patterns 

In contrast to fMRI which reflects a complex interaction between hemodynamic factors, 

among them blood flow, blood volume and the rate of oxygenation (Buxton 2010; Kim 

and Ogawa 2012), 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography 

(FDG-PET), uses a specific, radiolabeled glucose analog to directly measure the activity-

dependent cellular glucose metabolism (Phelps et al. 1979). Although glucose serves as 

an essential cerebral source of energy, and oxidative phosphorylation is closely coupled 

to oxygen consumption according to basic physiological principles, fluctuations of glucose 

consumption at rest and their association to functional connectivity as metabolic 

component remain largely unknown (Tomasi et al. 2013; Riedl et al. 2014). Pioneering 

studies revealed evidence for a common substrate underlying intrinsic connectivity by 

combining both fMRI and FDG-PET (Di and Biswal 2012; Passow et al. 2015; Savio et 

al. 2017). In this context, the concept of metabolic connectivity emerged, which basically 

reflects the interaction among different brain regions, based on the interregional relation 

of glucose consumption measured with FDG-PET (Yakushev et al. 2017).  

Previous studies focused on the analysis of metabolic resting-state covariance patterns 

by applying independent component analyses (ICA) on a group level, as single-subject 

analyses of interregional correlations were not possible due to a lack of temporal 

information in commonly acquired FDG-PET data (Savio et al. 2017; Amend et al. 2019). 

By applying this method, first evidence for equal variances of glucose metabolism in 

functional connected regions was observed for distinct resting-state networks, including 

the DMN and sensorimotor network (Di and Biswal 2012; Spetsieris et al. 2015; Savio et 

al. 2017). Therefore, FDG-PET represents a promising tool to investigate the metabolic 

basis of intrinsic network organization and fundamental relations between coherent 

hemodynamic networks and glucose consumption, which remain unresolved to date 

(Wehrl et al. 2013; Amend et al. 2019). In addition, studies suggest that metabolic 

connectivity may serve as a marker of cognitive functions, for example, working memory 

(Yakushev et al. 2013). A few studies pointed towards the potential of metabolic 

covariance as marker of cognitive dysfunction and neuronal pathologies (Amend et al. 

2019; Spetsieris et al. 2015; Sala and Perani 2019). 

1.3. Neurodegenerative disorders 

Neurodegenerative disorders are accompanied by decline of distinct neuronal cell 

populations, resulting in heterogenous clinical presentations (Jellinger 2009). Among the 

most common neurodegenerative disorders are Alzheimer’s disease (AD), 

frontotemporal dementia, Parkinson’s disease (PD), dementia with Lewy bodies and 
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Huntington’s disease (Erkkinen et al. 2018). Age is considered one of the main risk 

factors for neurodegenerative disorders like AD and PD and both mainly affect the elderly 

population (Hou et al. 2019). In result of the demographic change, case numbers will rise 

rapidly in the future and represent an enormous burden for the health care system and 

society (Shlisky et al. 2017). A pathological hallmark is the accumulation and/or 

dysregulated degradation of misfolded proteins in neural tissue, characterizing the 

diseases as “proteinopathies” with partly overlapping features (Jellinger 2009). In 

addition to these molecular pathological hallmarks, functional changes within neuronal 

circuits can be found (Palop et al. 2006). For example, in AD accumulation of distinct 

β-amyloid species coincides with hypometabolism and connectivity changes in the DMN 

(Buckner et al. 2005; Drzezga et al. 2011). 

PD is the second common neurodegenerative disease with a prevalence of 1% in the 

population above 60 years (Lau and Breteler 2006). The cardinal symptoms of PD 

include rigidity, bradykinesia and tremor (Postuma et al. 2015). In addition, non-motor 

symptoms have gained in importance and may manifest in autonomic dysfunction, sleep 

problems, cognitive deficits and dementia among others (Zach et al. 2017). 

Neuropathological hallmarks include Lewy-bodies, containing, among other proteins, 

aggregated forms of a α-synuclein (Spillantini et al. 1998), that are typically found in 

midbrain nuclei like the Substantia Nigra from stage three on and enter neocortical areas 

in later disease stages (Braak et al. 2004). In classical models of PD pathophysiology, 

degeneration of dopaminergic neurons in the Substantia Nigra, is accompanied by 

dysregulations in striato-thalamo-cortical circuits responsible for bradykinesia (DeLong 

1990). Modern theories assume that this focal loss of dopaminergic cells induces more 

widespread functional changes in a stereotypic manner by disturbing the efficient 

interplay of oscillatory brain activity. In this context, the term “circuitopathy” emerged, 

which describes dysregulated activity within disease-vulnerable networks (McIntyre and 

Anderson 2016), which can be examined in vivo with functional imaging. 

1.4. Resting-state network dysfunction in neurodegenerative disorders 

A large body of studies focused on dysfunction of resting-state networks in 

neurodegenerative disorders as a potential prospective imaging biomarker of 

dysregulated oscillatory activity. The resting-state approach offers a unique advantage 

for the study of neurodegenerative disorders, unbiased by difficulties with understanding 

specific tasks or instructions and the easy applicability to clinical settings. Particularly, 

under different neurodegenerative conditions, connectivity deficits were observed in 

defined networks and increased as symptoms worsened (Drzezga et al. 2011).  
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In PD, reduced functional connectivity has been reported along striatocortical 

connections of the sensorimotor network as revealed by resting-state fMRI (rs-fMRI) 

studies (Helmich et al. 2010; Helmich et al. 2015). A few studies reported altered 

functional connectivity of the DMN in PD patients with or without cognitive impairment 

and drew a relation to cognitive symptoms (Tessitore et al. 2012; Baggio et al. 2015; 

Lucas-Jiménez et al. 2016; Karunanayaka et al. 2016; Lopes et al. 2017), but findings 

delineating altered DMN connectivity based on rs-fMRI were heterogenous, suggesting 

predominant decreases or increases in DMN functional connectivity alike (Tessitore et 

al. 2012; Krajcovicova et al. 2012; Baggio et al. 2015; Amboni et al. 2015; Karunanayaka 

et al. 2016; Lopes et al. 2017; Zhan et al. 2018).  

Pioneering studies examined interregional metabolic interactions based on static FDG-

PET scans on a group level in PD patients. Spetsieris et al. (2015) thereby concluded 

that DMN function is spared from pathological alterations in the early disease stage but 

followed by dopamine-responsive decreased network expression at advanced stages. 

Using sparse-inverse covariance estimation and an interregional correlation approach, 

Sala and colleagues (2017) assessed altered metabolic connectivity in cognitively 

unimpaired PD patients and reported changes on multiple scales. They observed 

decreased frontal metabolic coupling in several important resting-state networks on one 

hand and enhanced coupling in the posterior cortex in comparison to age-matched 

controls on the other hand (Sala et al. 2017). Given the heterogeneity prevalent in 

unimodal studies, multimodal examinations may provide an opportunity to understand 

disease-related hemodynamic and metabolic network alterations at more a holistic level. 

1.5. Coincidence of functional and metabolic deficits in neurodegeneration  

A better understanding of metabolic brain activity in coherently active regions could 

enable insights into the abovementioned dysfunction of resting-state networks in 

neurodegenerative diseases (Savio et al. 2017). According to the hypothesis of 

circuitopathy, i.e., local degeneration possibly leading to remote aberrant 

synchronization, extensive degenerative processes occur in a network-dependent 

manner. Multimodal neuroimaging studies showed a topographic convergence between 

univariate metabolic deficits and impairments of functional connectivity within distinct 

disease-vulnerable networks (Drzezga et al. 2011; Scherr et al. 2019). Moreover, in AD, 

for example, a specific topographic distribution of molecular pathology, cerebral atrophy, 

hypometabolism and functional network degeneration has been described (Buckner et 

al. 2005; Drzezga et al. 2011; Hoenig et al. 2018).  
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In PD specifically, as the leading neurodegenerative disorder of the motor system, similar 

spatial associations between hemodynamic and metabolic changes remain to be studied 

to date. But, a network perspective on 2-[18F]fluoro-2-deoxy-D-glucose (FDG) 

metabolism has emerged in the field of PD and has been demonstrated as a robust 

technique to identify a characteristic topographical pattern of PD-related metabolic 

changes in independent patient cohorts (Niethammer and Eidelberg 2012). Multimodal 

resting-state studies are necessary to clarify if and how metabolic and functional 

connectivity are associated with each other and how altered functional connectivity in PD 

relates to metabolic changes or if they mutually depend on each other during the diseases 

course. This would not only result in a more complete view on PD pathophysiology from 

a network perspective, but also enhance the establishment of multimodal progression 

markers for PD. 

1.6. Objective of the current work  

According to the current state of research, there are hardly any studies which combine 

resting-state FDG-PET acquisitions and fMRI in the same cohort of PD patients to 

analyze the topography of intrinsic neuronal networks and alterations therein in PD. But 

it is urgently emphasized in current literature that such multimodal resting-state studies 

could provide fundamental insights into the energetic principles of neural connectivity 

(Yakushev et al. 2017). Further, it represents a promising approach for clarifying the 

organization of resting-state activity in healthy subjects and its pathological changes 

under neurodegenerative conditions (Spetsieris et al. 2015). The combination of 

multimodal resting-state acquisitions of the same subjects further involves the advantage 

that FDG-PET offers more robust data in terms of signal-to-noise ratio and reproducibility 

(Yakushev et al. 2017). Multimodal resting-state network analyses could enable a better 

understanding of the metabolic component of intrinsic functional network activity and the 

clarification of the missing link between metabolic changes and functional dysconnectivity 

in neurodegenerative disorders like PD. 

Given the current state of knowledge, the following research questions arise:  

1. Is there a spatial association between striatocortical functional connectivity changes 

and glucose hypometabolism in a multimodally examined PD cohort? 

2. Does a direct comparison between resting-state fMRI and static FDG-PET scans 

reveal a spatial convergence of identified hemodynamic and metabolic networks?  

3. Do PD patients show characteristic changes within defined functional resting-state 

networks and are changes in metabolic activity and connectivity detectable within the 

same network?



2. Summary of published results 

6 
 

2. Results of the publications 

2.1. Network degeneration in Parkinson’s disease: multimodal imaging of 

nigro-striato-cortical dysfunction 

The present work was published as an original article in Brain – A Journal of Neurology: 

doi:10.1093/brain/awaa019. The references to figures and tables always refer to items 

in the original publication (see section 7.1. and 7.2.). 

In a first study, coregistered 6-[18F]fluoro-L-Dopa positron emission tomography 

(FDOPA-PET) scans, static FDG-PET scans and resting-state fMRI data from 42 

patients with PD and 14 healthy controls of the KFO219 TP10 cohort (Deutsche 

Forschungsgemeinschaft 2022) were used to investigate multimodal correlates of 

neurodegeneration in PD in relation to motor and non-motor symptoms. With the precise 

localization of dopamine deficiency in PD using voxel-wise group comparisons of 6-

[18F]fluoro-L-Dopa (FDOPA) uptake, the analysis enabled an investigation of the impact 

of impaired nigrostriatal dopaminergic transmission on striatocortical resting-state 

networks. Seed-to-voxel functional connectivity networks of the study-specific striatal 

dopaminergic deficit were obtained and compared between patients and controls. FDG 

uptake was compared voxel-wise on a whole brain level and mean values of FDG 

metabolism were extracted from clusters with significantly reduced striatocortical 

functional connectivity in PD patients to examine the spatial association between 

changes in functional connectivity and metabolic activity. Finally, the clinical relevance 

of multimodally observed functional changes was exploratively examined via correlation 

analyses. 

Preprocessing and neuroimaging analyses were performed in MATLAB (The 

MathWorks, Inc. 2016) using the Statistical Parametric Mapping 12 (SPM12) (The 

Wellcome Centre for Human Neuroimaging 2022) or the CONN Toolbox v.17 (Whitfield-

Gabrieli and Nieto-Castanon 2017). Second-level rs-fMRI analysis were performed 

based on a General Linear Model with Likelihood Ratio Tests allowing making decisions 

regarding hypotheses defined by individual contrast matrices. For group-level and 

between-group comparisons, statistics based on t-distribution were derived by the 

transformations of the Lambda distribution implemented in CONN (Nieto-Castanon 

2020). Descriptive statistics on demographic, clinical and behavioral data and correlation 

analyses with neuroimaging data were performed in R (R Core Team 2018). Results 

were considered significant if p < 0.05. For neuroimaging analyses, correction for 

multiple comparisons was performed by using the family-wise error (FWE) rate. 
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2.1.1. Statement of contribution 

Statistical analysis of clinical, behavioral, fMRI and FDG-PET imaging data and of 

associations between the findings, manuscript writing, submission and revision were 

performed by Marina C. Ruppert-Junck. Preprocessing of fMRI scans was performed in 

collaboration with Andrea Greuel. 

2.1.2. Cohort specification 

In total, 14 healthy controls (64.50 ± 8.29 years old, seven males) out of 25 and 42 PD 

patients (67.24 ± 7.94 years old, 26 males) out of 60 completed the trimodal 

neuroimaging protocol. Only those were included in the presented analyses and for 

clarifying associations between the processes assessed with all three modalities. There 

were no group differences regarding demographic and behavioral variables (see Table 

1 for clinical and demographic data). PD patients were categorized into tremor-dominant 

and non-tremor-dominant subtypes according to previously published criteria (Eggers et 

al. 2011). All included PD patients were classified as having mid-stage PD with on 

average 28.33 ± 3.79 points on the Unified Parkinson’s Disease Rating Scale part III 

(UPDRS-III) for tremor-dominant patients and 24.49 ± 8.96 points for non-tremor-

dominant patients in the OFF-state of medication (12 h for levodopa, 72 h for longer 

acting agonists). There were no significant differences between the patient groups in 

terms of disease severity or level of dopaminergic medication. Twenty patients each 

reported left or right side of onset and two reported that there was no initial symptom 

lateralization (Table 1). Demographic, behavioral, and clinical data of the entire cohort 

can be found in Supplementary Table 1 (section 7.2.). 

2.1.3. Dopamine depletion in the posterior putamen in Parkinson’s disease 

The whole brain group comparison of FDOPA scans indicated a significant dopaminergic 

deficit in the bilateral putamen in PD patients compared to healthy controls (Montreal 

Neurological Institute (MNI)-coordinates: -30, -10, 0 and 28, -6, 2, pFWE < 0.001 peak-

level corrected, see Fig. 1C and Table 3). The exact localization confined to the posterior 

putamen was confirmed by an MNI structural template assuming the anterior 

commissure as anterior-posterior border as suggested by Helmich et al. (2010). An 

asymmetric dopaminergic deficit was observed in the present cohort with a slightly larger 

cluster in the left striatum (see Table 3).  



2. Summary of published results 

8 
 

2.1.4. Striatocortical hypoconnectivity in Parkinson’s disease 

The obtained study-specific posterior putamen cluster (see section 2.1.3.) comprising 

the dopamine-deficient tissue in the present PD cohort, served as seed for seed-to-voxel 

resting-state fMRI analysis. First, functional connectivity maps, reflecting Fisher-

transformed bivariate correlation coefficients between the seed’s BOLD signal time 

course and every other voxel in the brain, were calculated separately in healthy controls 

and PD patients via voxel-wise one sample t-tests. Group-based analysis revealed 

significant correlations of BOLD signal fluctuations between the bilateral putaminal seed 

and the precentral gyrus, supplementary motor area, cerebellum, postcentral gyrus and 

parts of the parietal association cortex (see Fig. 2 and Supplementary Tables 3 and 4). 

The subsequently performed between-group analysis in form of voxel-wise two-sample 

t-tests of putaminal functional connectivity maps with bilateral or unilateral FDOPA-

defined seeds revealed a specific pattern of reduced functional connectivity for patients 

(patients < controls, pFWE < 0.05, Fig. 2C and Table 4). In PD patients, the bilateral 

posterior putaminal cluster exhibited significantly reduced functional connectivity with the 

precentral gyrus, supplementary motor area, brainstem, superior frontal gyrus and 

clusters in the bilateral IPC, comprising the anterior and posterior part of the 

supramarginal gyrus as well as the neighboring left and right opercular cortices. In sum, 

most of the regions with reduced functional connectivity in PD, were part of the 

sensorimotor network. Additionally, the putamina showed reduced functional 

connectivity with the precuneus and the IPC, which both are central nodes of the DMN. 

Interestingly, when focusing on the left putamen, a more widespread dysconnectivity was 

observed in PD patients and regions with reduced functional connectivity were mainly 

located on the left cortical hemisphere for both putaminal seeds (not shown). 

2.1.5. Relation of striatocortical dysconnectivity and cortical glucose metabolism 

At first, whole brain comparisons of FDG uptake were performed between PD patients 

and healthy controls to investigate the spatial association between striatocortical 

functional connectivity and cortical FDG metabolism. Between-group comparisons of 

FDG uptake by voxel-wise two-sample t-tests between PD patients and healthy controls 

resulted in three clusters of regional hypometabolism in patients (pFWE < 0.05 cluster-

level corrected). Hypometabolism was identified in a cortical cluster covering parts of the 

bilateral occipital fusiform gyri, inferior lateral occipital cortex and superior lateral occipital 

cortex (MNI coordinates: 26, –90, –10, pFWE < 0.001, Fig. 1A and Table 2). A second 

cluster was found on the left hemisphere, where hypometabolism expanded into the 
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posterior middle temporal gyrus (MNI coordinates: –66, –44, –4, pFWE = 0.019, Fig. 1A 

and Table 2). The third cluster, with the most significant hypometabolism in PD patients, 

was located in the midbrain (MNI coordinates: –10, –20, –20, pFWE < 0.001 cluster-level 

corrected; Fig. 1A, B and Table 2). The hypometabolic midbrain cluster partly covered 

the left lateral caudal substantia nigra pars compacta as identified with a probabilistic 

human atlas (Pauli et al. 2018).  

When hypometabolic regions and areas with hypoconnectivity to the posterior putamen 

in PD patients were spatially overlaid, low spatial similarity was apparent. An additional 

analysis of mean metabolic activity of clusters with striatocortical hypoconnectivity was 

performed to investigate the relation between striatocortical functional connectivity 

changes and cortical FDG tracer uptake. In the PD group, but not in controls, a significant 

positive correlation was found between mean functional connectivity values and 

normalized FDG uptake in the right and the left IPC cluster (IPC left: r = 0.35, p = 0.021, 

IPC right: r = 0.36, p = 0.018, Fig. 3A and B, corrected for age and levodopa equivalent 

daily dose (LEDD)). Hence, significant reduction of striatocortical functional connectivity 

in PD patients with predominant akinetic-rigid symptoms was associated with 

concomitant changes in cortical metabolism in the IPC.  

2.1.6. Clinical impairment and multimodally assessed network dysfunction 

In an exploratory correlation analysis, the clinical relevance of the observed functional 

network changes was scrutinized. Firstly, functional measures of nigrostriatal integrity 

significantly correlated with contralateral bradykinetic symptoms quantified by the 

UPDRS-III right hemibody score in PD patients (FDG: Fig. 4A, r = –0.40, p = 0.010; 

FDOPA: Fig. 4B, r = –0.38, p = 0.014). For cortical clusters, including motor regions, 

which showed dysconnectivity to the posterior putamen, no significant correlation 

between functional connectivity values and motor impairment could be observed except 

for a negative linear trend between UPDRS-III right body scores and left IPC functional 

connectivity values (coordinates –68 –26 22, Fig. 4D, r = –0.31, p = 0.053, corrected for 

age, LEDD and Mini-Mental State Examination (MMSE)). Interestingly, there was a trend 

towards a relationship between normalized FDG uptake values and contralateral motor 

impairment in this hypoconnected IPC cluster (Fig. 4E, r = –0.31, p = 0.057, corrected 

for age, LEDD, MMSE and disease duration). In addition, striatocortical connectivity 

values of the left IPC cluster showed a positive correlation with total cognition MMSE 

scores in patients (Fig. 4E, r = 0.42, p = 0.005, corrected for age, LEDD, and akinesia-

rigidity-score). 
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2.2. The default mode network and cognition in Parkinson’s disease: a 

multimodal resting-state network approach 

The presented work was published as an original article in Human Brain 

Mapping:10.1002/hbm.25393. The references to figures and tables always refer to items 

in the original publication (see section 7.3. and 7.4.). 

In a second study, fMRI and static FDG-PET scans from 51 PD patients (66.45 ± 8.53 

years; 18 female) and 16 elderly healthy controls (64.63 ± 8.33 years; nine female) from 

the KFO219 TP10 cohort (Deutsche Forschungsgemeinschaft 2022) were analyzed in 

terms of multimodal DMN representation and concordant metabolic and hemodynamic 

deficits in relation to cognitive performance. The scans from 16 controls and 16 

randomized PD patients who underwent both modalities (Supplementary Table S3) were 

fed into separate ICA for both modalities to obtain metabolic and fMRI-based resting-

state networks. One DMN component per modality was identified. FDG uptake, group-

level metabolic connectivity, as well as functional connectivity of multimodally defined 

DMN regions were compared between healthy controls, all PD patients with mild 

cognitive impairment (MCI) or without cognitive impairment (PD-NC), categorized after 

level II criteria published by the Movement Disorder Society (MDS) (Litvan et al. 2012). 

Preprocessing and neuroimaging analyses were performed in MATLAB (The 

MathWorks, Inc. 2016) using the SPM12 (The Wellcome Centre for Human 

Neuroimaging 2022) or the CONN Toolbox v.17 (Whitfield-Gabrieli and Nieto-Castanon 

2017). ICA conducted on FDG-PET data was performed in the Group ICA of fMRI toolbox 

(GIFT) (Translational Research in Neuroimaging & Data Science 2016). Descriptive 

statistics on demographic, clinical and behavioral data and correlation analyses were 

performed in R (R Core Team 2018). Results were considered significant if p < 0.05. For 

neuroimaging analyses, false-discovery rate- (FDR-) correction was applied. In parts, 

exploratory results with uncorrected (uncorr) p-values are presented. 

2.2.1. Statement of contribution 

Intensity normalization of FDG-PET data, statistical analyses of clinical, behavioral and 

imaging data and of associations between the findings, manuscript writing, submission 

and revision were performed by Marina C. Ruppert-Junck. Preprocessing of rs-fMRI 

scans was performed in collaboration with Andrea Greuel. Calculation of standardized 

z-scores per cognitive domain had previously been carried out by Dr. Franziska Maier. 
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2.2.2. Cohort specification 

Twelve PD patients presented with MCI and 36 exhibited normal cognitive performance. 

Demographic, clinical, and behavioral characteristics of all subgroups are depicted in 

Table 1. Healthy controls did not differ from the PD groups in terms of age and gender, 

but in education years, Beck’s depression inventory II (BDI-II) scores and global 

cognition (Table 1 and 2). No significant differences in demographics and motor severity 

were observed between the patient groups. Significantly lower z-scores were observed 

for PD-MCI patients in the cognitive composite score and all domains compared to 

controls and PD-NC patients, except for the domains language and executive 

functioning, in which they only differed from control subjects (Table 2).  

2.2.3. Spatial convergence of hemodynamic and metabolic networks 

The ICA-based network identification conducted on concatenated static FDG-PET and 

rs-fMRI data of the same 32 subjects resulted in 5 distinct components in both modalities. 

The clearest visually recognizable resting-state network represented a DMN component 

in each modality, although some differences in spatial expansion were apparent. 

Individual regions were identified as parts of the functional DMN component, but not 

present in the metabolic component or vice versa. This was especially true for prefrontal 

areas, which were absent in the FDG-PET component (Figure 2). The superior frontal 

gyrus and juxtapositional lobule were covered by both DMN components, but only the 

metabolic component included the anterior cingulate gyrus and paracingulate gyrus. The 

bilateral parahippocampal gyri were part of the fMRI component, but not the metabolic 

pattern. In addition, parts of the cerebellar cortex were identified in the metabolic 

component, but not in the fMRI component, and the parietal cluster extended into the 

cuneal cortex and occipital pole in the metabolic component (Figure 2). In general, the 

spatial correspondence between the metabolic and the fMRI DMN component was fair 

(dice coefficient = 0.25). However, especially for posterior DMN regions (PC, PCC, 

bilateral superior lateral occipital cortex) higher correspondence was observed (dice 

coefficient = 0.27) (Figure 2). For the other networks identified, e.g. the motor network, 

less correspondence was observed between the modalities. 

2.2.4. Metabolic activity in the default mode network in Parkinson’s disease 

For all 15 multimodally obtained regions of interest (ROIs) in the DMN, significant 

differences in the extracted mean normalized FDG uptake values were observed 

between the groups (Figure 3, Kruskal-Wallis test, p < 0.05, Supplementary Table S4). 
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Particularly, a significant trend towards an increasing metabolic deficit from healthy 

controls via cognitively unimpaired patients to patients with MCI was identified for all 

DMN regions (Figure 3, Jonckheere-Terpstra-test; p < 0.01, Supplementary Table S4). 

Patients differed most from healthy controls in the metabolic activity of the following 

regions: PC, the right posterior superior supramarginal gyrus (pSMGrs), right superior 

lateral occipital cortex (sLOCr), right angular gyrus (AGr). Despite the significant trend, 

no major differences between impaired and unimpaired patients were seen for some 

regions which were exclusively part of the hemodynamic network (e.g. the mPFC). 

2.2.5. Metabolic connectivity in the default mode network in Parkinson’s disease 

In an exploratory analysis of interregional metabolic connectivity between DMN ROIs, 

gradual changes were observed at a group level between healthy controls and both 

patient groups. Patients with normal cognition exhibited an increased metabolic 

connectivity between DMN regions, especially along fronto-parietal connections, which 

proceeded in PD-MCI. This type of changes concerned, e.g. the connection between the 

right superior frontal gyrus (SFGr) and the AGr. In the PD-NC group an increased 

metabolic connectivity between these regions was demonstrated (z = 2.61, 

p-value = 0.009, Figure 4a), which was also found in PD-MCI patients compared to 

controls (z = - 3.56, p-value < 0.001). In addition, PD-MCI patients showed a 

corresponding increase in metabolic connectivity to additional posterior DMN regions 

including the posterior division of the left superior supramarginal gyrus (pSMGls) 

(z = - 2.13, p-value = 0.033), and the left superior lateral occipital cortex (sLOCl) 

(z = - 2.03, p-value = 0.043, Figure 4b). A trend towards an increased metabolic 

connectivity between posterior DMN regions, e.g. the AGr and LOCr, was identified in 

both patient groups compared to healthy controls (Figure 4a, b). Only the PD-NC group 

showed a significantly increased metabolic connectivity between the left 

parahippocampal cortex (ParaHL) and posterior regions, e.g. the left posterior 

supramarginal gyrus (pSMGl) (z = 2.57, p-value = 0.010, Figure 4a, b). However, in 

PD-MCI, a reduced connectivity could be detected for individual connections in 

comparison to cognitively unimpaired patients. This concerned the following regions: 

right parahippocampal cortex (ParaHR) and the pSMGl (z = 2.48, p-value = 0.013) and 

left angular gyrus (AGl) (z = 2.01, p-value = 0.045) (Figure 4c). 

2.2.6. Default Mode Network functional connectivity in Parkinson’s disease 

A separate exploratory analysis of between-group differences in interregional 

hemodynamic connectivity between the 15 DMN ROIs revealed primarily an increase 
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along fronto-parietal connections in cognitively impaired patients compared to 

unimpaired patients and healthy controls. PD patients without MCI showed an increased 

fronto-parietal functional connectivity, e.g. between the PC and the LOCl in comparison 

to controls (Figure 5A 1, puncorr = 0.041). Additionally, PD-NC patients showed decreased 

functional connectivity between DMN regions, namely the AGr and the PCC 

(pFDR = 0.013), ParaHL and the left superior frontal gyrus (SFGl) (puncorr = 0.024), and 

between both the AGl (puncorr = 0.046) and the pSMGrs (puncorr = 0.043) and the ParaHR 

compared to controls (Fig. 5A 1, Table 3). Additional connections with hypoconnectivity 

in PDNC were: SFGr and PCC (puncorr = 0.011) or AGr (pFDR = 0.047). In PD-MCI, 

reduced functional connectivity patients in comparison to controls was exclusively found 

for the pSMGrs and SFGl (puncorr = 0.033). In PD-MCI patients, increased functional 

connectivity was demonstrated between the SFGl and the PC (puncorr = 0.043) and 

between the pSMGls and SFGr (puncorr = 0.005) as well as between the mPFC and both 

the AGr and SFGl in comparison to controls (Figure 5A 2, puncorr < 0.05).  

Further a comparison of ROI-based connectivity among both patient groups indicated a 

higher functional connectivity in PD-MCI for the following ROIs: PC, AGr, and PCC 

(Figure 5A 3, Table 3). Additional connections, for which a higher connectivity was 

observed in MCI, included the PC and ParaHL (puncorr = 0.013), the PCC and mPFC 

(puncorr = 0.021) and the AGr and the SFGl (pFDR = 0.030, Figure 5A 3, Table 3). The 

obtained changes of increased connectivity in the PD-MCI group remained significant 

after controlling for UPDRS-III, disease duration and LEDD. The comparison between 

both patient groups revealed no significant decreases of functional connectivity among 

DMN regions in PD-MCI. 

2.2.7. Default mode network hyperconnectivity and cognitive impairment  

An exploratory partial correlation analysis revealed a relation between cognitive 

composite z-scores and functional connectivity along frontoparietal connections and 

among posterior DMN regions in PD patients, e.g. between the 1) PCC and AGr (r = -

0.43, p = 0.005, Figure 5b 1), when including age, sex, LEDD, UPDRS-III, disease 

duration and BDI-II as covariates. Visuospatial z-scores and attention domain z-scores 

were related to posterior DMN connectivity, e.g. between the AGr and PCC (r = -0.39, 

p = 0.010) and PC-PCC (r = -0.32, p = 0.037). No significant correlation was observed 

between motor scores or disease duration and DMN functional connectivity. Metabolic 

activity, especially in superior frontal and parietal DMN regions, was exclusively related 

to executive domain z-scores and disease severity, quantified by UPDRS-III, LEDD and 

disease duration.
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3. Discussion  

The current work sought to investigate the association between resting-state functional 

connectivity and metabolic network activity. The main aim was to scrutinize the relation 

between changes in both functional measures and their relevance for cognitive 

symptoms in PD patients. A multimodal imaging protocol including FDOPA-PET, FDG-

PET and rs-fMRI was applied to a well-defined cohort to more holistically investigate 

network destruction in PD. 

The first study opened new perspectives by combining three imaging modalities to 

investigate functional correlates of neurodegeneration in PD. Impaired nigrostriatal 

dopaminergic transmission in PD was accompanied by specific disturbances in 

striatocortical functional connectivity. Dysconnectivity was mainly confined to the 

sensorimotor network but pointing towards an additional DMN involvement. Despite low 

spatial convergence between whole-brain metabolic deficits and impaired striatocortical 

functional connectivity in PD, concomitant changes in both functional correlates were 

identified in the IPC. This suggests that reduced input from the striatum is accompanied 

by metabolic changes in the dysconnected cortical areas. Lower striatocortical functional 

connectivity in the IPC related to global cognitive performance in PD patients. For the 

current work, the findings revealed first hints at 1) an association between metabolic 

changes and striatocortical functional connectivity in DMN regions and 2) the importance 

of DMN alterations for cognitive symptoms in PD.  

In a second work, fMRI and static FDG-PET scans were analyzed in a data-driven, 

multivariate ICA approach to investigate consistency of both measures of neuronal 

activity in relation to cognitive symptoms in PD. A fair spatial convergence was observed 

between modality-specific DMN components with higher spatial convergence in parieto-

occipital regions. Metabolic activity declined gradually in all DMN ROIs in PD patients 

with strongest metabolic deficits in the posterior DMN in PD-MCI. By integrating both 

modalities, first evidence for a predominant increase in frontoparietal hemodynamic and 

metabolic network coherency was detected in PD-NC patients compared to healthy 

controls and proceeded (i.e. further increased) in PD-MCI patients. Worse performance 

in cognitive testing was associated with increased functional connectivity along fronto-

parietal connections and within the posterior DMN in PD patients. For the current work, 

the results revealed evidence for 1) a commonly organized network structure and 

metabolic underpinnings of resting-state networks, particularly in the posterior DMN and 

2) multimodally assessable network reorganization in PD patients with increasing 

cognitive decline.  
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3.1. Dopamine deficiency is accompanied by striatocortical dysconnectivity  

The observed pattern of striatocortical dysconnectivity, starting from the posterior 

putamina with dopamine deficiency, suggests specific involvement in the connectivity 

changes in PD patients. In line with the current findings, Helmich et al. (2010) reported 

similar putaminal hypoconnectivity in PD patients between the anatomically defined 

posterior putamen and mainly the sensorimotor network, including the bilateral 

precentral gyrus and postcentral gyrus, the supplementary motor area but also the IPC. 

However, the here presented integrative analyses revealed robust information on cohort-

specific spatial extent of dopamine depletion and its involvement in vulnerable networks, 

whose progressive changes can be analyzed longitudinally in the disease course. In a 

recently published follow-up project by Steidel and Ruppert (2022), the association 

between striatal dopamine depletion and striatocortical resting-state connectivity was 

analyzed longitudinally using the same approach in a small subset of the current cohort 

who underwent a follow-up visit. The obtained results revealed longitudinal evidence for 

the proposed relation. In compliance with the well-described posterior-anterior gradient 

of dopamine deficiency (Nandhagopal et al. 2009), dopamine depletion proceeded into 

more anterior striatal regions at follow-up, especially the caudate nucleus (Steidel et al. 

2022). The dopamine deficient caudate cluster exhibited reduced striatocortical 

functional connectivity at follow-up in comparison to baseline, while putaminal dopamine 

deficiency and functional connectivity did not differ significantly, indicating that putaminal 

impairment might already have reached a maximum or less changes were apparent in 

this striatal sub compartment (Steidel et al. 2022). The results suggest that proceeding 

pathophysiological changes are traceable on all three proposed level: midbrain 

hypometabolism proceeded and extended laterally, striatal dopamine deficiency involved 

additional anterior striatal clusters and striatocortical functional dysconnectivity 

concerned additional cortical areas at follow-up (Steidel et al. 2022). Especially anterior 

striatal seeds exhibited more changes at follow-up in comparison to healthy controls than 

at baseline in comparison to controls (Steidel et al. 2022). The results confirm the idea, 

raised by Helmich et al. (2010), that in the course of reorganization towards 

desegregated striatocortical loops in PD, there is a potentially compensatory increased 

coupling of the regions not yet so severely affected by dopamine deficiency. In the cohort 

investigated, striatal clusters that were initially spared by dopamine deficiency, showed 

an increased functional connectivity to a cluster in the occipito-parietal cortex at baseline 

compared with controls, but profoundly reduced connectivity at follow-up visit (13.8 ± 4.1 

months) when they were more severely affected by dopamine depletion, as shown by 

FDOPA-PET comparisons between the visits (Steidel et al. 2022). 



3. Summarized discussion   
 

16 
 

3.2. Metabolic concomitant of striatocortical dysconnectivity 

The first aim of the current work was to unravel whether there is a spatial convergence 

between impairments of striatocortical functional connectivity and metabolic changes in 

a multimodal PD cohort (section 1.6). The voxel-wise examination of hypometabolism in 

PD patients’ FDG-PET revealed no direct spatial convergence with striatocortical 

dysconnectivity patterns (section 2.1.5.). However, the indirect correlates of midbrain 

degeneration detected in this way gave important impulses for the proposed model 

underlying PD pathophysiology with midbrain hypometabolism as the most caudally 

detectable correlate of nigrostriatal degeneration. The additional correlation analysis 

between normalized FDG uptake and striatocortical functional connectivity in clusters 

with putaminal hypoconnectivity showed a significant association between both 

measures in PD in the bilateral IPC, suggesting concomitant metabolic changes.  

A previous meta-analysis has attributed hypometabolism in the IPC in PD mainly to 

cognitive symptoms (Albrecht et al. 2019). Further evidence for functional connectivity 

changes of the bilateral IPC in PD is given in a quantitative neuroimaging meta-analysis 

(Tahmasian et al. 2017). Interestingly, the IPC is also involved in sensory feedback 

processing during movement tasks (Mattingley et al. 1998) with adequate sensorimotor 

integration hinging considerably upon this brain area (Wang et al. 2017). This stands in 

agreement with the here observed association between contralateral motor impairments 

and global cognition quantified by MMSE scores and striatocortical connectivity of the 

left IPC. According to functional subdivisions defined by Wang et al. (2017), the identified 

IPC clusters with striatal hypoconnectivity encompass areas responsible for 

sensorimotor processing and default mode activity. The concurrent functional changes 

in the IPC and their relevance for PD symptoms imply that dysfunction of additional 

resting-state networks, e.g. the DMN, might result secondarily from dopamine depletion 

(van Eimeren et al. 2009; Wu et al. 2012). One may posit that striatocortical 

dysconnectivity may entrail aberrant communication within the DMN which may 

ultimately promote cognitive decline. From a broader point of view, the IPC could 

represent a link between motor and cognitive deficits in PD or at least to those subtypes 

with significant non-motor involvement (Selikhova et al. 2009; Eggers et al. 2012). 

Together, the findings are suggestive of pathological processes targeting predefined 

neural networks and a putative role for dopamine depletion as conjoining element, which 

provokes functional and metabolic imbalance in cortical regions that form the network in 

healthy controls. Variability of the clinical course in different subtypes might partially 

depend on which non-motor networks are impaired and thereby determine susceptibility 

to non-motor symptoms. 
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3.3. Metabolic and hemodynamic network convergence  

The second aim of the present work was to scrutinize the spatial correspondence 

between the data-driven obtained spatial extend of metabolic and hemodynamic 

networks in the same cohort (see 1.6.). A few studies have conducted ICA-based 

decomposition of static FDG-PET data in healthy and diseased subjects to date. The fair 

spatial correspondence between hemodynamic and metabolic DMN components 

observed in the second study stands in accordance with a previous MR-PET hybrid 

scanner study which analyzed simultaneously acquired data from 22 healthy, mid-aged 

subjects (Savio et al. 2017). The latter study also indicated a moderate spatial 

convergence between metabolic and fMRI derived DMN components and similar 

differences between the modalities in frontal and cerebellar areas (Savio et al. 2017). In 

line with the identified stronger correspondence in posterior DMN regions, Biswal (2012) 

described the identification of a metabolic component with only posterior DMN regions. 

In contrast, Yakushev et al. (2013) observed the classical DMN topology in FDG-PET 

data with expected involvement of the prefrontal cortex by conducting a comparable ICA 

(GIFT, five components) in 35 mid-aged healthy subjects. Despite these differences, the 

comparable spatial overlap identified across different populations suggests that 

metabolic covariance networks can robustly be detected in the resting brain. Together 

the results underscore that hemodynamic networks are paralleled by covariant metabolic 

activity. Residual differences between both imaging modalities might result from different 

methodology of network identification by using static FDG-PET (one image per subject) 

or fMRI data (timeseries per subject). Frame selection and parameters of the PET 

acquisition protocol might also provoke discrepancies among studies. In addition, only a 

few studies included multimodal data sets of the same cohort (Savio et al. 2017). 

The other identified networks showed less correspondence between the modalities. A 

direct comparison of obtained motor network components revealed a symmetrical 

subcortical PET motor network (midbrain, bilateral putamen, thalamus) and an fMRI 

pattern largely sparing the subcortical part. These differences in network characteristics 

might result from their difference in resolution for deep brain structures vs. cortical areas. 

Frame-wise connectivity analysis of the motor network in a subset of patients for which 

multiframe FDG-PET acquisitions were available (6 frames, n = 5) provided insights 

concerning the dependency of tracer flooding and metabolic connectivity. The approach 

in these studies (bolus injection) resulted in differing metabolic connectivity between 

individual frames and gradual increases with tracer enrichment. This strong influence of 

the application method in mind, future studies should consider multiple frames or / and 

apply acquisition techniques with constant tracer concentration (cf. 3.7.). 
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3.4. Correspondence between metabolic and hemodynamic network changes  

The third aim of the present work was to unravel if there are metabolic equivalents of 

functional dysconnectivity detectable in resting-state networks with altered functional 

connectivity and if both measures reflect cognitive functioning in PD (section 1.6.). The 

obtained trend towards a progressive metabolic decline in the DMN with increasing 

cognitive impairment fits well with the described DMN hypometabolism in other 

neurodegenerative disorders, e.g. AD (Drzezga et al. 2011), which is clinically mainly 

characterized by progressive cognitive impairment. The identification of glucose 

hypometabolism in occipito-parietal and frontal regions in PD-MCI compared to patients 

with normal cognition is also consistent with comparable PD studies (Huang et al. 2008; 

Hosokai et al. 2009; Lyoo et al. 2010; Pappatà et al. 2011). In addition, the observed 

metabolic deficits in the lateral occipital regions of the identified network in cognitively 

unimpaired patients stand in accordance with the hypometabolism in the voxel-wise 

group-comparison of the first study (cf. section 2.1.5.). In the second study, further 

insights into the relationship between the reduction of glucose metabolism and network 

coherence were obtained: posterior DMN regions with the strongest metabolic deficits 

and gradual decline (PC, sLOCr, AGr, and pSMGrs), showed the strongest increases in 

both metabolic and functional connectivity. Therefore, the results point at a spatial 

convergence between degeneration on one hand and network reorganization on the 

other hand. It could be speculated that the metabolic decline in the DMN, observed by 

FDG-PET, which specifically affected all associated regions, per se is also reflected in 

the higher synchrony within the network, because these changes affect all regions in a 

comparable way and reinforce the commonalities of the regions in relation to the 

independent influences from outside the network. This could also be related to the 

hypothesis of the secondary effect of reduced striatocortical inputs revealed by the first 

study (cf. 3.2.), as these reflect a reduced external influence in the same sense.  

A direct comparison of functional and metabolic connectivity changes of DMN regions 

indicated similarities between both measures of network connectivity. In particular, both 

modalities revealed evidence for an increased connectivity between frontal and posterior 

DMN regions in PD patients with or without MCI compared to control subjects. For some 

frontoparietal connections with hyperconnectivity in patients, e.g. the connectivity 

between the SFGr and pSMGl, similar changes in metabolic connectivity were observed 

in PD patients with MCI compared to controls. However, no consistent changes were 

found for some connections. One technical reason for this could be the rough nature of 

metabolic connectivity due to the difference in calculating connectivity measures that 

distinguishes fMRI from static FDG-PET (single subject vs. group measure). 
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In the following, dysconnectivity results of the respective modalities are placed in the 

context of the respective current literature. Consistent with an enhanced metabolic 

coupling in the posterior cortex in PD patients compared to age-matched controls 

reported by Sala and colleagues (2017), an increased metabolic connectivity was found 

in posterior DMN regions in PD patients in the current cohort. Toussaint et al. (2012) also 

reported an increase in correlated metabolic activity between parietal and temporal 

hypometabolic regions in MCI patients with conversion to AD compared to controls. They 

also noticed a pronounced increase in correlation between frontal and parietal regions in 

MCI converters (Toussaint et al. 2012). In fMRI data, Zhan et al. (2018) also described 

increased functional connectivity between the PCC and the bilateral mid frontal gyri in 

cognitively impaired PD patients compared to unaffected ones. An increased functional 

correlation between the DMN and posterior cortical regions in PD patients with and 

without cognitive impairment compared to controls was also identified by Baggio et al. 

(2015). Similar to the observed association between the functional connectivity of the 

PC, PCC, and mPFC and objective cognition in PD patients, the authors also drew a 

relation to cognitive symptoms, especially visuospatial performance (Baggio et al. 2015). 

Notably, some fMRI studies emphasize decreased functional connectivity among DMN 

regions, but most of these studies examined PD patients in their ON-state (Amboni et al. 

2015; Lucas-Jiménez et al. 2016) and are therefore biased by the suspected modulatory 

role of dopamine with decreasing effects on DMN connectivity (Conio et al. 2020). 

3.5. Relevance of default mode network dysfunction for cognitive impairment 

Differing connectivity between groups with different degrees of cognitive impairment 

ultimately raises the question of the clinical implication for PD patients. An increased 

metabolic coupling in frontal and occipital areas, like in the present study, has been 

postulated as a compensatory mechanism to maintain cognitive function in PD patients 

(Sala et al. 2017). By contrast, the increasing functional connectivity within the posterior 

DMN and along fronto-parietal connections with worse cognitive functioning in PD-MCI 

in the present cohort supports this hypothesis, but could also represent a maladaptive 

response to neurodegeneration as posited by Gardini (2015). The increased coherent 

DMN activity in PD patients in the OFF-state reported in the current study may also reflect 

the inability to deactivate during cognitive tasks described by previous studies (van 

Eimeren et al. 2009; Ibarretxe-Bilbao et al. 2011), which has also been linked to poor 

cognitive performance (Gardini et al. 2015). Further studies using the test battery applied 

here for categorization and including patients with PD dementia as a more advanced 

stage are required to resolve whether hyperconnectivity represents a mechanism 
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contributing to cognitive decline or maintaining cognitive function. When examining DMN 

involvement in cognitive dysfunction in the AD spectrum, Toussaint et al. (2012) found a 

similar increased synchronization to break down during transition from MCI to AD.  

In summary, decreased metabolic activity and increased coherent activity within 

posterior DMN regions might precede clinically manifest cognitive impairment. It yet 

remains debatable if cortical hypometabolism relates to network reorganization and 

striatocortical PD pathology, alike. Together with the first study’s results one may 

speculate about dysregulations within cortical regions which partly constitute the DMN in 

consequence of striatocortical dysconnectivity. Additionally, posterior cortical 

dysfunction might be linked to degeneration of cholinergic pathways (Hilker et al. 2005; 

Klein et al. 2010). Future studies, combining comprehensive analyses of multiple 

neurotransmitter systems and directional connectivity, are needed to complete our 

knowledge about directionality in network dysfunction in the PD spectrum.  

3.6. Limitations 

A limitation concerning both studies is the low number of control subjects which limits 

the power for identifying group differences. Additionally, imaging procedures were 

performed consecutively, limiting the informative value regarding simultaneity of the 

processes. However, the adherence of standard conventions in terms of subject 

instruction, scanner environment and cross-modal registration enabled a sufficient intra- 

and inter-subject comparability. Another critical point represents the fact that metabolic 

connectivity studies with static FDG-PET in the second study were restricted to group-

level analysis, resulting in one correlation measure per group, in contrast to fMRI 

analyses, where interregional correlations were assessed on a subject level. 

3.7. Outlook: Dynamic FDG-PET acquisition techniques 

The analysis of interregional metabolic interactions is essentially limited by the static 

character of commonly acquired FDG-PET data. The latter might be causative for the 

only moderate spatial coincidence of resting-state networks (Savio et al. 2017) (section 

2.2.3). Further, reliability in covariance analysis of group data is essentially influenced 

by the cohorts’ homogeneity, normalization of between-group effects and variability of 

image acquisition (Veronese et al. 2019). But there are dynamic acquisition techniques, 

which start to acquire repetitively in parallel with injections or use continuous tracer 

application (Carson et al. 1993; Villien et al. 2014). List-mode acquisition and offline 

reconstruction allow obtaining timeseries of glucose dynamics with this technique, which 

enables measures of fluctuations of glucose consumption on a single subject level 
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(Amend et al. 2019; Ionescu et al. 2021). Rat studies revealed region-depending 

dynamics of glucose consumption encoded in dynamic FDG-PET data, not covered by 

static FDG-PET (Wehrl et al. 2013). Particularly, constant infusion techniques allow the 

measurement of metabolic connectivity, independently of hemodynamic confounding 

effects due to constant plasma availability (Amend et al. 2019). The simultaneous 

application in a MR-PET hybrid system revealed a greater correspondence between 

dynamically assessed metabolic connectivity and functional connectivity (Jamadar et al. 

2020) and first applications as a measure of cognitive functions were carried out (Voigt 

et al. 2022). 

The approach further enables direct comparisons of the temporal and spatial course of 

hemodynamics and glucose consumption (Villien 2015) and thereby would enable the 

investigation of interregional metabolic connectivity on subject level. This could 

revolutionize the field of metabolic connectivity in neurodegenerative disorders, because 

it allows the aptitude of individual connectivity values as signature of metabolic brain 

activity for diagnostics, regression analyses with clinical and neuropsychological deficits 

or as progression marker (Sala and Perani 2019). In consequence, a subsequent study 

was initiated to broaden the existing competences of static FDG-PET by means of 

dynamic acquisition protocols in a way, which allows analyzing metabolic connectivity of 

a single subject level and clinicopathological correlations (Study 146/19). In the course 

of the study, 10 healthy controls and 10 PD patients underwent a multimodal imaging 

protocol consisting of sequentially performed resting-state fMRI and dynamic FDG-PET 

acquisitions after Villien and colleagues (2014). At the time, the present work was 

submitted, all 20 participants were enrolled into the self-initiated study. 

3.8. Conclusion 

The two studies render evidence for metabolic and hemodynamic network reorganization 

within the sensorimotor network and the DMN in PD and highlight how multimodal 

resting-state studies may foster our understanding of (patho-)physiological organization 

of brain activity. Particularly, the second study deepened the knowledge of DMN 

dysfunction and its relevance for cognitive symptoms in PD, for which the first study 

provided initial multimodal evidence. The self-initiated study further laid the ground for 

multimodal characterization of metabolic and hemodynamic network changes on single-

subject level and the evaluation of dynamic PET-based connectivity as metabolic 

network marker for neurodegenerative disorders like PD.
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4. Summary 

Research focusing on the pathophysiology of neurodegenerative disorders has 

undergone a fundamental shift towards a network perspective in the last decades. 

Besides regional aggregation of misfolded proteins and changes in cellular metabolism, 

accompanying changes of synaptic activity evolve and evoke dysregulation within neural 

circuits including remote brain regions. Modern theories of neurodegeneration propose 

a stereotypic pattern of these cerebral pathologies, which partly are in vivo accessible 

by multimodal neuroimaging techniques. The most often used indirect measurement of 

functional network integrity is resting-state functional magnetic resonance imaging, 

which depends on a complex interplay of hemodynamics, blood volume, and blood flow. 

Less is known about a potential metabolic component underlying resting-state networks 

in healthy brains and changes thereof in neurodegeneration and the influence of different 

transmitter systems. The current work therefore sought to investigate the association 

between functional resting-state networks and metabolic network activity and focused on 

metabolic consequences of nigrostriatal and striatocortical dysfunction in Parkinson’s 

disease.  

In the current work, a multimodal data set of the TP10 KFO219 cohort was analyzed 

regarding 1) the impact of nigrostriatal dopamine depletion on resting-state networks and 

2) the relation between changes in functional connectivity and metabolic network activity. 

The first study addressed the subset of the KFO219 TP10 cohort who completed the 

trimodal imaging protocol (42 patients vs. 14 controls). Dopamine deficiency in 

Parkinson’s patients was examined by voxel-wise comparison of 6-[18F]fluoro-L-Dopa 

positron emission tomography scans. Resulting clusters served as seeds for resting-

state functional connectivity maps that were compared between both groups by voxel-

wise t-tests. Metabolic activity was extracted from 2-[18F]fluoro-2-deoxy-D-glucose 

positron emission tomography scans for respective cortical clusters with striatocortical 

dysconnectivity and the relation to functional connectivity values was analyzed. In a 

separate study, functional and metabolic resting-state networks were obtained by 

performing spatial independent component analyses in a subset of the same cohort who 

underwent 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography and 

functional magnetic resonance imaging (56 vs 16) and completed neuropsychological 

testing. Multimodally obtained regions of interest in the default mode network were 

defined and metabolic activity as well as metabolic connectivity compared to functional 

connectivity differences between patients without or with mild cognitive impairment and 

healthy controls. Moreover, a third study was initiated in the context of the present work 

with the aim of establishing a dynamic 2-[18F]fluoro-2-deoxy-D-glucose positron 
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emission tomography acquisition with a constant infusion protocol for examining 

interregional metabolic connectivity on single subject level and enable comparable 

analysis of hemodynamic and metabolic fluctuations in Parkinson’s disease.  

In the first study, a significant association between striatocortical functional connectivity 

changes of the data-driven defined dopamine depleted posterior putamen and metabolic 

activity of the cortical target area in the inferior parietal cortex was found in Parkinson’s 

disease. Interestingly, striatocortical connectivity of the inferior parietal cortex was 

associated with motor and cognitive impairment. In a second study, the multivariate 

approach revealed a moderate spatial convergence for the posterior default mode 

network in functional and metabolic data. For all multimodally obtained default mode 

network regions, a significant trend towards an increment of metabolic deficits from 

healthy controls via unimpaired patients to patients with mild cognitive impairment was 

identified. In addition, posterior default mode network regions with the strongest 

metabolic deficits and gradual decline in comparison to controls, also showed the 

strongest increases in both metabolic and functional connectivity compared to controls. 

The verification of the applicability of a constant infusion dynamic 2-[18F]fluoro-2-deoxy-

D-glucose positron emission tomography protocol in Parkinson’s disease patients was 

started in a self-initiated study, which finished the acquisition phase with 10 participants 

per group by the time the current work was submitted.  

Together the first two studies highlight the added value of multimodal imaging in 

investigating human brain function and the pathophysiology of neurodegenerative 

disorders, in particular their great potential for identifying links between individual 

pathologies. The second study partly continued, and answered questions raised in 

response to the first study, which hinted at an involvement of default mode network 

regions in cognitive symptoms of Parkinson’s disease and a relation between functional 

network degeneration and metabolic activity. The current work shows exemplary the 

complementarity of both measures of brain network activity and their individual 

significance for cognitive symptoms in Parkinson’s disease. The presented work 

highlights how multimodal resting-state studies can provide new insights into the 

(patho-)physiological network organization of brain activity by confirming insights 

obtained by one modality and deepen our understanding of disease processes. The self-

initiated study further laid the ground for multimodal characterization of metabolic and 

hemodynamic network changes on single-subject level and the evaluation of dynamic 

positron emission tomography-based connectivity as metabolic network marker for 

Parkinson’s disease. 
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5. Zusammenfassung 

Die Erforschung der Pathophysiologie neurodegenerativer Erkrankungen hat in den 

letzten Jahrzehnten einen grundlegenden Wandel hin zu einer Netzwerkperspektive 

vollzogen. Neben der regionalen Akkumulation fehlgefalteter Proteine und 

Veränderungen des zellulären Metabolismus kommt es zu Veränderungen der 

synaptischen Aktivität, die Dysregulationen in neuronalen Schaltkreisen, einschließlich 

entfernter Hirnregionen, hervorrufen. Moderne Theorien der Neurodegeneration 

postulieren eine stereotypische Ausbreitung dieser Pathologien, die teilweise mittels 

neurobildgebender Verfahren in vivo darstellbar sind. Die am häufigsten angewendete 

Methode zur Messung der Integrität von Ruhenetzwerken ist die funktionelle 

Magnetresonanztomografie, die von einem komplexen Zusammenspiel von 

Hämodynamik, Blutvolumen und Blutfluss abhängt. Die mögliche metabolische 

Komponente der Ruhenetzwerke im gesunden Gehirn, Veränderungen dieser bei 

neurodegenerativen Erkrankungen sowie der Einfluss spezifischer Transmittersysteme, 

sind hingegen weniger erforscht. Die vorliegende Arbeit untersuchte daher die 

Assoziation zwischen funktionellen Ruhenetzwerken und metabolischer Aktivität und 

fokussierte insbesondere metabolische Konsequenzen der dopaminergen 

nigrostriatalen und striatokortikalen Dysfunktion bei Morbus Parkinson.  

Ein multimodaler Datensatz der TP10 KFO219 Kohorte wurde daher hinsichtlich 1) des 

Einflusses des nigrostriatalen Dopaminmangels auf striatokortikale Ruhenetzwerke und 

2) der Beziehung zwischen Veränderungen der funktionellen Konnektivität und 

metabolischer Netzwerkaktivität bei der Parkinson Erkrankung analysiert. Die erste 

Studie untersuchte eine Subgruppe von Patient*innen und Kontrollen mittels trimodaler 

Bildgebung (42 vs. 14). Anhand eines Vergleichs der 6-[18F]fluoro-L-Dopa Positronen-

Emissions-Tomografie Daten wurde der Dopaminmangel der Patient*innen lokalisiert. 

Die resultierenden Cluster dienten als Ausgangsvolumen für einen Vergleich der 

striatokortikalen Konnektivität anhand einer funktionelle Magnetresonanztomografie. Die 

metabolische Aktivität der kortikalen Cluster mit striatokortikaler Dyskonnektivität wurde 

mittels der 2-[18F]fluoro-2-deoxy-D-Glukose-Positronen-Emissions-Tomografie Daten 

extrahiert und deren Beziehung zu funktionellen Konnektivitätswerten untersucht. In 

einer separaten Studie wurden mittels Unabhängigkeitsanalysen der Subgruppe, welche 

eine 2-[18F]fluoro-2-deoxy-D-Glukose-Positronen-Emissions-Tomografie, eine 

funktionelle Magnetresonanztomografie und eine neuropsychologische Untersuchung 

erhalten hatte (56 vs. 16), funktionelle und metabolische Ruhenetzwerke 

herausgearbeitet. Multimodal erhobene Regionen des Default-Mode Netzwerks wurden 

definiert und Veränderung der metabolischen Aktivität sowie der metabolischen und 
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funktionellen Konnektivität zwischen Gruppen mit verschiedenem kognitiven 

Leistungsprofil verglichen. Zudem wurde eine dritte Studie mit dem Ziel der Etablierung 

eines dynamischen Akquisitionsprotokolls für die Untersuchung von interregionaler 

metabolischer Konnektivität auf Einzelsubjektebene und vergleichbare Analysen von 

hämodynamischen und metabolischen Fluktuationen bei Parkinson initiiert. 

In der ersten Studie wurde eine signifikante Assoziation zwischen striatokortikalen 

Konnektivitätsänderungen des Dopamin defizienten posterioren Putamens und der 

metabolischen Aktivität der kortikalen Projektionsareale im inferior parietalen Kortex bei 

Parkinson gefunden. Interessanterweise zeigte sich hierbei auch ein Zusammenhang 

der striatokortikalen Konnektivität mit der motorischen und kognitiven Beeinträchtigung 

der Patient*innen in dieser Region des Default-Mode Netzwerks. In einer zweiten Studie 

zeigte ein multivariater Ansatz eine moderate räumliche Konvergenz für das posteriore 

Default-Mode Netzwerk in beiden Bildgebungsmodalitäten. Für alle multimodal 

herausgearbeiteten Regionen des Netzwerks wurde ein Trend hinsichtlich eines 

zunehmenden metabolischen Defizits mit zunehmender kognitiver Beeinträchtigung 

festgestellt. Außerdem zeigten posteriore Default-Mode Netzwerk Regionen mit den 

stärksten metabolischen Defiziten und graduellen Veränderungen im Vergleich zu 

Kontrollen, auch die stärksten Veränderungen in der metabolischen und funktionellen 

Konnektivität. Die Überprüfung der Durchführbarkeit eines dynamischen Positronen-

Emissions-Tomografie Akquisitionsprotokolls mit konstanter Infusion wurde im Rahmen 

einer selbstinitiierten Studie begonnen, welche die Akquisitionsphase mit 

10 Teilnehmer*innen pro Gruppe zum Zeitpunkt der Einreichung erfolgreich beendete.  

Gemeinsam heben beide Studien den Vorteil der multimodalen Bildgebung für die 

Untersuchung der Hirnfunktion und der Pathophysiologie neurodegenerativer 

Erkrankungen, insbesondere für Verbindungen zwischen einzelnen Pathologien, hervor. 

Die zweite Studie beantwortete teilweise Fragen, die aus der ersten resultierten und auf 

eine Relevanz des Default-Mode Netzwerks für kognitive Symptome der Parkinson 

Erkrankung und einen Zusammenhang zwischen funktioneller Netzwerkdegeneration 

und metabolischer Aktivität hinwiesen. Die vorliegende Arbeit zeigt exemplarisch die 

Komplementarität beider Hirnnetzwerkaktivitätsmaße und deren individuelle Bedeutung 

für kognitive Symptome bei Parkinson. Mit der eigens initiierten Studie konnte 

abschließend eine methodische Grundlage für die multimodale Charakterisierung von 

metabolischen und hämodynamischen Netzwerkveränderungen auf Einzelsubjektebene 

und die Evaluation der Konnektivität basierend auf dynamischen Positronen-Emissions-

Tomografie-Daten als metabolischer Netzwerkmarker für die Parkinson Erkrankung 

geschaffen werden.  
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Network degeneration in Parkinson’s disease:
multimodal imaging of nigro-striato-cortical
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The spreading hypothesis of neurodegeneration assumes an expansion of neural pathologies along existing neural pathways.

Multimodal neuroimaging studies have demonstrated distinct topographic patterns of cerebral pathologies in neurodegeneration.

For Parkinson’s disease the hypothesis so far rests largely on histopathological evidence of a-synuclein spreading in a characteristic

pattern and progressive nigrostriatal dopamine depletion. Functional consequences of nigrostriatal dysfunction on cortical activity

remain to be elucidated. Our goal was to investigate multimodal imaging correlates of degenerative processes in Parkinson’s disease

by assessing dopamine depletion and its potential effect on striatocortical connectivity networks and cortical metabolism in relation

to parkinsonian symptoms. We combined 18F-DOPA-PET, 18F-fluorodeoxyglucose (FDG)-PET and resting state functional MRI to

multimodally characterize network alterations in Parkinson’s disease. Forty-two patients with mild-to-moderate stage Parkinson’s

disease and 14 age-matched healthy control subjects underwent a multimodal imaging protocol and comprehensive clinical exam-

ination. A voxel-wise group comparison of 18F-DOPA uptake identified the exact location and extent of putaminal dopamine

depletion in patients. Resulting clusters were defined as seeds for a seed-to-voxel functional connectivity analysis. 18F-FDG me-

tabolism was compared between groups at a whole-brain level and uptake values were extracted from regions with reduced

putaminal connectivity. To unravel associations between dopaminergic activity, striatocortical connectivity, glucose metabolism

and symptom severity, correlations between normalized uptake values, seed-to-cluster b-values and clinical parameters were tested

while controlling for age and dopaminergic medication. Aside from cortical hypometabolism, 18F-FDG-PET data for the first time

revealed a hypometabolic midbrain cluster in patients with Parkinson’s disease that comprised caudal parts of the bilateral

substantia nigra pars compacta. Putaminal dopamine synthesis capacity was significantly reduced in the bilateral posterior putamen

and correlated with ipsilateral nigral 18F-FDG uptake. Resting state functional MRI data indicated significantly reduced functional

connectivity between the dopamine depleted putaminal seed and cortical areas primarily belonging to the sensorimotor network in

patients with Parkinson’s disease. In the inferior parietal cortex, hypoconnectivity in patients was significantly correlated with

lower metabolism (left P = 0.021, right P = 0.018). Of note, unilateral network alterations quantified with different modalities

corresponded with contralateral motor impairments. In conclusion, our results support the hypothesis that degeneration of nigros-

triatal fibres functionally impairs distinct striatocortical connections, disturbing the efficient interplay between motor processing

areas and impairing motor control in patients with Parkinson’s disease. The present study is the first to reveal trimodal evidence for

network-dependent degeneration in Parkinson’s disease by outlining the impact of functional nigrostriatal pathway impairment on

striatocortical functional connectivity networks and cortical metabolism.
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Introduction
Although consequences of selective neural cell death in the

substantia nigra pars compacta (SNpc) gave rise to land-

mark insights into Parkinson’s disease pathophysiology by

identifying an imbalance between motor-inhibiting and

motor-promoting pathways (Kish et al., 1988; Albin

et al., 1989; DeLong, 1990), they are not capable of clar-

ifying the entire spectrum of parkinsonian symptoms.

Therefore, a more systemic approach is needed as

Parkinson’s disease is a multifarious disorder, characterized

by a complex pattern of progressively worsening symptoms

(Obeso et al., 2017). Choosing a unique methodological

approach, Braak and colleagues were the first to systemat-

ically map stages of Parkinson’s disease pathology based on

post-mortem examination of cerebral a-synuclein distribu-

tion. As the SNpc is not affected until Braak stage 3 and

neocortical areas become involved much later, their obser-

vations are suggestive of an ascending progressive path-

ology (Braak et al., 2003).

Based on the assumption that neural pathologies spread

out along existing networks, the network degeneration hy-

pothesis of neurodegeneration has moved into the focus of

research in the past decade (Palop et al., 2006; Seeley et al.,

2009; Tahmasian et al., 2016; Drzezga, 2018; Bischof

et al., 2019). Multimodal neuroimaging studies have re-

ported a spatial coincidence between patterns of brain at-

rophy in several forms of dementia and functional network

organization in healthy subjects (Seeley et al., 2009).

Accumulating evidence suggests a distinct topographic

aggregation of molecular, structural and functional abnorm-

alities in Alzheimer’s disease (Bischof et al., 2016; Dronse

et al., 2017), preferentially detectable within specific brain

networks (Buckner et al., 2005; Zhou et al., 2012; Hoenig

et al., 2018). More precisely, disturbances in functional con-

nectivity were found to arise at important densely connected

network ‘hubs’ (Drzezga et al., 2011), which also have been

reported to exhibit a higher tau and amyloid burden

(Buckner et al., 2009; Cope et al., 2018).

Unfortunately, because of the lack of reliable a-synuclein

tracers, functional neuroimaging techniques are not cap-

able of specifically tracing a-synuclein distribution in the

living human Parkinson’s brain. However, in contrast to

histopathological studies, functional neuroimaging allows

longitudinal monitoring of cerebral pathologies, which

may reflect indirect functional correlates of selective

neural cell death and unravel disease mechanisms impli-

cated in aetiology and disease progression (Politis, 2014;

Pagano et al., 2016). Using 18F-fluorodeoxyglucose

(FDG)-PET, a metabolic spatial covariance pattern, the

Parkinson’s disease-related pattern, has been repeatedly

validated in populations of patients with Parkinson’s dis-

ease (Schindlbeck and Eidelberg, 2018). It is characterized

by increased activity in pallidothalamic, pontocerebellar

and primary motor regions, and reduced activity in pre-

motor cortex, supplementary motor and parietal associ-

ation areas (Niethammer and Eidelberg, 2012).

Dopaminergic deficits in Parkinson’s disease can reliably

be assessed in vivo by 18F-DOPA-PET and typically are

most severe in the posterior putamen (Sawle et al., 1994).
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Despite their high sensitivity for diagnosis, no first-line

diagnostic neuroimaging tool has been established for clin-

ical practice; metabolic and dopaminergic imaging are still

considered as adjuvant tools (Politis, 2014).

In Parkinson’s disease, denervation of striatal structures—

mainly the putamen—and consequential neurochemical al-

terations in the basal ganglia are hypothesized to impair

functional integrity of remote brain regions, which may be

involved in motor symptoms (Wu et al., 2009). In accord-

ance with known patterns of neural degeneration within the

basal ganglia, dysfunctional resting activity of the posterior

putamen is hypothesized to underlie motor abnormalities

seen in Parkinson’s disease (Hacker et al., 2012). There is

also growing interest in dysfunctional connectivity that ex-

tends beyond the sensorimotor network, affecting e.g. the

default mode network (DMN), as possible correlates of

non-motor symptoms, including cognitive impairment

(Prodoehl et al., 2014). Functional network alterations in

resting state functional MRI in Parkinson’s disease have

been analysed with different methodological approaches,

including seed-based analysis (Helmich et al., 2010;

Prodoehl et al., 2014; Tahmasian et al., 2015a, 2017;

Mohan et al., 2016) or multivariate network approaches

(Ghasemi and Mahloojifar, 2013; Cerasa et al., 2016; Vo

et al., 2017; Ehgoetz Martens et al., 2018). For instance, a

functional connectivity equivalent of the Parkinson’s dis-

ease-related pattern was recently detected using independent

component analysis (Vo et al., 2017), highlighting the cap-

ability of resting state functional MRI to unravel patho-

logical correlates of motor dysfunction and non-motor

symptoms (Schindlbeck and Eidelberg, 2018).

Cross-modal inspection of cerebral pathologies identified by

different imaging methods in the same subjects holds the

potential to uncover pathophysiological mechanisms and

topographic overlaps of different degenerative processes

(Drzezga et al., 2011; Bischof et al., 2016; Hoenig et al.,

2018). Associations between different cerebral pathological

features identified by functional imaging in Parkinson’s

disease have not been thoroughly examined so far and there-

fore are poorly understood. In particular, the extent to which

topographically preceding pathologies such as nigral degener-

ation and putaminal dopamine depletion affect cortical

abnormalities and their putative effect on parkinsonian symp-

toms remains to be elucidated to clarify if network degener-

ation is at play and pave the way for developing multimodal

imaging markers as diagnostic and progression tracking tools.

Materials and methods

Subject inclusion and clinical
assessment

After declaring informed consent in conformation with the
Declaration of Helsinki and according to the institutional
guidelines of the local ethics committee (ethical clearance
number EK12-265), 25 healthy controls and 60 patients with

idiopathic Parkinson’s disease, diagnosed according to the UK
Brain Bank criteria, were included. Subjects were recruited via
the neurological outpatient clinic at the University Hospital of
Cologne and associated neurological practices. Healthy control
subjects were reached by advertising. For PET imaging, the
Federal Bureau for Radiation gave permission to apply radi-
ation in patients and healthy controls. Exclusion criteria were
age 540 years, suspected atypical parkinsonian syndromes,
advanced parkinsonism [i.e. Hoehn and Yahr stage 43
(Hoehn and Yahr, 1967)], dementia, CNS diseases other
than Parkinson’s disease, and any safety concerns for MRI
scanning. Dementia was excluded according to criteria pub-
lished by the Movement Disorder Society by using a neuropsy-
chological test battery and an assessment of the patient’s
ability to manage daily life (Emre et al., 2007). Global cogni-
tive screening was performed using the Mini-Mental State
Examination (MMSE) (Folstein et al., 1975). Functional, ana-
tomical and clinical data were collected at the Max Planck
institute for Metabolism Research Cologne and the
University Hospital Cologne, Department of Neurology. MRI
images were acquired from all subjects, while limited numbers
of subjects were available for PET imaging (Table 1).
Levodopa-equivalent daily dose (LEDD) was calculated for
total antiparkinsonian medication and separately for dopamine
agonists based on standard conventions (Tomlinson et al.,
2010). Clinical examination and functional imaging were car-
ried out in the OFF state, defined as a 12-h period without
dopaminergic medication (Langston et al., 1992) (72 h in cases
of dopamine agonists). Disease severity was quantified by the
Unified Parkinson’s Disease Rating Scale (UPDRS) part III
(Fahn et al., 1987). Subscores for akinesia-rigidity were calcu-
lated for the whole body and left/right hemibody from subsets
of UPDRS-III items (Supplementary material). Subdivision of
patients into tremor-dominant and non-tremor-dominant sub-
types was performed according to strict criteria as previously
described (Eggers et al., 2011) (Supplementary material).

Image acquisition and analysis

18F-FDG- and 18F-DOPA-PET

All PET scans were acquired on an ECAT HRRT-PET-Scanner
(CTI) at the Max-Planck-Institute for Metabolism Research in
Cologne. Both 18F-FDG- and 18F-DOPA-PET were performed
within a 2-day interval, each in the morning after overnight
fasting and OFF dopaminergic medication. In case of 18F-
DOPA, 100 mg of carbidopa was administered 1 h before
tracer injection. Otherwise, except for scan duration, protocols
were identical for both PET scans, as follows. Under standar-
dized conditions (dimmed light, closed eyes, quiet room) sub-
jects were positioned along the kantho-meatal line. Following
a transmission scan, 185 MBq of the radioligand was injected
intravenously and tomographic images were acquired in a dy-
namic PET scan (60 min for 18F-FDG and 90 min for 18F-
DOPA). Using camera-specific filters, PET data were corrected
for attenuation and scattered radiation, and reconstructed to
207 slices with a 256 � 256 matrix and 1.22 mm voxel size,
creating one frame per 10 min. Frames were realigned for
motion correction by rigid-body transformation and frames
numbered three to six (18F-FDG) or four to nine (18F-DOPA)
were averaged into one for further analysis.
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Averaged PET images were co-registered to the subject’s blood

oxygen level-dependent (BOLD)-weighted MRI data, stereotac-
tically normalized by non-linear registration to an established
18F-FDG (Della Rosa et al., 2014) or 18F-DOPA-PET template

(Garcı́a-Gómez et al., 2013) in Montreal Neurological Institute

(MNI) standard space and spatially filtered with a 6 mm full-
width at half-maximum (FWHM) Gaussian smoothing kernel

using SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12).
A group comparison of 18F-DOPA scans was conducted in

SPM12 using the voxel-wise two sample t-test with default

parameters (threshold masking, proportional scaling), applying
a family-wise error (FWE) corrected peak-level threshold of

P50.05, to define the study-specific location of most severe

dopamine depletion in Parkinson’s disease patients. The result-
ing clusters were saved as binary masks to enable cross-mo-

dality comparisons. These masks were later imported into the

Conn toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012)

and used as seed region of interest for evaluating how resting
state functional connectivity is affected by dopamine depletion

in striatal regions in Parkinson’s disease patients. To assess

individual regional 18F-DOPA uptake, mean values were ex-
ported from significant clusters using the ROI SPM toolbox

MarsBaR (Brett et al., 2002).
The same procedure was followed to evaluate group differ-

ences in 18F-FDG uptake. Following a whole-brain two-sample

t-test, clusters where metabolism was significantly reduced in
Parkinson’s disease were saved as masks and normalized re-
gional uptake values extracted for each subject and region of
interest.

Resting state functional MRI

Acquisition of MRI data was performed on a 3.0 T Siemens
Magnetom Prisma using the software system syngo MR D13D
(Siemens). Acquisition parameters for T1-weighted structural
images were as follows: repetition time = 2300 ms, echo
time = 2.32 ms, flip angle = 8�, field of view = 230 mm,
slice thickness = 0.90 mm, voxel size = 0.9 � 0.9 � 0.9 mm,
number of slices = 192. MRIs sensitive to changes in BOLD
signal levels were obtained via a gradient-echo echo-planar
imaging sequence (EPI) in interleaved acquisition mode. The
slice thickness was 2 mm, field of view was 208 mm and the
voxel size of functional data was 2.0 � 2.0 � 2.0 mm. Each
brain volume comprised 72 axial slices, and each functional
run contained 617 acquisition time points at a repetition time
of 776 ms. Other technical parameters included echo time =
37.4 ms and flip angle = 55�.

All necessary preprocessing steps and resting state functional
connectivity analysis of functional MRI data were performed
using SPM12 and the SPM toolbox Conn v17 (Whitfield-

Table 1 Subject characteristics and clinical data

Demographic and behavioural data: subjects with all imaging modalities

Healthy controls Parkinson’s disease P-value Test statistic

n 14 42a - -

Gender male / female 7 / 7 26 / 16 0.43 �2 = 0.61

Age, years 64.50 � 8.29 67.24 � 7.94 0.27 t = 1.11

MMSE 28.86 � 1.03 28.36 � 1.85 0.54 W = 262

Clinical characteristics: Parkinson’s disease patients by subtype

Non-TD subtype TD subtype P-value Test statistic

n 39 3 - -

Disease duration, years 4.49 � 3.42 3.17 � 2.36 0.71 W = 66.5

UPDRS III off 24.49 � 8.96 28.33 � 3.79 0.21 W = 32.5

Total score

UPDRS III off 10.51 � 5.08 4.67 � 0.58 0.03 W = 103

AR score

UPDRS III off 9.26 � 4.22 11.67 � 3.51 0.26 W = 35

Right body score

UPDRS III off 9.23 � 4.54 13.00 � 5.00 0.18 W = 30.5

Left body score

UPDRS III off 8.41 � 3.45 6.67 � 2.08 0.31 W = 79.5

Right body non-tremor score

UPDRS III off 8.36 � 3.86 10.00 � 4.36 0.46 W = 43

Left body non-tremor score

Hoehn and Yahr 2.31 � 0.37 2.17 � 0.29 0.59 W = 69

LEDD, mg 433.82 � 236.45 401.67 � 152.51 0.81 W = 64

LEDDA, mg 127.37 � 96.96 110.00 � 127.67 0.77 W = 65

Side of onset L / R / equal 19 / 18 / 2 1 / 2 / 0 1b �2 = 0.00b

Clinical characteristics (mean � SD) are summarized in the observed groups. Between-group differences were analysed using Mann-Whitney U-test, Student’s t-test or in the case of

dichotomous variables by �2 test.
aOnly 42 because one subject did not undergo both PET acquisitions.
bDirect comparison of side-of-onset right versus side of onset left group in both subtypes using an approximate binominal test.

AR = akinetic-rigid; L = left; LEDDA = Levodopa equivalent daily dose for dopamine agonists; R = right; TD = tremor-dominant.
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Gabrieli and Nieto-Castanon, 2017). The sequence of oper-
ations that was applied to co-registered structural and func-
tional MRI data essentially followed the default preprocessing
pipeline implemented in Conn. It included spatial realignment,
outlier detection for correction of motion artefacts, direct seg-
mentation and normalization to MNI space, spatial smoothing
with a 5 mm FWHM 3D Gaussian filter, denoising [temporal
band-pass filtering (0.01–0.1)], linear detrending and further
reduction of physiological noise by anatomical component-
based noise correction (aCompCor) (Behzadi et al., 2007).

Resting state functional connectivity
analysis

In seed-based resting state functional connectivity analysis, cor-
relation coefficients were calculated between the mean time
course of a predefined seed region of interest and the time
course of all other voxels (or predefined target regions of inter-
est) in a first-level analysis using bivariate correlation
(Whitfield-Gabrieli and Nieto-Castanon, 2012). In the
second-level analysis, correlation coefficients obtained in the
first-level analysis were converted into normally distributed
scores using Fisher’s transformation. Fisher transformed cor-
relation coefficients were included as dependent variables to
test for statistically significant correlations between the seed
region of interest and other voxels within groups, as well as
to identify significant differences in connectivity between
groups by performing t-tests. The threshold for significance
was set to P50.05 FWE cluster-level corrected. In cortical
regions where functional connectivity was altered in
Parkinson’s disease, individual seed-to-region of interest
(ROI) correlation coefficients (b-values) were extracted for
cross-modality analysis.

Cross-modality correlation analysis

Statistical analyses of cross-modality correlations were per-
formed using R [R-project (R Core Team, 2018)].
Correlations between normalized regional 18F-FDG and puta-
minal 18F-DOPA uptake, ROI-to-ROI b-values, as well as be-
tween imaging modalities and clinical variables, were
calculated using Pearson correlation. For between-group ana-
lysis and cross-modality correlation analysis only subjects who
underwent all imaging modalities were included (Table 1). As
dopaminergic and glucose metabolism are known to critically
depend on age and functional connectivity is influenced by
dopaminergic medication (Tahmasian et al., 2015a), even in
the OFF state, age and LEDD were included as covariates in
partial correlation analyses. Additionally, correlations with
motor scores were corrected for MMSE and vice versa to sep-
arately assess the influence of motor and cognitive symptoms.
We distinguished between tremor-dominant and non-tremor-
dominant patients when performing correlations with UPDRS-
III ratings and subscores. As indicated in corresponding
figures, results were considered significant for P50.05.

Data availability

The dataset generated and analysed during the present study
will be made available from the corresponding author on rea-
sonable request.

Results

Subject characteristics

In total, 42 patients with Parkinson’s disease (67.24 � 7.94

years old, 26 males) and 14 healthy controls (64.50 � 8.29

years old, seven males) were available for all imaging mod-

alities; hence only these were considered for clarifying as-

sociations between modalities (see Table 1 for clinical

and demographic data). Only three of the patients

with Parkinson’s disease were classified as tremor-

dominant. Tremor-dominant patients scored on average

28.33 � 3.79 on the UPDRS-III and the mean Hoehn and

Yahr score was 2.17 � 0.29. Non-tremor-dominant pa-

tients scored 24.49 � 8.96 on the UPDRS-III and the

mean Hoehn and Yahr score was 2.31 � 0.37. Left versus

right side of onset was equally distributed in the present

cohort. All participating Parkinson’s disease patients

received dopaminergic medication. Corresponding data for

all subjects can be found in Supplementary Table 1.

Nigral hypometabolism and
concomitant putaminal dopamine
depletion

Voxel-wise group comparison of cerebral 18F-FDG uptake

in patients with Parkinson’s disease and healthy controls

revealed three clusters of regional hypometabolism in pa-

tients (P5 0.05 FWE cluster-level corrected). Activity was

reduced in a cortical cluster that primarily comprised parts

of the bilateral occipital fusiform gyri, inferior lateral oc-

cipital cortex and superior lateral occipital cortex (MNI

coordinates: 26, –90, –10, P5 0.001 FWE cluster-level cor-

rected; Fig. 1A and Table 2). On the left hemisphere, hypo-

metabolism expanded into the posterior middle temporal

gyrus (MNI coordinates: –66, –44, –4, P = 0.019 FWE clus-

ter-level corrected; Fig. 1A and Table 2).

Aside from regions mentioned in the Parkinson’s disease-

related pattern, Parkinson’s disease patients also exhibited

significantly reduced 18F-FDG metabolism in the midbrain

(MNI coordinates: –10, –20, –20, P50.001 FWE cluster-

level corrected; Fig. 1A, B and Table 2), which has never

been reported in another Parkinson’s disease cohort. The

midbrain cluster included the left lateral caudal SNpc as

identified with a probabilistic human in vivo atlas (Pauli

et al., 2018). This finding was also mentioned in a separate

study by our group, which analysed the same PET dataset

in a different context (Glaab et al., 2019).

Nigrostriatal fibre degeneration and consequential reduc-

tion of dopaminergic terminals typically first and most se-

verely affect the posterior putamen in Parkinson’s disease

(Kish et al., 1988). In terms of network degeneration,

reduced dopaminergic transmission can be understood as

the second stage at which the neurodegenerative process

can be assessed by functional brain imaging. 18F-DOPA

PET scans were used to determine the exact location and
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extent of reduced dopaminergic projections in the present

cohort by whole-brain group comparison. 18F-DOPA

uptake was significantly reduced in the bilateral putamen

in Parkinson’s disease patients (MNI coordinates: –30, –10,

0 and 28, –6, 2, P5 0.001 FWE-peak-level corrected;

Fig. 1C and Table 3). Both clusters were found to be

mainly restricted to the posterior putamen when overlaid

on an MNI152 structural template (Fig. 1C), using the an-

terior commissure as the antero-posterior border as sug-

gested by Helmich et al. (2010). Dopamine depletion was

asymmetrical in the current study cohort, with the left

hemisphere being more affected (Table 3).

The relation between observed metabolic changes in the

SNpc and putaminal dopamine depletion was analysed to

verify the association between degenerative processes along

the nigrostriatal pathway in patients with Parkinson’s dis-

ease. Normalized 18F-FDG uptake values exported from the

nigral cluster, where patients exhibited the most signifi-

cantly reduced metabolism (P50.05 FWE peak level cor-

rection), showed a significant positive correlation with

normalized 18F-DOPA uptake values of putaminal peak

coordinates in patients with Parkinson’s disease (r = 0.31,

P = 0.041; Fig. 1D) when corrected for age and LEDD, but

not in healthy controls (r = 0.25, P = 0.383; Fig. 1D). This

linear relation between the most significant PET findings

indicated that putaminal 18F-DOPA uptake drops with

decreasing nigral 18F-FDG accumulation. Interestingly,

both cerebral pathologies were primarily left-sided, with

more profoundly reduced 18F-FDG uptake in the left mid-

brain (Fig. 1B) and higher dopamine depletion in the left

putamen (Fig. 1C and Table 3), suggesting a similarly

asymmetrical pathology in SNpc and striatum.

Nigrostriatal pathway disruption was further analysed

with ROI-to-ROI resting state functional connectivity be-

tween the midbrain cluster, in which patients with

Parkinson’s disease showed significantly reduced 18F-FDG

metabolism and putaminal clusters where dopamine defi-

ciency was most severe. Functional connectivity was signifi-

cantly reduced between the hypometabolic SNpc cluster

and the bilateral posterior putamen region of interest in

patients compared to healthy controls [P = 0.043 false-dis-

covery-rate (FDR)-seed-level corrected; Supplementary

Figure 1 Between-group differences in F18-FDG metabolism and 18F-DOPA uptake. (A) Parkinson’s disease patients exhibited a

significantly reduced 18F-FDG metabolism in a midbrain cluster spanning the lateral caudal part of the SN as well as in the bilateral occipital and left

temporal cortex (FWE cluster level-corrected P5 0.05). Cortical regions that showed significant hypometabolism included the right and left

occipital fusiform gyri (r OFusG, l OFusG), the right and left inferior occipital gyri (l iLOC, r iLOC) and the left middle temporal gyrus (pMTG).

Colour bar indicates T-values and number on slices represent z-coordinates for axial slices or x-coordinates for sagittal slices. (B) Detailed display

of the hypometabolic midbrain cluster, overlaid on anatomical MNI152 template. Crosshairs indicate the MNI coordinates: –10, –20, –14. (C)

Spatial distribution of voxels exhibiting between-group differences in 18F-DOPA uptake overlaid on the MNI152 template. Parkinson’s disease

patients showed significantly reduced dopamine synthesis capacity in the bilateral posterior putamen (PP) (FWE-peak-level-corrected P5 0.001).

(D) Partial correlation analysis between nigral 18F-FDG metabolism (left) and ipsilateral putaminal 18F-DOPA uptake. A significant correlation was

observed between normalized nigral metabolic activity (left) and ipsilateral, normalized putaminal 18F-DOPA uptake in patients (Pearson cor-

relation: r = 0.31, P = 0.041 corrected for age and LEDD), but not in healthy controls (r = 0.25, P = 0.383, corrected for age). PD = Parkinson’s

disease.
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Table 2]. These findings were validated in the same cohort

with atlas-defined regions of interest, using the putamen

and brainstem masks included in the Conn toolbox (FSL

Harvard-Oxford atlas). When the predefined brainstem

region of interest was used as seed mask, significantly

reduced connectivity was evident between the brainstem

and the right putamen (P = 0.011 FDR-seed-level corrected;

Supplementary Table 2) as well as between the brainstem

and both unilateral or bilateral cohort-specific posterior pu-

taminal target regions of interest in patients compared to

controls (posterior putamen left: P = 0.019, posterior puta-

men right: P = 0.003, posterior putamen bilateral:

P = 0.003; Supplementary Table 2).

Putaminal resting state functional
connectivity networks in healthy
controls and Parkinson’s disease
patients

The study-specific bilateral posterior putamen cluster

(Fig. 1C) was used as the seed region of interest for stria-

tocortical functional connectivity analysis. Seed-to-voxel

connectivity was first assessed separately in healthy controls

and Parkinson’s disease patients in a one sample t-test. In

both groups, significant correlations of BOLD signal fluc-

tuations were found between the bilateral putaminal seed

region of interest and regions primarily belonging to the

sensorimotor network, including the precentral gyrus, sup-

plementary motor area, cerebellum, postcentral gyrus and

parts of the parietal association cortex (Fig. 2 and

Supplementary Tables 3 and 4). Visual comparison of pa-

tients’ and controls’ putaminal connectivity networks sug-

gested several group differences (cf. Fig. 2A and B), e.g.

functional correlation between the posterior putamen seed

region of interest and the precentral gyrus appeared lower

in Parkinson’s disease. Interestingly, the bilateral putaminal

seed was functionally correlated with larger parts of the

cerebellum, primarily the anterior cerebellar lobe, in

Parkinson’s disease patients (bilateral cerebellar lobules 4–

6: patients: 1681 voxels; controls: 479 + 520 voxels;

Fig. 2A, B and Supplementary Tables 3 and 4).

Striatocortical hypoconnectivity is
accompanied by reduced cortical
metabolism

Between-group analysis of seed-to-voxel resting state func-

tional connectivity networks was performed using bilateral

or unilateral 18F-DOPA-defined seed regions of interest and

a two-sample t-test (patients 5 controls, P5 0.05 cluster-

level FWE-corrected). Patients with Parkinson’s disease ex-

hibited significantly less functional connectivity between the

dopamine depleted bilateral posterior putamen and several

sensorimotor areas (Fig. 2C and Table 4). Cortical regions

with reduced connectivity were identified using the

Harvard-Oxford atlas. They primarily included the precen-

tral gyrus, supplementary motor area, superior frontal

gyrus and large clusters in the bilateral inferior parietal

cortex (IPC), comprising the anterior and posterior part

of the supramarginal gyrus as well as the neighbouring

left and right opercular cortices (Fig. 2C and Table 4).

Additionally, putaminal hypoconnectivity was detected in

the bilateral precuneus, a central node of the DMN, and

the brainstem. Interestingly, regardless of seed region of

interest lateralization the most striking effects of reduced

functional connectivity were located on the left cortical

hemisphere and more severely when focusing on the left

putamen (not shown). However, between-seed contrasts

Table 2 Hypometabolic clusters in Parkinson’s disease patients (FWE cluster level P50.05)

Region Side Size, voxel x y z T-value FWE-corrected P-value

Brainstem Left, right 455 –10 –20 –20 6.33 50.001

OFusG Left, right 2058 26 –90 –10 5.82 50.001

iLOC Left, right

sLOC Right

pMTG Left 188 –66 –44 –4 5.40 0.019

Height threshold = 3.25, extent threshold = 180 voxels

iLOG = inferior lateral occipital cortex; L = left; OFusG = occipital fusiform gyrus; pMTG = posterior middle temporal gyrus; R = right; sLOC = superior lateral occipital cortex.

Table 3 Dopamine depleted clusters in patients with Parkinson’s disease

Region Hemisphere Size, voxels x y z T-value FWE-corrected P-value

Putamen Left 302 –30 –10 0 7.82 50.001

Putamen Right 204 28 –6 2 6.83 50.001

Height threshold = 5.1

Characteristics of clusters in which patients exhibited significantly reduced putaminal 18F-DOPA uptake.
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did not reveal statistically significant differences. A sus-

pected increase in functional connectivity between the pos-

terior putamen and the anterior cerebellar cortex did not

reach significance when putaminal hyperconnectivity was

analysed in a seed-to-voxel analysis. Similar cortical regions

were found to exhibit putaminal hypoconnectivity when

between-group contrasts were calculated between the total

of 60 patients and 25 control subjects.

To analyse whether striatocortical connectivity disruption

influences cortical metabolic activity, we exported func-

tional connectivity values and normalized 18F-FDG uptake

values from each cortical cluster, which exhibited reduced

functional correlation with the bilateral posterior putamen

seed region of interest in Parkinson’s disease. Despite low

spatial similarity between significantly hypometabolic re-

gions and areas that were less functionally connected to

the posterior putamen in patients with Parkinson’s disease,

significant associations were apparent between both imaging

modalities (Fig. 3). Mean functional connectivity b-values

and 18F-FDG uptake in the right and the left IPC clusters

showed a significant positive correlation in the Parkinson’s

disease group (IPC left: r = 0.35, P = 0.021, IPC right:

r = 0.36, P = 0.018; Fig. 3A and B, corrected for age and

LEDD), but not in controls, indicating concomitant changes

in striatocortical functional connectivity and metabolic ac-

tivity. In other clusters, which displayed significant hypo-

connectivity to the posterior putamen in Parkinson’s

disease, no significant correlation between functional con-

nectivity values and glucose metabolism was detected.

Cerebral pathologies traced by
multimodal imaging reflect clinical
impairment

As an association between more severe motor symptoms

and functional network alterations was hypothesized, cor-

relation analyses were performed between imaging findings

and motor scores in non-tremor dominant patients.

Figure 2 Dopamine depleted putaminal regions exhibit reduced functional synchrony with the sensorimotor network in

patients with Parkinson’s disease. Spatial distribution of clusters exhibiting significant correlations with the BOLD signal of the putaminal seed

region of interest, in which dopamine depletion was most severe in Parkinson’s disease patients, overlaid on T1 MNI152 anatomical template. Red-

yellow clusters indicate significant correlations with the BOLD signal of the posterior putamen (PP) in (A) healthy controls or (B) Parkinson’s

disease patients. (C) Spatial distribution of clusters in which patients exhibited a significantly reduced correlation with the posterior putamen seed

region of interest compared to healthy controls. All results were corrected for multiple comparison, thresholded at P5 0.05 FWE cluster-level

correction. Colour bar indicates corresponding t-values. Slices and 3D display were constructed with MRIcroGL, neurological display.

Network degeneration in Parkinson’s disease BRAIN 2020: 143; 944–959 | 951

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/143/3/944/5736061 by guest on 14 April 2020

42



Interestingly, the degree of side-specific akinetic-rigid symp-

toms, quantified by UPDRS-III right body non-tremor

score, negatively correlated with metabolic activity in the

left SNpc, suggesting a relation between decreasing 18F-

FDG uptake in degenerating midbrain structures and akin-

esia-rigidity in Parkinson’s disease (Fig. 4A, r = –0.40,

P = 0.010). Focusing on disease duration, significantly

reduced midbrain metabolism was observed in patients

with a disease duration 47 years compared to patients

with a disease duration of 47 years (P = 0.016, Welch-

test, one-sided). Predictably, right body akinesia and rigid-

ity was accompanied by more severe dopaminergic deficits

in the left putamen as quantified by 18F-DOPA-PET

(Fig. 4B, r = –0.38, P = 0.014). Nigrostriatal functional

connectivity between the midbrain and bilateral posterior

putamen negatively correlated with non-tremor-dominant

patients’ total akinesia-rigidity scores (Fig. 4C, r = –0.49,

P = 0.0008). Interestingly, a negative linear trend was

observed between UPDRS-III right body scores and b-

values quantifying the degree of connectivity between the

left posterior putamen seed region of interest and the left

IPC cluster (coordinates –68, –26, 22), which was one of the

cortical regions exhibiting less functional correlation with

the posterior putamen in patients (Fig. 4D, r = –0.31,

P = 0.053, corrected for age, LEDD and MMSE). In other

cortical clusters, including motor regions, which showed pu-

taminal dysconnectivity, no significant correlation between

functional connectivity values and motor impairment could

be observed. In addition, the left hypoconnected IPC cluster

was the only cortical region in which normalized 18F-FDG

uptake exhibited a negative linear trend with contralateral

motor impairment (Fig. 4E, r = –0.31, P = 0.057, corrected

for age, LEDD, MMSE and disease duration). Further, in the

left IPC a positive correlation between total cognition

MMSE score and striatocortical connectivity values was

observed in patients with Parkinson’s disease (Fig. 4E,

r = 0.42, P = 0.005, corrected for age, LEDD, and akinesia-

rigidity-score).

Discussion
The current study opens new perspectives by being the first

to assess network degeneration in patients with Parkinson’s

disease by using a multimodal imaging approach in a large

cohort of patients. Combining functional imaging methods

has been a useful method to describe the vulnerability of

distinct networks for neurodegenerative processes, but to

Table 4 Between-group differences in putaminal functional connectivity (FWE-cluster-level corrected P5 0.05)

Region Side Size, voxel x y z T-value FWE-corrected P-value

Precuneus Right 135 20 –32 42 5.98 0.001

PC Right

PreCG Left / right 840 –4 –10 72 5.54 50.001

SFG Left

SMA Left

LG Right 81 10 –76 –6 5.36 0.02

CO Left 608 –68 –26 22 5.30 50.001

PO Left

aSMG Left

PostCG Left

PreCG Right 549 44 –18 56 5.28 50.001

PostCG Right

PostCG Left 306 –54 –20 40 5.23 50.001

aSMG Left

PreCG Right 92 4 –24 50 5.02 0.010

PO Right 381 46 –26 22 4.82 50.001

aSMG Right

PT Right

pSMG Right

OP Right 200 22 –96 24 4.65 50.001

sLOC Right

IFG oper Left 83 –48 12 6 4.51 0.018

Precuneus Left 104 –10 –72 38 4.49 0.005

Brainstem Left / right 69 –2 –34 –32 4.47 0.044

All t-values were calculated using Conn in SPM12, significance was thresholded at P5 0.05 FWE-corrected at cluster-level. Extent threshold k = 69 voxels, height threshold T = 3.25.

aSMG = anterior supramarginal gyrus; CO = central operculum cortex; IFG oper = inferior frontal gyrus pars opercularis; LG = lingual gyrus; OP = occipital pole; PC = cingulate

gyrus; posterior; PO = parietal operculum cortex; PostCG = postcentral gyrus; PreCG = precentral gyrus; pSMG = posterior supramarginal gyrus; PT = planum temporale; SFG =

superior frontal gyrus; sLOC = superior lateral occipital cortex; SMA = supplementary motor area.
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date not for Parkinson’s disease. In patients with

Parkinson’s disease, specific cortico–subcortical functional

and metabolic changes have been described previously,

but many studies were restricted to one or two imaging

modalities, limiting cross-modality insights that could im-

prove the understanding of disease pathology on a network

level. We combined three functional imaging modalities,

including 18F-DOPA-PET, 18F-FDG-PET and functional

MRI to characterize functional consequences of cerebral

pathologies and their regional association in patients with

Parkinson’s disease in comparison to healthy subjects. In

summary, results support the hypothesis that degeneration

of nigrostriatal connections and its neurochemical conse-

quences in Parkinson’s disease impair functional activity

in specific cortical regions with strong association to moto-

ric function. Using high-resolution PET data, we were the

first to detect hypometabolism in the SNpc of patients with

Parkinson’s disease. This was accompanied by reduced

nigrostriatal connectivity and dopamine depletion, which

in turn appeared to cause a disruption in striatocortical

resting state functional connectivity. Putaminal dysconnec-

tivity in patients primarily affected the sensorimotor net-

work and regions deploying the DMN. More severe

functional desynchronization with the striatum was also

accompanied by decreased global cognitive performance

and lower neural activity in the IPC in patients, suggesting

that reduced input from the striatum leads to concomitant

metabolic changes in the cerebral cortex and potentially

cognitive decline.

In vivo detection of nigrostriatal
pathway disruption

The hypometabolic cortical areas observed in the current

study stand in accordance with previous studies that re-

ported reduced metabolic activity in parieto-occipital re-

gions in Parkinson’s disease (Eidelberg, 2009; Teune

et al., 2010; Granert et al., 2015). The observed hypometa-

bolic midbrain cluster overlapped in parts with the lateral

and caudal SNpc, as confirmed by a high-resolution sub-

cortical nuclei atlas (Pauli et al., 2018), in correspondence

with regions where nigral cell bodies are known to degen-

erate first. The significantly reduced metabolism observed

in patients with Parkinson’s disease might reflect an indirect

correlate of severe loss of neural cell bodies which contrib-

ute to the nigrostriatal pathway, a major neuropathological

hallmark of Parkinson’s disease that has already been

described in vivo in Parkinson’s disease and rapid eye

movement (REM) sleep behaviour disorder (RBD) patients

using different MRI techniques (Ohtsuka et al., 2013;

Figure 3 Striatocortical connectivity b-values correlate with metabolic activity in the bilateral inferior parietal cortex in

patients with Parkinson’s disease. Correlation analysis between subject-specific functional connectivity b-values, characterizing the con-

nection between the posterior putamen (PP) seed region of interest and the (A) IPC left (r = 0.35, P = 0.021) or (B) IPC right (r = 0.36, P = 0.018)

cluster, which were both less functionally correlated with the posterior putamen in Parkinson’s disease patients, and normalized 18F-FDG-PET

values exported from respective cortical clusters. In healthy controls both correlations revealed no significant results [IPC left (r = 0.47,

P = 0.079), IPC right (r = 0.36, P = 0.237)]. All correlation analyses were corrected for age and in patients also for LEDD. PD = Parkinson’s

disease.

Network degeneration in Parkinson’s disease BRAIN 2020: 143; 944–959 | 953

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/143/3/944/5736061 by guest on 14 April 2020

44



Pyatigorskaya et al., 2017). Using neuromelanin-sensitive

MRI, Ohtsuka et al. (2013) observed cell death-associated

depigmentation in the lateral SNpc in Parkinson’s disease,

where hypometabolism was evident in our patients. Both

findings stand in accordance with topography of dopamin-

ergic cell loss, most strongly affecting the caudal and med-

iolateral part of the SNpc, histopathologically described by

Damier et al. (1999). Dopaminergic neurons in the SNpc

Figure 4 Multimodally assessed nigrostriatal pathway integrity and functional alterations in the IPC correspond with motor

and cognitive impairments in patients with Parkinson’s disease. Partial correlation analyses between subject-specific UPDRS-III right

body non-tremor scores and (A) nigral metabolism (left) (r = –0.40, P = 0.010), (B) putaminal 18F-DOPA uptake (left) (r = –0.38, P = 0.014),

(C) functional connectivity between SNpc and posterior putamen (PP) and UPDRS-III akinesia-rigidity score (r = –0.49, P5 0.001), UPDRS-III

right body scores and (D) b-values quantifying functional connectivity between the posterior putamen left (PPl) seed and left IPC cluster (peak

coordinates: –68, – 26, 22) (r = –0.31, P = 0.053), or (E) normalized 18F-FDG uptake in the left IPC cluster quantified by 18F-FDG-PET in non-

tremor-dominant patients (r = –0.31, P = 0.057). (F) Global cognition score on MMSE and b-values quantifying functional connectivity between

the PPl seed and left IPC cluster in all patients (peak coordinates: –68 – 26 22) (r = 0.42, P = 0.005). All correlations were corrected for age and

LEDD and in the case of (D) MMSE, (E) MMSE, disease duration and (F) akinesia-rigidity (AR) scores were included as additional covariates.

UPDRS-III right body non-tremor scores (maximum: 24), right body scores (maximum: 36) and akinesia-rigidity scores (maximum = 48) were

calculated, as provided in the Supplementary material.
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have been characterized as highly energy consuming neu-

rons with numerous mitochondria, poor myelination, and

long axonal processes, which makes them especially vulner-

able to exhaustion (Braak et al., 2006; Seibyl et al., 2012).

In consideration of the devastating decline of nigral neu-

rons, which is already evident when first motor symptoms

occur, the observed hypometabolic cluster is likely to reflect

secondary metabolic changes due to the loss of high energy

consuming neural populations. Despite this pathophysio-

logical knowledge, nigral hypometabolism in human pa-

tients with Parkinson’s disease has not been previously

described, probably because resolution was lower than of

the HRRT-PET scanner in the current study or because of

smaller sample sizes.

To date, similar results were only reported in a 6-hydro-

xydopamine-lesioned rat model using high-resolution

small-animal 18F-FDG-PET, where the strongest metabolic

impairment was seen in the SNpc, attributable to dopamin-

ergic cell loss (Jang et al., 2012). Notably, we previously

observed increased metabolic activity in the substantia

nigra in an early-stage Parkinson’s disease cohort of 10

patients (five unmedicated) with high resolution PET

(Eggers et al., 2009). In the latter study a different,

region of interest-based approach was applied with nigral

regions of interest drawn manually in native space.

However, early-stage nigral hypermetabolism could reflect

inflammatory processes, which may initially outweigh

reduced neural metabolism due to neurodegeneration

(Gerhard et al., 2006; de Virgilio et al., 2016). Evidence

for a disease-stage dependent process is given in the linear

relationship between midbrain metabolism and contralat-

eral disease severity and the fact that stronger metabolic

deficits in the midbrain were observed in patients with

longer disease duration. It is noteworthy that several stu-

dies report an increased metabolism in pontine regions

(Niethammer and Eidelberg, 2012; Granert et al., 2015),

which might ‘blur over’ reduced metabolism in the caudal

midbrain on lower resolution scanners.

In the current study, a modest linear correlation between

unilateral nigral 18F-FDG uptake and ipsilateral putaminal
18F-DOPA uptake was observed, suggesting a linear asso-

ciation between detected abnormalities identified along

nigrostriatal connections. The correlation was relatively

low, which may be due to a ‘floor effect’, meaning that

in patients with more advanced degeneration, nigral 18F-

FDG activity and/or fluorodopa uptake in the posterior

putamen would have reached a minimum; or varying de-

grees of inflammatory activity between patients, which

could not be distinguished from neural activity using 18F-

FDG-PET. The description of concomitant changes was

supported by resting state functional MRI findings, which

implied that pathological changes are directly related to

impaired functional coherence between the hypometabolic

midbrain and dopamine depleted putamen, an observation

underpinned by comparable studies (Sharman et al., 2013).

In conclusion, corresponding deficits along the nigrostriatal

pathway were identified in vivo by measuring correlates of

neural dysfunction (18F-FDG), dopaminergic activity (18F-

DOPA-PET) and functional synchrony (resting state func-

tional MRI). Of note, cerebral pathologies identified along

this pathway corresponded with contralateral akinetic-rigid

symptoms, suggesting an involvement in motor impairment.

Striatocortical functional network
degeneration and metabolic
consequences

In accordance with previous assumptions, the distribution

of connectivity disruption in patients with Parkinson’s

disease converged with spatial patterns of putaminal func-

tional connectivity networks in controls, indicating func-

tional motor network disturbances in Parkinson’s disease.

These findings are consistent with anatomical studies point-

ing out parallel functional loops of different putaminal sub-

regions in non-human primates (Alexander et al., 1986)

and functional imaging studies that emphasize functionally

segregated striatocortical circuits in humans (Postuma and

Dagher, 2006; Di Martino et al., 2008; Helmich et al.,

2010). Although functional connectivity does not necessar-

ily reflect direct anatomical connections, the current find-

ings mostly overlap with structural putaminal connectivity

networks and therefore are likely to reflect correlates of

spatially organized direct connections and their reduced

functional integrity in Parkinson’s disease (Postuma and

Dagher, 2006; Cacciola et al., 2017). Of note, significantly

reduced functional connectivity was detected between the

bilateral putaminal seed region of interest, where dopamine

depletion was most severe in the present cohort, and cor-

tical regions of the sensorimotor network, suggesting a pu-

tative role of putaminal dopaminergic dysfunction as

conjoining element, through which pathology enters the

cerebral cortex. These findings are suggestive of pathologic

processes that target predefined neural networks. More pre-

cisely, attenuation of nigrostriatal transmission leads to

dysfunctions within the striatocortical loop responsible for

sensorimotor processing by provoking an imbalanced func-

tional coherence between areas that exhibit strong func-

tional correlation in healthy controls. In line with these

findings, a topographic overlap between predominant sub-

cortical atrophy identified by deformation-based morphom-

etry in Parkinson’s disease and intrinsic connectivity

networks in healthy controls was previously reported, and

the observed patterns were suggestive of an SN-centred

pathogenic epicentre (Zeighami et al., 2015). Yau et al.

(2018) described longitudinally that cortical thinning in

Parkinson’s disease primarily affects regions with high con-

nectivity to a ‘disease reservoir’, a set of subcortical regions

affected at baseline (Zeighami et al., 2015). Those observa-

tions emphasize that vulnerability of affected cortical areas

is determined by their functional connection to previously

damaged subcortical areas, and along with the current find-

ings support the hypothesis of network-dependent degener-

ation in Parkinson’s disease.
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In the current study, significantly reduced resting state

functional connectivity was evident between the posterior

putamen and mainly the bilateral precentral gyrus and

postcentral gyrus, supplementary motor area but also the

IPC in patients with Parkinson’s disease (Fig. 2). In line

with the current findings, Helmich et al. (2010) also re-

ported similar findings regarding putaminal hypoconnectiv-

ity in Parkinson’s disease and asymptomatic leucine-rich

repeat kinase 2 (LRRK2) mutation carriers (Helmich

et al., 2015). Furthermore, a quantitative neuroimaging

meta-analysis provided evidence for disturbed functional

connectivity of the bilateral IPC in Parkinson’s disease

(Tahmasian et al., 2017). Additionally, in the current

study, normalized 18F-FDG uptake values exported from

hypoconnected IPC clusters significantly correlated with

b-values quantifying the degree of connectivity between

the posterior putamen and the respective IPC cluster in

patients (Fig. 3). Hypometabolism in the IPC has been

reported as a promising predictive value for Parkinson’s

disease in a meta-analysis that examined sensitivity of
18F-FDG-PET and structural atrophy, albeit that this phe-

nomenon was mainly attributed to cognitive symptoms

(Albrecht et al., 2019).

Interestingly, the IPC is thought to represent the conjoin-

ing element in sensory feedback processing during move-

ment tasks (Mattingley et al., 1998), which is of great

interest facing the association between contralateral motor

impairments and the connectivity between the posterior pu-

tamen and the left IPC (Fig. 4D) as well as concomitant

changes in glucose metabolism (Fig. 4E). In line with the

latter findings, an important role of the IPC in sensorimotor

processing and integration has been postulated (Wang

et al., 2017). The IPC represents the intersection of several

networks (DMN, ventral attention, frontoparieral control

network, sensorimotor), rather than a component of a

single network with specialized function. From a broader

point of view, the IPC might represent the missing link

between motor and cognitive deficits in Parkinson’s disease.

The identified IPC clusters encompass areas responsible for

sensorimotor processing and default mode activity, accord-

ing to functional subdivisions defined by Wang et al.

(2017) and we observed a positive correlation between

global cognition quantified by MMSE scores and the con-

nectivity between the left IPC and posterior putamen.

DMN dysfunction might arise secondarily to dopamine de-

pletion (van Eimeren et al., 2009; Wu et al., 2012), more

precisely in consequence of putaminal dysconnectivity of

distinct DMN components, e.g. the IPC, which may pro-

voke an impaired functional communication within the

DMN and, eventually, cognitive decline. Additionally, cor-

tical areas that exhibited putaminal dysconnectivity in pa-

tients could be related to non-motor symptoms as some of

them, e.g. the superior frontal gyrus and fronto-insular net-

work, were reported to be involved in impulsivity

(Tahmasian et al., 2015b; Schwartz et al., 2019) and ano-

sognosia in Parkinson’s disease in previous studies (Maier

et al., 2016). Variability of the clinical course in different

subtypes might partially depend on which non-motor net-

works are impaired and thereby determine susceptibility to

non-motor symptoms.

Outlook and limitations

A relatively broad range of variability in medication and

motor symptom severity is a typical limitation for a mild-

to-moderately affected Parkinson’s disease cohort.

As it has been suspected that levodopa attenuates radi-

oligand binding (Politis, 2014), partially normalizes 18F-

FDG activity (Asanuma et al., 2006), and alters resting

state functional connectivity (Tahmasian et al., 2015a), all

functional image acquisitions were performed in the OFF

state. Dopamine replacement therapy has been assumed to

normalize functional connectivity alterations within the sen-

sorimotor network and longer lasting effects of dopamin-

ergic therapy on resting state functional MRI have been

suggested (Tahmasian et al., 2015a). This issue was

partly addressed by incorporating LEDD as covariate in

correlation analyses. However, as similar changes in puta-

minal resting state functional connectivity have been

described in drug-naı̈ve patients with Parkinson’s disease,

it can be assumed that residual medication-related effects

seen in the OFF state are fairly small (Luo et al., 2014).

Further analysis should also focus on large scale networks,

in relation to non-motor symptoms and dopamine

depletion.

In consideration of residual inter-subject variability, an ac-

curate detection of small subcortical nuclei like the SNpc is

always afflicted with some uncertainty. Nonetheless, the

identification of the SNpc using a probabilistic atlas of sub-

cortical nuclei suggests a metabolic deficit due to loss of

nigral neurons. If this observation is consistently repro-

duced using high-resolution PET acquisitions examining

different disease stages, it would have diagnostic import-

ance as a metabolic parameter with clinical relevance.

Nonetheless, one limitation here is the lower number of

controls, which was limited by the Federal Bureau for

Radiation.

Finally, only indirect correlates of neurodegeneration

were assessed. However, multimodal approaches and pro-

spective availability of specific a-synuclein PET tracers may

provide important additional insights into network degen-

eration and enable monitoring of disease progression.

Measuring the degree of network degeneration at different

stages, including subclinical network changes in prodromal

subjects, could allow the identification of objectively defin-

able disease stages.

Conclusion
The present findings suggest that in consequence of cellular

degeneration, affecting vulnerable dopaminergic neurons

within the SNpc, sequential functional alterations are

initiated in Parkinson’s disease. Network degeneration
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seems to spread beyond nigrostriatal dopaminergic projec-

tions into cortical areas belonging to the sensorimotor

network, including the bilateral precentral gyrus, supple-

mentary motor area and the IPC, which has outstanding

functions in sensorimotor integration and might represent

the link between basal ganglia dysfunction and DMN al-

terations. To our knowledge this is the first study that

shows midbrain hypometabolism in Parkinson’s disease

and combines 18F-DOPA-PET, 18F-FDG-PET and func-

tional MRI to examine spatial associations between multi-

modally assessed pathologies. The unique multimodal

approach applied in the current study successfully detected

cerebral pathologies from decline of midbrain nuclei

through putaminal dopamine depletion to striatocortical

motor circuit dysfunction, which stands in accordance

with the degree of motor disability in the patients analysed,

highlighting the capability of multimodal imaging protocols

as biomarkers, which may be suitable for quantification of

disease progression.
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Garcı́a-Gómez FJ, Garcı́a-Solı́s D, Luis-Simón FJ, Marı́n-Oyaga VA,

Carrillo F, Mir P, et al. Elaboración de una plantilla de SPM para la
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6.2. Supplementary material 



Supplementary Material 

UPDRS III subscore calculation 

To quantify the manifestation of akinesia and rigidity in a given subject, akinesia-rigidity (AR) scores for 

the whole body (AR-score) and for the left and right hemibody were calculated based on subsets of 

UPDRS-III items. Right body scores were calculated from the sum of UPDRS III items 20-26 for the right 

side (0 to a maximum of 36 points). Left body scores were calculated based on the sum of UPDRS III 

items 20-26 for the left side (0 to a maximum of 36 points). Hemibody non-tremor symptoms were 

quantified by subtracting items 20 and 21 from the previously described right and left body scores, leading 

to a maximum possible value of 24 points for each side. The bilateral akinesia-rigidity score is the sum of 

UPDRS items 18, 19, 22, 27-31 (0 to a maximum of 48 points), like described previously in Eggers et al. 

(2011). Subdivision of patients into tremor-dominant and non-tremor-dominant subtype was performed 

according to strictly defined criteria as previously described, which categorize patients as tremor-dominant 

if their tremor-score is at least twice their non-tremor-score (Eggers et al., 2011). 

 

 

Demographic and behavioral data – all subjects 

Healthy controls Parkinson’s 

disease 

p-value Test 

statistic 

No. 25 60 - - 

Gender male / female 12 / 13 41 / 19 0.08 χ2 = 3.11 

Age [y] 63.52 ± 7.67 65.02  ± 9.82 0.46 t  = 0.75 

MMSE 28.92 ± 1.04 28.45 ± 1.73 0.39  W = 664.5 

Clinical characteristics – Parkinson’s disease patients by subtype 

Non-TD Subtype TD Subtype p-value Test 

statistic 

No. 57 3 - - 

DD [y] 4.98 ± 3.57  3.17 ± 2.36 0.49 W  = 106 

UPDRS III off 24.14 ± 9.40 28.33 ± 3.79 0.17  W  = 45 

UPDRS III off 

AR-score 

10.61 ± 5.06   4.67 ± 0.58 0.02  W  = 154.5 

UPDRS III off 

right body score off 

9.02 ± 4.40 11.67 ± 3.51 0.20   W  = 47 

UPDRS III off 

left body score off 

9.23 ± 4.47 13.00 ± 5.00 0.17 W = 44.5 

UPDRS III off 
right body non-tremor 

score 

8.00 ± 3.70 6.67 ± 2.08 0.44 W = 108.5 

UPDRS III off 

left body non-tremor score 

8.37 ± 3.85 10.00 ± 4.36 0.53  W = 66.5 

Hoehn & Yahr 2.30 ± 0.45 2.17 ± 0.29 0.63 W = 99 

LEDD [mg] 481.28 ± 284.26 401.67 ± 152.51 0.62  W = 100.5 

LEDDA [mg] 148.87 ± 118.39 110.00 ± 127.67 0.61   W = 101 

Side of onset 
L / R / equal 

27 / 28 / 2 1 / 2 / 0 0.90* χ2 = 0.02* 

This table summarizes clinical characteristics (mean ± SD) in the observed groups. Between-group differences 

were analyzed using Mann-Whitney-U-test, Welch’s-test or in the case of dichotom variables by chi-squared test. 
*
Direct comparison of side-of-onset right vs. side of onset left group in all patients using an approximate 

binominal test. 

Abbreviations: DD = Disease duration, UPDRS-III = unified Parkinson’s disease rating scale part III, LEDD = 

Levodopa equivalent daily dose, LEDDA = Levodopa equivalent daily dose for dopamine agonists, MMSE = 

Mini-Mental State Examination 

Table 1: Subject characteristics and clinical data – all subjects 
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Region Side T-value P-value (uncor.) P-value (FDR-corr.) 

Seed 

    Brain-stem 
PP* 

PP* 
putamen (atlas) 

PP* 

L R 

R 
R 

L 

3.74 

3.61 
2.99 

2.69 

0.0004 

0.0007 
0.0042 

0.0095 

0.0027 

0.0027 
0.0112 

0.0189 

Seed 

    Substantia Nigra* 

PP* 

putamen (atlas) 

PP* 

R 

R 

L R 

3.76 

2.57 

2.49 

0.0004 

0.0130 

0.0160 

0.0033 

0.0427 

0.0427 

Table 2: Midbrain-putamen ROI-to-ROI Hypoconnectivity in Parkinson’s disease patients (patients < controls) 

HC)

Statistics of ROI-to-ROI functional connectivity analysis between defined brain stem and 

putaminal ROIs. FDR-seed-level correction was applied to correct for multiple comparisons 

and number of seeds tested. Abbreviations: PP = posterior putamen, R = right, L = left.  

*indicates ROIs defined by group-contrasts in PET data
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Region Side Size 

[voxel] 

x y z T-value FWE-

corrected 

p-value 

PreCG 

Putamen 

aSMG 
IC 

CO 

pSMG 
PO 

PostCG 

Thalamus 

R / L 

R / L 

R / L 
R / L 

R / L 

R 
R / L 

R / L 

R / L 

17160 30 -2  2 27.31 < 0.001 

Vermis 

8 

9 

R / L 

R / L  

247  8 -58 -32 12.68 < 0.001 

AC 
PreCG 

SMA 

PostCG 
SFG 

PC 

PaCiG 

R / L 
R / L 

R / L 

R / L 
R / L 

R / L 

R / L 

6249 -4 8 40 11.02 < 0.001 

OP 

sLOC 

L 

L 

53 -38 -88  22 8.46 0.036 

Cerebellum 

6 

45 

L 

L 

479 -18 -62 -26 8.29 < 0.001 

pTFusC R 61 38 -14 -40 8.20 < 0.017 

Cerebellum 

6 

45 

R 520 22 -32 -30 8.09 < 0.001 

Brain stem R / L 128 -10 -34 -40 7.84 < 0.001 

Cerebellum 

8 

7 

L 

L 

402 22 -64 -54 7.81 < 0.001 

FP 
MFG 

R 
R 

303  34 40  36 7.65 < 0.001 

FP 
MFG 

L 
L 

337 -30 38 34 7.43 < 0.001 

PreCG L 86 -52 0 48 7.32 0.002 

PreCG 

PostCG 

L 

L 

119 -30 -12  56 7.24 < 0.001 

OP 

sLOC 

R 

R 

60 38 -90  14 6.79 0.019 

FP 

FOrb 

L 98 -24 38 -12 6.55 0.001 

Cerebellum 

8 
9 

L 
L 

297 -22 -66 -54 6.41 < 0.001 

Precuneus R / L 85 -12 -70 36 5.40 0.002 

Table 3: Putaminal functional connectivity network in healthy controls 

Table 5: ROI-to-ROI Hypoconnectivity in PD patients
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Region Side Size 

[voxel] 
x y z T-value FWE-corrected 

p-value 

PreCG 
IC 

FP 

Putamen 
CO 

pSMG 

Thalamus 
IFG oper 

aSMG 

R / L 
R / L 

R / L 

R / L 
R / L  

R 

R / L 
R 

R / L 

29151 -28 -10  2 26.94 < 0.001 

AC 
SMA 

PaCiG 

PreCG 
SFG 

PostCG 

R / L 
R / L 

R / L 

R / L 
R 

R / L 

7152  10 12  40 9.22 < 0.001 

Cerebellum 
6 

45 

TOFusC 

R / L 

R / L 

L 

1681 -28 -54 -24 6.75 < 0.001 

Cerebellum 
8 R  

352 30 -56 -54 6.81 < 0.001 

Cerebellum 
8 L 

278 -18 -58 -60 6.75 < 0.001 

FP 

FOrb 

L 

L 

145 -22 34 -20 5.29 < 0.001 

 

 

 

 

 

Statistics of seed-to-voxel functional connectivity analysis between the bilateral PP seed ROI, which reflected 
18

F-Dopa 

PET between-group contrast, and every other voxel throughout the whole brain.  

Abbreviations: AC = anterior cingular cortex, a / pSMG = anterior / posterior supramarginal gyrus, CO = central 

operculum, FOrb = frontal orbital cortex, FP = frontal pole, IC = insular cortex, IFG oper = inferior frontal gyrus pars 

opercularis, L = left, MFG = middle frontal gyrus, OP = occipital pole, PaCiG = paracingular cortex, PC = posterior 

cingulate cortex, PO = parietal operculum cortex, PostCG = postcentral gyrus, PP = posterior putamen, PreCG = 

precentral gyrus, pTFusC = posterior temporal fusiform cortex, R = right, sLOC = superior lateral occipital cortex, SFG 

= superior frontal gyrus, SMA = supplementary motor area, TOFusC = temporal occipital fusiform cortex, Ver = Vermis. 

All t-values were calculated using Conn in SPM12, thresholded at p < 0.05 FWE-cluster-level corrected. 

Table 4: Putaminal functional connectivity network in Parkinson’s disease patients 
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Abstract

Involvement of the default mode network (DMN) in cognitive symptoms of

Parkinson's disease (PD) has been reported by resting-state functional MRI (rsfMRI)

studies. However, the relation to metabolic measures obtained by [18F]-

fluorodeoxyglucose positron emission tomography (FDG-PET) is largely unknown.

We applied multimodal resting-state network analysis to clarify the association

between intrinsic metabolic and functional connectivity abnormalities within the

DMN and their significance for cognitive symptoms in PD. PD patients were classi-

fied into normal cognition (n = 36) and mild cognitive impairment (MCI; n = 12). The

DMN was identified by applying an independent component analysis to FDG-PET

and rsfMRI data of a matched subset (16 controls and 16 PD patients) of the total

cohort. Besides metabolic activity, metabolic and functional connectivity within the

Abbreviations: AGl, angular gyrus left; AGr, angular gyrus right; BDI-II, Beck's depression inventory version II; BNT, Boston naming test; DMN, default mode network; EPI, echo-planar imaging;

FA, flip angle; FDG, Fluorodeoxyglucose; FDR, false discovery rate; FoV, field of view; fMRI, functional magnetic resonance imaging; H & Y, Hoehn and Yahr; HC, healthy controls; ICA,

independent component analysis; IPL, inferior parietal lobe; LEDD, levodopa equivalent daily dose; MCI, mild cognitive impairment; NC, normal cognition; MNI, Montreal Neurological Institute;

mPFC, medial prefrontal cortex; mWCST, modified Wisconsin card sorting test; PANDA, Parkinson neuropsychometric dementia assessment; ParaHL, parahippocampal cortex left; ParaHR,

parahippocampal cortex right; PC, precuneus cortex; PCC, posterior cingulate cortex; PD, Parkinson's disease; PET, positron emission tomography; pSMGls, posterior supramarginal gyrus left

superior; pSMGl, posterior supramarginal gyrus left; pSMGrs, posterior supramarginal gyrus right superior; ROI, region of interest; SFGl, superior frontal gyrus left; MMSE, Mini-Mental Status

Examination; midSFG, mid, superior frontal gyrus; rsfMRI, resting-state functional magnetic resonance imaging; SFGr, superior frontal gyrus right; sLOCl, superior lateral occipital cortex left;

sLOCr, superior lateral occipital cortex right; TE, echo time; TR, repetition time; UPDRS, unified Parkinson's disease rating scale; WMS, Wechsler memory scale.
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DMN were compared between the patients' groups and healthy controls (n = 16).

Glucose metabolism was significantly reduced in all DMN nodes in both patient

groups compared to controls, with the lowest uptake in PD-MCI (p < .05). Increased

metabolic and functional connectivity along fronto-parietal connections was identi-

fied in PD-MCI patients compared to controls and unimpaired patients. Functional

connectivity negatively correlated with cognitive composite z-scores in patients

(r = −.43, p = .005). The current study clarifies the commonalities of metabolic and

hemodynamic measures of brain network activity and their individual significance for

cognitive symptoms in PD, highlighting the added value of multimodal resting-state

network approaches for identifying prospective biomarkers.

K E YWORD S

[18F]-FDG-PET, default mode network, metabolic covariance, mild cognitive impairment,
Parkinson's disease, resting-state fMRI

1 | INTRODUCTION

Mild cognitive impairment (MCI) is one of the most frequently

observed nonmotor symptoms of Parkinson's disease (PD). Studies

emphasize that up to 50% develop cognitive symptoms in the course

of disease (Goldman et al., 2018) and the majority of PD patients with

long disease duration will suffer from dementia (Hely, Reid, Adena,

Halliday, & Morris, 2008). MCI may affect single or multiple cognitive

domains and dramatically increases the risk for conversion to demen-

tia (Hoogland et al., 2017). Dementia severely affects the ability to

manage daily life, the patient's quality of life, mortality, and caregiver

burden (Goldman, Williams-Gray, Barker, Duda, & Galvin, 2014; Levy

et al., 2002). Besides enormous effort invested in the development of

therapies to stop or delay cognitive decline, further research needs to

be done to (a) understand neural substrates underlying cognitive

impairment; (b) describe early indicators of prospective cognitive dys-

function; and (c) identify quantifiable abnormalities which could serve

as objective markers to track symptom progression or the effect of

interventional therapies.

Neural resting-state networks (RSNs) with importance for cogni-

tive processing, have been examined thoroughly and reported consis-

tently by resting-state functional MRI (rsfMRI) studies (Biswal

et al., 2010). The default mode network (DMN), encompassing the

precuneus cortex (PC), posterior cingulate cortex (PCC), medial pre-

frontal cortex (mPFC), parahippocampal cortex, and parts of the infe-

rior parietal lobe (IPL; Raichle, MacLeod, Snyder, & Gordon, 2000), has

been extensively studied in this context. Altered resting-state DMN

functional connectivity has been described in neurodegenerative dis-

eases and its prospective usefulness as imaging biomarker for cogni-

tive dysfunction has been postulated (Hohenfeld, Werner, &

Reetz, 2018). However, neurophysiological and metabolic basics of

resting brain network activity and rsfMRI-derived functional connec-

tivity remain largely unknown (Passow et al., 2015; Wehrl

et al., 2013). Limited evidence suggests a close relation between

resting-state functional connectivity and interregional covariance of

metabolic activity (Passow et al., 2015; Riedl et al., 2014) assessed by

[18F]-fluorodeoxyglucose positron emission tomography (FDG-PET).

A few recently published studies examined the topology of metabolic

resting-state covariance patterns by conducting seed-based correla-

tion or multivariate decomposition techniques such as independent

component analysis (ICA) but revealed conflicting results. Particularly,

some studies reported the identification of a component distinctly

representing the DMN (Savio et al., 2017; Yakushev et al., 2013),

whereas other studies reported weak or no metabolic correspondence

of this network (Di & Biswal, 2012).

Although its basic underpinnings date back to 1984 (Clark &

Stoessl, 1986; Horwitz, Grady, Schlageter, Duara, & Rapoport, 1987),

the interregional analysis of metabolic activity still represents a new

and rapidly evolving field. Recently, studies began to focus on meta-

bolic connectivity—basically the interregional correlation of glucose

consumption—as a marker of neuropathology and cognitive perfor-

mance (Sala & Perani, 2019). Molecular FDG-PET images are likely to

reveal more specific results about reflected processes, and therefore,

might overcome the unspecificity of fMRI-derived functional connec-

tivity metrices. Pioneering studies revealed characteristic changes in

metabolic connectivity within defined resting-state networks in neu-

rodegenerative diseases and its applicability as markers of cognitive

dysfunction (Toussaint et al., 2012; Yakushev et al., 2013).

A large body of studies focused on resting-state networks and

their prospective usefulness as imaging biomarkers of cognition in

PD. Several studies reported altered resting-state functional connec-

tivity of the DMN in PD patients with or without cognitive impair-

ment and drew a relation to cognitive symptoms (Baggio et al., 2015;

Karunanayaka et al., 2016; Lopes et al., 2017; Lucas-Jiménez

et al., 2016; Tessitore et al., 2012), but findings delineating altered

DMN connectivity based on rsfMRI were heterogenous, and partly

hinted at a predominant decrease or increase in functional connectiv-

ity (Amboni et al., 2015; Baggio et al., 2015; Karunanayaka

et al., 2016; Krajcovicova, Mikl, Marecek, & Rektorova, 2012; Lopes

et al., 2017; Tessitore et al., 2012; Zhan et al., 2018). Spetsieris
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et al. (2015) concluded that DMN function is spared from pathological

alterations in the early disease stage but followed by dopamine-

responsive decreased metabolic connectivity in advanced stages.

Using sparse-inverse covariance estimation and an interregional corre-

lation approach, Sala et al. (2017) assessed altered metabolic connec-

tivity in cognitively unimpaired PD patients and reported changes on

multiple scales, including decreased frontal metabolic coupling in sev-

eral important resting-state networks on one hand and enhanced cou-

pling in the posterior cortex in comparison to age-matched controls

on the other hand.

Given the plenty of studies which focus on single imaging modali-

ties and fail to establish a robust marker, multimodal studies of

resting-state networks are highly warranted to clarify the association

between metabolic and hemodynamic network activity and its signifi-

cance for cognitive dysfunction in PD. In a previous study, we

reported reduced functional connectivity between the dopamine

depleted putamen and DMN regions (IPL), and related metabolic

changes in PD, which both were associated with global cognitive per-

formance (Ruppert et al., 2020). No study has elaborated the corre-

spondence between PD-associated changes in DMN metabolic

network activity and functional connectivity by using FDG-PET and

rsfMRI analyses in parallel. By applying a multivariate ICA-based

approach followed by interregional correlation analysis to FDG-PET

and rsfMRI data of healthy controls and PD patients with and without

MCI, we describe consistency and differences in DMN abnormalities

related to cognition in PD, obtained by cross-modal metrices in a

well-characterized PD cohort.

2 | MATERIALS AND METHODS

2.1 | Subject inclusion

Twenty-five healthy controls (HC) and 60 PD patients diagnosed

according to the UK Brain Bank criteria were enrolled into the study

after having declared informed consent in conformation with the

Declaration of Helsinki. The study was approved by the local Ethics

Committee and permission was given by the Federal Office for

Radiation Protection (Ethical clearance number: EK12-265). Recruit-

ment of patients was performed via the neurological outpatient

clinic at the University Hospital of Cologne and associated neuro-

logical practices. Healthy controls were recruited by word-of mouth

advertising.

Subjects were excluded if one of the following exclusion criteria

were met: Age < 40 years, any central nervous system diseases

except for PD, and any safety concerns for MRI scanning. Particularly,

patients were excluded if signs of atypical parkinsonian syndromes

evolved or they had reached an advanced disease stage (i.e., Hoehn &

Yahr stage >3). Dementia was excluded according to Movement Dis-

order Society criteria using a neuropsychological test battery with two

tests for each of the five cognitive domains (Emre et al., 2007). Sub-

jects were excluded if cognitive deficits were observed in more than

one domain and severe enough to impair daily life (Emre et al., 2007).

As an additional measure of global cognitive screening, the Mini-

Mental Status Examination (MMSE) was applied (Folstein, Folstein, &

McHugh, 1975). In a neuropsychiatric assessment, subjects were

screened for depressive symptoms by Beck's Depression Inventory

version II (BDI-II; Beck, Steer, & Brown, 1996). Subjects were

excluded if classified as having major depression. Participants were

interviewed regarding a family history of PD or other neurodegenera-

tive diseases. Subsets of the data analyzed in the present study were

subject of previously published articles which analyzed the data in dif-

ferent contexts (Glaab et al., 2019; Greuel et al., 2020; Hammes

et al., 2019; Ruppert et al., 2020).

2.2 | Clinical assessment

Clinical examinations were carried out at the University Hospital of

Cologne, Department of Neurology. Disease severity was quantified

by the Unified PD Rating Scale part III (UPDRS-III; Fahn, Elton, &

UPDRS Program Members, 1987) and according to Hoehn & Yahr

staging (H&Y; Hoehn & Yahr, 1967). Clinical examination and func-

tional imaging were performed OFF-medication (12-hr [Langston

et al., 1992] or 72 hr without medication in case of dopamine ago-

nists), as it has been suggested previously (Tahmasian et al., 2015;

Tahmasian et al., 2017). Levodopa-equivalent daily dose (LEDD) for

total medication was calculated based on common standards

(Tomlinson et al., 2010).

2.3 | Neuropsychological testing

The applied neuropsychological test battery comprised five domains:

attention, memory, language, executive functions, and visuospatial

abilities. At least two cognitive tests per domain were performed,

including the MMSE subtests Pentagons and delayed recall, Wechsler

Memory Scale (WMS) digit span test forwards and backwards

(Härting & Wechsler, 2000), Parkinson Neuropsychometric Dementia

Assessment (PANDA) subtests cubes and delayed recall (Kalbe

et al., 2008), Regensburger verbal fluency task (alternating fluency

sports-fruits, semantic fluency animals; Aschenbrenner, Tucha, &

Lange, 2001), modified Wisconsin Card Sorting Test (mWCST) errors

(Harris, 1990) and Boston Naming Test (BNT, (Kaplan, Googlass, &

Weintraub, 1983). Individual test or subtest results were converted

into standardized, age- and education-corrected domain-specific z-

scores. All domain-specific z-scores were finally merged into a cogni-

tive composite score.

Categorization of subjects into MCI and normal cognition

(NC) was carried out according to Movement Disorder Society Level II

criteria (Litvan et al., 2012) for all subjects who underwent both imag-

ing modalities and complete neuropsychological assessment (n = 16

HC; n = 48 PD). Patients were diagnosed with MCI when a difference

of ≥1.5 SD was observed in relation to age- and education-corrected

norm means in at least two cognitive test results regardless of domain

affiliation.
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2.4 | Image acquisition and preprocessing

2.4.1 | FDG-PET

The acquisition of FDG-PET scans was conducted on an ECAT HRRT-

PET-Scanner (CTI, Knoxville, TN) at the Max-Planck-Institute for

Metabolism Research, Cologne. Measurements were carried out in

the morning after overnight fasting and withdrawal of dopaminergic

medication. Subjects were positioned along the kantho-meatal line

under standardized conditions with dimmed lighting and shut eyes in

a quiet room. After an initial transmission scan, 185 MBq of FDG

were injected intravenously and tomographic images were dynami-

cally acquired for 60 min. FDG-PET scans were corrected for attenua-

tion and scattered radiation and reconstructed into one frame per

10 min with a 256 × 256 matrix. Resulting FDG-PET scans consisted

of 207 slices with 1.22 mm voxel size. Rigid-body transformation was

conducted to realign the six frames and the last four frames were

finally averaged into one image for further analysis. Mean FDG-PET

images were co-registered to the subject's mean fMRI-image in

SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12). Spatial normali-

zation into Montreal Neurological Institute (MNI) space was per-

formed by nonlinear registration to an established FDG-PET template

(Della Rosa et al., 2014). Finally, FDG-PET scans were smoothed with

a 6 mm full-width at half-maximum (FWHM) Gaussian kernel using

SPM12.

2.4.2 | Intensity normalization

FDG-PET scans were intensity normalized using the reference cluster

method, which proportionally scales each voxel with the

corresponding value of a post-hoc defined reference region (Yakushev

et al., 2009). In contrast to global mean normalization, it allows a more

study-specific procedure to diminish inter-subject differences in

intensity and has been shown to be better suited for the study of neu-

rodegenerative diseases in which global mean differences are present

(Borghammer et al., 2010; Win et al., 2019). This procedure included

an initial group comparison of FDG-PET scans by voxel-wise two sam-

ple t test which was carried out in SPM12 with default parameters

(threshold masking, proportional scaling). As mentioned elsewhere, a

threshold of t > 2 and p = .05 uncorrected for multiple comparisons at

voxel-level and a minimum spatial extent of 30 contiguous voxels

were applied (Yakushev et al., 2009). Averaged normalized values

were exported for all subjects from the cluster with the highest

t value, in which patients exhibited an increased FDG uptake in com-

parison to healthy controls using the region of interest (ROI) SPM

toolbox MarsBaR (Brett, Anton, Valabregue, & Poline, 2002; http://

marsbar.sourceforge.net/, RRID:SCR_009605). Subsequently, each

subject's cluster value was multiplied with the subject-specific cere-

bral global mean value to obtain raw values for each subject in the

observed cluster. Thereafter, intensity normalization was applied to

each individual's FDG-PET scan by performing proportional scaling

with respect to the cluster activity using the SPM imCalc tool.

2.4.3 | Resting-state functional magnetic
resonance imaging

MRI data were acquired at the Max-Planck-Institute for Metabolism

Research in Cologne on a 3.0 Tesla SIEMENS MAGNETOM Prisma

using the software system syngo MR D13D (Siemens, Erlangen, Ger-

many). T1-weighted structural images were obtained with the follow-

ing parameters: repetition time [TR] = 2,300 ms, echo time

[TE] = 2.32 ms, flip angle [FA] = 8�, field of view [FoV] = 230 mm, slice

thickness = 0.90 mm, voxel size = 0.9 × 0.9 × 0.9 mm, number of

slices = 192. Rs-fMRI images were acquired via a gradient-echo echo-

planar imaging sequence (EPI) in interleaved acquisition mode. Acqui-

sition parameters were as follows: slice thickness = 2 mm,

FoV = 208 mm, voxel size = 2.0 × 2.0 × 2.0 mm, TR = 776 ms,

TE = 37.4 ms and FA = 55�. Each brain volume covered 72 axial slices;

617 acquisition time points per subject were performed.

Structural and functional MRI preprocessing and ICA were per-

formed using SPM12 and the SPM toolbox Conn v17 (http://www.

nitrc.org/projects/conn, RRID: SCR_009550). The default

preprocessing pipeline implemented in Conn was applied, which

included the following steps: functional realignment and unwarp,

functional outlier detection for correction of motion artifacts (ART-

based scrubbing, strict correction method according to Power,

Schlaggar, and Petersen [2015]), functional and structural direct seg-

mentation and normalization to MNI space, denoising (temporal band-

pass filtering 0.01–0.1 Hz, linear detrending and further reduction of

physiological noise by anatomical component-based noise correction

[aCompCor; Behzadi, Restom, Liau, & Liu, 2007]) and functional

smoothing (isotropic 5 mm FWHM).

2.4.4 | ICA

For the initial ICA-based identification of metabolic resting-state

covariance patterns, 16 PD patients were selected from the total PD

cohort for which FDG-PET and rsfMRI scans were available to match

the group size of 16 HC with FDG-PET scans. This guarantees an

evenly matched influence on the resulting covariance networks and

improves the sensitivity for the subsequent between-group analysis

(Figure 1). For ICA analysis, the single scans of 32 subjects were

concatenated into one 4D file using SPM12. ICA was performed on

the concatenated file using the Infomax algorithm implemented in the

GIFT toolbox (http://mialab.mrn.org/software/gift/, RRID:

SCR_001953). The number of independent components was set to

5 (Yakushev et al., 2013).

The initial ICA-based identification of fMRI resting-state net-

works was performed on the fMRI-data from the same sample of

32 subjects mentioned above (Figure 1). ICA was conducted by apply-

ing the Infomax algorithm implemented in the Conn toolbox. The

number of independent components was set to 5. The extent of spa-

tial overlap between both modalities' components was quantified by

dice coefficient of similarity, calculated as the overlapping volume of

both binary masks divided by their mean volume (Zou et al., 2004).
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Figures were created using MRIcroGL (http://www.mricro.com, RRID:

SCR_002403).

2.4.5 | Cross-modal region of interest analysis

In order to compare within-network connectivity between both

modalities based on interregional temporal correlation of the BOLD

signal (functional connectivity) and interregional metabolic correlation

(metabolic connectivity), 15 ROIs were placed within the identified

DMN components (Figure 1 and Table S1). Overlapping clusters of

both DMN component masks were identified by visual inspection of

superimposed binary masks in MRIcroGL. Spherical ROIs covering the

overlapping volumes were created in MarsBaR and their position was

checked by visually controlling the overlap with DMN masks. Since

we were also interested in frontal DMN regions and the para-

hippocampal gyri have been assigned to the DMN in literature, spheri-

cal ROIs were placed in the bilateral superior frontal gyrus (SFG),

mPFC, and parahippocampal clusters although they were only part of

the functional component (Table S1).

Correlation coefficients for fMRI-based connectivity were

obtained via conducting Pearson correlation on the mean BOLD time

course of each pair of ROIs. Corresponding metabolic measures were

obtained by calculating Spearman's rank correlation coefficients

between the mean normalized FDG uptake of both ROIs. Extraction

of mean normalized uptake values was performed using MarsBaR.

Resulting interregional correlation coefficients were z-transformed

and subsequently compared between controls and PD-NC or PD-MCI

patients by conducting t-tests in Conn (rsfMRI) or Fisher's z test

(FDG-PET) in R (https://www.r-project.org).

2.5 | Statistical analyses

Statistical analyses of clinical, demographic, behavioral data, and ROI-

based uptake values were performed using R. Normal distribution of

numeric variables was verified by Shapiro–Wilk test. Differences

between controls and the total PD group were assessed by Mann–

Whitney U test or t test; differences between more than two groups

by analysis of variance (ANOVA) or Kruskal–Wallis test. Post-hoc sta-

tistical analysis was carried out by performing pairwise Mann–

Whitney U tests or t-tests with Bonferroni–Holm correction for multi-

ple comparisons. Significant downward trends of FDG uptake with

stronger cognitive impairment were tested one-sided by nonparamet-

ric Jonckheere–Terpstra test. An exploratory correlation analysis

between imaging findings and cognition z-scores was performed in

SPSS (IBM Corp. Released 2020. IBM SPSS Statistics for Windows,

Version 27.0. Armonk, NY: IBM Corp) using age, sex, LEDD, UPDRS-

III, disease duration, and BDI-II performance as covariates. Modula-

tory effects of clinical parameters on imaging results were

F IGURE 1 Schematic representation of the processing pipeline applied during multimodal resting-state network analysis. fMRI and FDG-PET
data were preprocessed according to standard pipelines except for the intensity normalization of FDG-PET scans which followed the recently
described reference cluster method. Concatenated FDG-PET scans and single subject fMRI 4D files were fed into spatial ICA with the number of
components set to 5. Fifteen spherical ROIs were defined based on the resulting DMN components and interregional correlation coefficients
compared between the total sample of HC, PD-NC, and PD-MCI subjects. DMN, default mode network; HC, healthy controls; ICA, independent
component analysis; MCI, mild cognitive impairment; NC, normal cognition; PD, Parkinson's disease; ROI, region of interest
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investigated by performing analyses of covariance (ANCOVA), includ-

ing UPDRS-III, LEDD and disease duration as covariates.

2.6 | Data availability

The data set analyzed in the present study will be made available by

the corresponding author upon reasonable request.

3 | RESULTS

3.1 | Subject characteristics

In total, 60 PD patients (65.02 ± 9.82 years; 19 female) and 25 healthy

controls (63.52 ± 7.67 years; 13 female) were analyzed with fMRI in

the current study. FDG-PET scans were available for 51 (66.45

± 8.53 years; 18 female) of the analyzed patients and 16 healthy con-

trols (64.63 ± 8.33 years; nine female) who underwent fMRI

(Table S2). Characteristics of the 16 controls who underwent both

modalities and 16 PD patients whose scans were fed into the ICA

analyses are shown in Table S3.

Among the patients who underwent fMRI and FDG-PET scanning

and completed neuropsychological testing, 12 patients were classified

as having MCI and 36 exhibited normal cognition according to level II

criteria (Litvan et al., 2012; Table 1). Six out of 36 PD-NC patients

reported a family history of PD and one of the 12 PD-MCI patients

mentioned a relative with PD. None of the healthy controls were cat-

egorized as having MCI and three reported a family history of

PD. None of the subjects reported a family history of another

neurodegenerative disorder, aside from one PD-NC patient reporting

a relative with multisystem atrophy. Demographic, clinical, and behav-

ioral data of all subgroups are listed in Table 1. No significant differ-

ences were found among the healthy control group and patients'

groups for age and gender, but for education years, BDI-II and global

cognition (MMSE; Table 1). Significant differences between both

patient groups were observed for MMSE, but not for education years

and BDI-II. As expected, patients with MCI scored fewer points on

the MMSE than PD-NC patients and healthy controls (Table 1). No

significant between-group differences regarding demographic vari-

ables, motor severity and clinical measures were found between the

PD-NC and PD-MCI group.

In addition, the groups differed significantly in the cognitive com-

posite z-score and all five domain-specific z-scores (Table 2). PD-NC

patients showed significantly reduced z-scores in the attention and

executive domains and the cognitive composite score in comparison

to controls. PD-MCI patients exhibited significantly reduced z-scores

in comparison to controls and PD-NC patients in the cognitive com-

posite score and all domains except for the language and executive

domains, in which they only differed from controls (Table 2). Detailed

results for all neuropsychological tests per domain and group can be

found in Table 2.

3.2 | Metabolic and functional DMN components

The ICA-based analyses of concatenated FDG-PET data and fMRI

data of 32 subjects revealed distinctly definable resting-state net-

works in both modalities. When the number of components per

modality was set to 5, the DMN was the clearest visually

TABLE 1 Demographic, clinical, and
behavioral characteristics of PD patients
with and without cognitive impairment
and controls included in the multimodal
cohort

Groups

FDG-PET and fMRI

p valueHC (n = 16) PD-NC (n = 36) PD-MCI (n = 12)

Demographic and clinical variables

Age, years 64.63 ± 8.33 66.69 ± 7.77 68.92 ± 8.77 .385

Gender, F/M 9/7 10 / 26 7 / 5 .060

Education, years 16.44 ± 2.06b,c 14.44 ± 2.77a 13.82 ± 2.75a .018*

DD, years – 4.61 ± 3.68 4.13 ± 2.20 .838

UPDRS III total – 24.67 ± 9.13 23.25 ± 7.00 .943

H & Y, stage (n) – 2 (22)

2.5 (9)

3 (5)

2 (6)

2.5 (5)

3 (1)

.530

LEDD – 410.48 ± 231.81 519.63 ± 181.62 .107

MMSE 28.94 ± 1.00c 29.03 ± 0.88c 26.50 ± 2.47a,b .001***

BDI-II 3.47 ± 6.00b,c 8.86 ± 5.70a 9.83 ± 7.61a <.001***

Note: Between-group differences were analyzed by ANOVA, Kruskal–Wallis test, Student's t-test or

Mann–Whitney U test, and for dichotomous variables by Chi-square test. Significant post-hoc test results

in comparison to a = HC, b = PD-NC, or c = PD-MCI are indicated by superscripts.

Abbreviations: BDI-II, Beck's depression inventory; DD, disease duration; H&Y, Hoehn and Yahr; HC,

healthy controls; LEDD, Levodopa equivalent daily dose; PD-MCI, PD patients with mild cognitive

impairment; PD-NC, PD patients with normal cognition; MMSE, mini-mental status examination.
*p < .05; **p < .01; ***p < .001.
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recognizable resting-state network in both modalities. In the fMRI

data set, the other four components represented either the visual,

fronto-parietal, dorsal-attention, or sensorimotor network. In the

FDG-PET data set, a sensorimotor component with subcortical con-

tribution, an auditory network, a midline cingulate cortex component

with parietal clusters (Di & Biswal, 2012) and one noise component

representing CSF noise were identified. The spatial correspondence

between the metabolic and the fMRI DMN component was fair (dice

coefficient = 0.25). But, especially for posterior DMN regions includ-

ing the PC, PCC, and the bilateral superior lateral occipital cortex

(sLOC) higher correspondence was observed (dice coefficient = 0.27;

Figure 2). Nevertheless, some regions were found to be part of the

functional DMN component, but not of the metabolic one or vice

versa. The most striking differences were found in the frontal cortex,

where frontal areas involving the frontal pole, frontal medial cortex,

paracingulate gyrus, and subcallosal cortex were found to be part of

the fMRI component but absent in the FDG-PET component

(Figure 2). Further, clusters in the SFG which extended into the

juxtapositional lobule were found in both modalities, but only in the

metabolic component additional clusters in the anterior cingulate

gyrus and paracingulate gyrus were found to be part of the network.

Additionally, the bilateral parahippocampal gyri were part of the

functional network but not reported in the corresponding metabolic

pattern. Parts of the cerebellar cortex were obtained in the meta-

bolic covariance pattern but not in the functional component, and

the parietal cluster extended into the cuneal cortex and occipital

pole in the metabolic component (Figure 2). Similar findings were

observed when ICA was performed on the fMRI data of 25 controls

and 25 patients (Figure S1).

3.3 | Metabolic DMN activity is decreased in PD-
NC patients and further decreases with MCI

When normalized FDG uptake values were exported from 15 ROIs

placed within the identified DMN components and compared

TABLE 2 Neuropsychological
characteristics of PD patients with and
without cognitive impairment and
controls included in the multimodal
cohort

Groups

FDG-PET and fMRI

p valueHC (n = 16) PD-NC (n = 36) PD-MCI (n = 12)

Scores for individual neuropsychological subtests

Visuospatial

MMSE pentagons 0.26 ± 0.00c 0.04 ± 0.91c −2.69 ± 1.78a,b <.001***

PANDA cubes 0.09 ± 1.14 0.15 ± 1.02c −0.68 ± 1.04b .044*

Language

Semantic fluency 1.20 ± 0.54b,c 0.45 ± 0.85a 0.18 ± 0.91a .002**

Boston naming test 0.19 ± 0.35 0.04 ± 0.47 −0.07 ± 0.53 .359

Executive function

mWCST errors 0.22 ± 0.74b,c −0.59 ± 0.50a,c −1.03 ± 0.73a,b <.001***

Alternating fluency 1.04 ± 0.95b,c 0.37 ± 0.83a 0.13 ± 1.19a .025*

Attention

Digit span forwards 1.03 ± 0.76b,c −0.14 ± 0.97a −0.40 ± 1.13a <.001***

Digit span backwards 0.28 ± 1.18c −0.18 ± 0.81 −0.65 ± 0.87a .039*

Memory

Delayed recall PANDA −0.04 ± 1.12c −0.60 ± 1.43 −2.20 ± 2.56a .024*

Delayed recall MMSE 0.28 ± 0.95 0.40 ± 0.83 −0.31 ± 1.05 .097

Neuropsychological z-scores

Cognitive composite score 0.46 ± 0.32b,c −0.01 ± 0.30a,c −0.80 ± 0.35a,b <.001***

Visuospatial 0.18 ± 0.57c 0.10 ± 0.74c −1.69 ± 0.87a,b <.001***

Language 0.70 ± 0.32c 0.29 ± 0.65 0.01 ± 0.68a .010*

Executive function 0.63 ± 0.58b,c −0.11 ± 0.53a −0.45 ± 0.75a <.001***

Attention 0.65 ± 0.87b,c −0.14 ± 0.71a,c −0.53 ± 0.90a,b <.001***

Memory 0.12 ± 0.85c −0.10 ± 0.89c −1.26 ± 1.44a,b .010*

Note: Between-group differences were analyzed by ANOVA or Kruskal–Wallis test; pairwise Student's t

test or Mann–Whitney U tests were performed for post-hoc comparisons. Significant post-hoc test

results in comparison to a = HC, b = PD-NC, or c = PD-MCI are indicated by superscripts.

Abbreviations: HC, healthy controls; MMSE, Mini-Mental Status Examination; mWCST, modified

Wisconsin Card Sorting Test; PANDA, Parkinson Neuropsychometric Dementia Assessment, PD-MCI,

PD patients with mild cognitive impairment; PD-NC, PD patients with normal cognition.
*p < .05; **p < .01; ***p < .001.
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between healthy controls, cognitively normal patients and patients

with MCI, significant differences in metabolic activity were identified

between the groups for all ROIs (Figure 3, Kruskal–Wallis test,

p < .05, Table S4). For all DMN regions, a significant trend towards an

increment of metabolic deficits from healthy controls via unimpaired

patients to patients with MCI was identified (Figure 3, Jonckheere–

Terpstra test; p < .01, Table S4). The identified trend, which indicated

stronger metabolic deficits with increasing cognitive impairment

remained significant after controlling for UPDRS-III scores, disease

duration and LEDD in patients (Table S4). The most profound meta-

bolic deficits between both patient groups and healthy controls were

found in the PC (pairwise Wilcoxon test; HC vs. PD-NC difference in

location: 0.17 [0.10; 0.25] p < .001 (all p values Bonferroni–Holm

adjusted); HC versus PD-MCI: 0.24 [0.17; 0.36] p < .0001), the right

posterior superior supramarginal gyrus (pSMGrs; HC vs. PD-NC: 0.20

[0.10; 0.27] p < .0001; HC vs. PD-MCI: 0.22 [0.10; 0.34] p = .001) and

right superior lateral occipital cortex (sLOCr; HC vs. PD-NC: 0.16

[0.09; 0.23] p < .0001; HC vs. PD-MCI: 0.22 [0.15; 0.31] p < .0001) as

well as the right angular gyrus (AGr; HC vs. PD-NC: 0.18 [0.09; 0.27]

p < .001; HC vs. PD-MCI: 0.26 [0.16; 0.38] p < .001). Although the

decreasing trend was significant, visual inspection of mean FDG

uptake values revealed that for some regions only minor between-

group differences were found between cognitively unimpaired and

impaired patients, especially for ROIs that were exclusively found to

be part of the network in the fMRI analysis but not the FDG-PET

component (mPFC, parahippocampal cortex left [ParaHL], para-

hippocampal cortex right [ParaHR], and superior frontal gyrus

right [SFGr]).

F IGURE 2 Spatial coincidence of ICA-derived metabolic and functional DMN. Spatial distribution of components representing the DMN
obtained by fMRI (first row) or FDG-PET (second row) and their spatial correspondence (third row). Masks were created by thresholding the
component-specific group maps at z = 2 and overlaid on a T1-weighted MNI template for visualization. Neurological view. DMN, default mode
network; ICA, independent component analysis; FDG-PET, Fluorodeoxyglucose positron emission tomography
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3.4 | Metabolic connectivity is altered in PD-NC
and changes proceed in PD-MCI

An exploratory analysis of interregional metabolic connectivity

between DMN ROIs revealed gradually changing differences in net-

work coherency between healthy controls and the groups of cogni-

tively unimpaired and impaired PD patients. Patients with normal

cognition exhibited an increased metabolic connectivity between the

SFGr and posterior DMN regions, especially the AGr (z = 2.61,

p value = .009; Figure 4a). These changes were also found in patients

with MCI compared to HC and the reported differences were of

stronger magnitude in this patient group, especially for the AGr

(z = −3.56, p value <.001), the posterior division of the left superior

supramarginal gyrus (pSMGls; z = −2.13, p value = .033), and the left

superior occipital cortex (sLOCl; z = −2.03, p value = .043; Figure 4b).

Patients with MCI further showed a significantly higher correlation

between the SFGr and the PC (z = −2.13, p value = .033) compared to

unimpaired patients (Figure 4c). In addition to this increase along

fronto-parietal connections, an increased correlation of regional meta-

bolic activity was observed between posterior DMN regions in both

patient groups compared to healthy controls (Figure 4a,b). Cognitively

normal and impaired patients showed a trend towards an increased

metabolic connectivity between the AGr and the sLOCr compared to

controls (PD-NC: z = −3.02, p = .003; PD-MCI: z = −1.57, p = .116);

patients with MCI additionally between the PC and sLOCr (z = −2.02,

p value = .043; Figure 4a,b). In addition, patients without cognitive

impairment exhibited a significantly increased metabolic connectivity

between the ParaHL and posterior DMN regions, especially the left

posterior supramarginal gyrus (pSMGl; z = 2.57, p value = .010) and

sLOCl (z = 2.42, p value = .015). The latter observations were not

observed in patients with MCI (Figure 4a,b). By contrast, in patients

with MCI decreased metabolic connectivity was found between the

ParaHR and mostly posterior DMN regions, including the pSMGl

(z = 2.48, p value = .013) and left angular gyrus (AGl; z = 2.01,

p value = .045), in comparison to cognitively unimpaired patients

(Figure 4c).

3.5 | Posterior and fronto-parietal functional
hyperconnectivity proceeds in PD-MCI

A comparison of interregional hemodynamic correlations among

15 ICA-derived DMN ROIs between the three groups revealed pri-

marily an increase of functional connectivity along fronto-parietal

connections in cognitively impaired patients compared to unimpaired

patients and healthy controls. In patients without MCI, an increased

functional connectivity between the PC and the sLOCl was observed

in comparison to controls (Figure 5a-1, puncorr = .041). Patients with

F IGURE 3 Metabolic DMN activity in HC (n = 16), PD-NC (n = 36), and PD patients with MCI (n = 12). In PD patients, normalized regional
FDG uptake was significantly reduced in all DMN nodes when compared to healthy controls. For all ROIs, a significant trend towards a
progressive metabolic deficit from healthy controls via cognitively unimpaired patients to MCI patients was observed (Jonckheere–Terpstra test
p < .01). Grey colored dots indicate outliers (defined as >1.5 times the interquartile distance range). AGl, angular gyrus left; AGr, angular gyrus
right; HC, healthy controls; mPFC, medial prefrontal cortex; ParaHL, parahippocampal cortex left; ParaHR, parahippocampal cortex right; PC,
precuneus cortex; PCC, posterior cingulate cortex; PD-MCI, PD patients with mild cognitive impairment; PD-NC, PD patients with normal
cognition; pSMGl, posterior supramarginal gyrus left; pSMGls, posterior supramarginal gyrus left superior; pSMGrs, posterior supramarginal gryus
right superior, SFGl, superior frontal gyrus left; SFG mid, superior frontal gyrus mid; SFGr, superior frontal gyrus right; sLOCl, superior lateral
occipital cortex left; sLOCr, superior lateral occipital cortex right
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normal cognition further showed decreased functional connectivity of

the AGr and the PCC (pFDR = 0.013), ParaHL and the left superior

frontal gyrus (SFGl; puncorr = .024), and between both the AGl

(puncorr = 0.046) and the pSMGrs (puncorr = .043) and the ParaHR com-

pared to controls (Figure 5a-1 and Table 3). In addition, functional

connectivity between the SFGr and both, the PCC (puncorr = .011) and

AGr (pFDR = .047) was reduced in PD-NC patients compared to con-

trols. In patients with cognitive impairment, increased functional con-

nectivity was additionally found between the SFGl and the PC

(puncorr = .043) and between the pSMGls and SFGr (puncorr = .005) as

well as between the mPFC and both the AGr and SFGl compared to

controls (Figure 5a-2, puncorr < .05). Reductions of functional connec-

tivity were found in PD-MCI patients compared to controls between

the pSMGrs and SFGl (puncorr = .033).

A direct comparison of DMN ROI-based connectivity among both

patient groups revealed an increased functional connectivity in MCI

patients between each of the following ROIs: PC, right AG, and PCC

(Figure 5a-3 and Table 3). In addition, the PC was correlated stronger

with the ParaHL (puncorr = .013), the PCC with the mPFC (puncorr = .021)

and the AGr with the SFGl (pFDR = .030) in patients with MCI

(Figure 5a-3 and Table 3). The reported differences among both

patient groups remained significant after controlling for UPDRS-III,

disease duration and LEDD (Figure S3). No significant decreases of

functional connectivity were observed in patients with MCI compared

to patients with normal cognition among DMN regions. Similar find-

ings were observed when group differences were analyzed in a larger

rsfMRI sample which had not undergone FDG-PET scanning

(Figure S2).

F IGURE 4 Group differences in metabolic connectivity of DMN ROIs between healthy controls and cognitively impaired (PD-MCI) or
unimpaired (PD-NC) PD patients. Color scale indicates the difference in correlation coefficients between the groups. Correlation coefficients
were compared by Fisher's z test; *significant at p < .05. AGl, angular gyrus left; AGr, angular gyrus right; mPFC, medial prefrontal cortex; ParaHL,
parahippocampal cortex left; ParaHR, parahippocampal cortex right; PC, precuneus cortex; PCC, posterior cingulate cortex; PD-MCI, PD patients
with mild cognitive impairment; PD-NC, PD patients with normal cognition; pSMGl, posterior supramarginal gyrus left; pSMGls, posterior
supramarginal gyrus left superior; pSMGrs, posterior supramarginal gyrus right superior; SFGl, superior frontal gyrus left; SFG mid, superior frontal
gyrus mid; SFGr, superior frontal gyrus right; sLOCl, superior lateral occipital cortex left; sLOCr, superior lateral occipital cortex right
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3.6 | DMN hyperconnectivity is associated with
cognitive impairment in PD patients

An exploratory partial correlation analysis between domain-specific

cognitive z-scores, metabolic activity and functional connectivity

revealed significant negative associations between DMN functional

connectivity and cognitive composite z-scores as well as positive

associations between DMN metabolic activity and cognitive compos-

ite z-scores in patients. Cognitive composite z-scores correlated sig-

nificantly with functional connectivity between the (a) PCC and AGr

F IGURE 5 (a) Group differences in functional connectivity of DMN ROIs between healthy controls (n = 16) and cognitively impaired (n = 13)
and unimpaired (n = 36) PD patients. Between-group differences were tested two-sided with threshold set at p uncorrected or FDR-corrected
<.05. Connections shown in red represent increased connectivity strength, blue connections refer to the opposite contrast. ROIs' sizes do not
indicate the actual ROI diameters. Results are shown in 3D view from superior perspective. Neurological view. (b) Correlation plots showing
significant negative correlations between functional connectivity and cognitive z-scores in PD patients for the following connections and z-
scores: (1) PCC-AGr and cognitive composite z-scores, (2) PCC-mPFC and cognitive composite z-scores and (3) PCC-AGr and visuospatial z-
scores. Pearson's correlation coefficients and p values are shown on the bottom left in each plot. AGl, angular gyrus left; AGr, angular gyrus right;
mPFC, medial prefrontal cortex; ParaHL, parahippocampal cortex left; ParaHR, parahippocampal cortex right; PC, precuneus cortex; PCC,
posterior cingulate cortex; PD-MCI, PD patients with mild cognitive impairment; PD-NC, PD patients with normal cognition; pSMGl, posterior

supramarginal gyrus left; pSMGls, posterior supramarginal gyrus left superior; pSMGrs, posterior supramarginal gyrus right superior; SFGl,
superior frontal gyrus left; SFG mid, superior frontal gyrus mid; SFGr, superior frontal gyrus right; sLOCl, superior lateral occipital cortex left;
sLOCr, superior lateral occipital cortex right
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TABLE 3 Statistics of ROI-based functional connectivity analysis between healthy controls (n = 16) and cognitively impaired (n = 12) and
unimpaired PD patients (n = 36)

Contrast and regions tstatistic puncorr pFDR

PD-MCI > PD-NC

Seed AGr

PCC 4.27 .0001 .0013

SFGl 3.00 .0043 .0301

PC 2.47 .0172 .0725

pSMGl 2.40 .0207 .0725

Seed PCC

AGr 4.27 .0001 .0013

PC 2.89 .0059 .0411

SFGr 2.53 .0149 .0696

mPFC 2.39 .0210 .0733

Seed PC

PCC 2.89 .0059 .0803

ParaHL 2.58 .0131 .0803

AGr 2.47 .0172 .0803

Seed mPFC

PCC 2.39 .0210 .2934

Seed SFGl

AGr 3.00 .0043 .0603

Seed SFGr

PCC 2.53 .0149 .1868

pSMGls 2.29 .0267 .1868

Seed pSMGls

SFGr 2.29 .0267 .3736

ParaHL

PC 2.58 .0131 .1838

SFGmid 2.13 .0386 .2699

Seed pSMGl

AGr 2.40 .0207 .2899

Seed SFG mid

ParaHL 2.13 .0386 .5399

PD-NC > HC

Seed AGr

PCC −3.51 .0010 .0134

SFGr −3.08 .0034 .0237

Seed SFGl

ParaHL −2.33 .0237 .3320

Seed PC

sLOCl 2.10 .0411 .5366

Seed PCC

AGr −3.51 .0010 .0134

SFGr −2.63 .0113 .0791

Seed SFGr

AGr −3.08 .0034 .0474

PCC −2.63 .0113 .0791
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(r = −.43, p = .005, Figure 5b-1), (b) PCC and mPFC (r = −.37, p = .015,

Figure 5b-2), and (c) AGr and SFGl (r = −.32, p = .040) when control-

ling for age, sex, LEDD, UPDRS-III, disease duration, and BDI-II. Visuo-

spatial z-scores also showed a significant linear association with the

functional connectivity between the AGr and PCC (r = −.39, p = .010,

Figure 5b-3) and the connectivity between the AGr and SFGl

(r = −.33, p = .032). A negative association was identified between the

attention domain z-scores and the functional connections PC-PCC

(r = −.32, p = .037) and ParaHL-PC (r = −.33, p = 0.034). By contrast,

only the executive domain z-scores correlated positively with meta-

bolic activity, especially in the sLOCl (r = .50, p = .001), sLOCr (r = .33,

p = .031), PC (r = .36, p = .019), SFGl (r = .36, p = .019), pSMGls

(r = .55, p < .001), and AGl (r = .31, p = .042). No significant correlation

was observed between functional connectivity and UPDRS-III scores,

LEDD or disease duration. In posterior DMN regions (pSMGrs, AGl,

AGr, pSMGls, and sLOCr) and SFGl metabolic activity negatively cor-

related with disease severity, quantified by UPDRS-III, LEDD, and dis-

ease duration.

4 | DISCUSSION

In the current study, we applied a multivariate ICA approach on both

fMRI and FDG-PET data of healthy controls and PD patients with and

without MCI to study consistency and differences in DMN abnormali-

ties related to cognitive symptoms in PD. Post-hoc ROI-based ana-

lyses were performed to unravel the relation between local glucose

consumption, interregional metabolic and functional connectivity in

controls and a well-characterized PD cohort. Particularly, we opened

new perspectives by clarifying if disease related changes in functional

TABLE 3 (Continued)

Contrast and regions tstatistic puncorr pFDR

Seed ParaHL

SFGl −2.33 .0237 .2725

Seed AGl

ParaHR −2.05 .0457 .6404

Seed sLOCl

PC 2.10 .0411 .4504

Seed ParaHR

pSMGrs −2.07 .0434 .3202

AGl −2.05 .0457 .3202

PD-MCI > HC

Seed AGr

mPFC 2.23 .0349 .3307

Seed pSMGls

SFGr 3.08 .0048 .0678

Seed SFGl

mPFC 2.46 .0208 .2005

PC 2.13 .0430 .2005

pSMGrs −2.25 .0334 .2005

Seed SFGr

pSMGls 3.08 .0048 .0678

Seed PC

SFGl 2.13 .0430 .4733

Seed mPFC

SFGl 2.46 .0208 .2445

AGr 2.23 .0349 .2445

Seed pSMGrs

SFGl −2.25 .0334 .4680

Abbreviations: AGl, angular gyrus left; AGr, angular gyrus right; FDR, false discovery rate; mPFC, medial prefrontal cortex; ParaHL, parahippocampal cortex

left; ParaHR, parahippocampal cortex right; PC, precuneus cortex; PCC, posterior cingulate cortex; PD-MCI, PD patients with mild cognitive impairment;

PD-NC, PD patients with normal cognition; pSMGl, posterior supramarginal gyrus left; pSMGls, posterior supramarginal gyrus left superior; pSMGrs,

posterior supramarginal gyrus right superior; SFGl, superior frontal gyrus left; SFG mid, superior frontal gyrus mid; SFGr, superior frontal gyrus right; sLOCl,

superior lateral occipital cortex left; sLOCr, superior lateral occipital cortex right.
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connectivity within the DMN are accompanied by similar changes in

metabolic connectivity and associated with metabolic deficits in PD

patients with and without MCI. In contrast to previous analysis in this

cohort, we focused on the comprehensive neuropsychological data,

methodologically applied a completely data-driven ICA approach to

FDG-PET and rsMRI data to obtain study-specific DMN components

and performed interregional metabolic analyses.

In line with PETMRI hybrid studies in healthy controls, we found

a fair spatial correspondence of the DMN in resting-state FDG-PET

and fMRI data in the analyzed subjects, with higher spatial conver-

gence in parieto-occipital regions. Focusing on DMN metabolic activ-

ity, we encountered a gradual metabolic decline in all DMN ROIs, with

strongest metabolic deficits in the posterior DMN in PD-MCI. By inte-

grating both modalities, we provide first evidence for a predominant

increase in hemodynamic and metabolic network coherency between

posterior DMN regions, including the PC, AG, and the sLOC and the

frontal cortex in cognitively impaired patients compared to unim-

paired patients and healthy controls. Fronto-parietal interregional cor-

relations revealed by both modalities were elevated in unimpaired

patients and proceeded (i.e., further increased) in cognitively impaired

patients, while reduced connectivity of the parahippocampal gyri in

PD-MCI was exclusively observed in the PET modality. Increased

functional connectivity along fronto-parietal connections and in the

posterior DMN was significantly associated with worse cognitive

functions in PD patients.

The present study partly continues, and answers questions raised

in response to our previous study, which hinted at an involvement of

DMN regions in cognitive symptoms of PD and a relation between

functional network degeneration and metabolic activity (Ruppert

et al., 2020). The current study for the first time clarifies the common-

alities of both measures of brain network activity and their individual

significance for cognitive symptoms in PD. Our results highlight how

multimodal resting-state studies can provide new insights into the

(patho-)physiological network organization of brain activity by con-

firming insights obtained with one modality but also how multimodal

approaches can deepen our understanding of disease processes.

4.1 | Spatial convergence of metabolic and
hemodynamic DMN

In the current study, fair spatial correspondence was detected

between metabolic covariance across subjects and coherent hemody-

namic fluctuations within the DMN in a subset of 16 healthy controls

and 16 PD patients. These observations stand in accordance with a

previous hybrid scanner study which reported a moderate spatial con-

vergence between metabolic covariance and fMRI-derived DMN pat-

terns in simultaneously acquired data sets of 22 healthy, mid-aged

subjects (Savio et al., 2017). Interestingly, Savio et al. (2017) found

similar differences between the FDG-PET- and fMRI-derived DMN:

prefrontal clusters were smaller in the FDG-PET modality but included

more medial frontal regions, and parts of the cerebellar cortex were

only found with FDG-PET (Figure 2). In line with the present findings,

Di and Biswal (2012) described only posterior DMN regions in an

FDG-PET ICA, while the medial prefrontal cortex was included in the

corresponding fMRI DMN component. In contrast, by conducting a

comparable ICA (GIFT, five components) in 35 mid-aged healthy sub-

jects, Yakushev et al. (2013) observed the typical DMN topology in

FDG-PET data with extensive involvement of the prefrontal cortex.

The fact that a similar spatial overlap can be identified in indepen-

dently or simultaneously acquired images and across different age

ranges supports the hypothesis that metabolic networks, character-

ized by common covariance across subjects, can robustly be detected

in the resting human brain. This underscores the assumption that, at

least in posterior parts of the DMN, synchronous hemodynamic fluc-

tuations at rest are a result of coherent neural activity. Residual differ-

ences in network distribution between both modalities might be

related to the overall different methodology of network identification

by using static FDG-PET data (one image per subject) or fMRI-data

(image timeseries per subject). The selection of included FDG-PET

frames and further parameters of the acquisition protocol (e.g., time

spent after radioligand injection) might also have a critical influence

on network analysis and might provoke discrepancies among different

studies.

4.2 | Reduced FDG uptake in DMN ROIs is
associated with network-level changes in PD

Here, we report significantly reduced FDG uptake in all DMN regions

in patients with normal cognition and a significant trend towards a

progressive decline in PD-MCI patients. The observation of frontal

and occipito-parietal hypometabolism in PD-MCI compared to

patients with normal cognition stands in accordance with previous

studies emphasizing parietal, occipital, temporal and frontal metabolic

decreases as classical features observed in PD-MCI (Hosokai

et al., 2009; Huang et al., 2008; Lyoo, Jeong, Ryu, Rinne, & Lee, 2010;

Pappatà et al., 2011), which further progress in PD dementia (Garcia-

Garcia et al., 2012) and are independent from medicative status

(Pappatà et al., 2011). In addition, comparable studies report similar

but limited metabolic changes in patients with normal cognition com-

pared to healthy controls (Garcia-Garcia et al., 2012; Hosokai

et al., 2009; Huang et al., 2008; Pappatà et al., 2011).

Interestingly, regions in which the strongest metabolic deficits

and gradual decline were observed in comparison to controls (PC,

sLOCr, AGr, and pSMGrs), mainly including the posterior DMN, also

showed the strongest increases in both metabolic and functional con-

nectivity, indicating a link between degenerative processes on one

hand and network reorganization on the other hand. All these regions

were found to be part of both the metabolic covariance pattern and

the fMRI component. By contrast, in regions which showed only a

minor difference in glucose metabolism between patient groups

(e.g., ParaHR), a reduced metabolic connectivity was found in patients

with MCI compared to both healthy controls and unimpaired patients.

Further, the latter regions were also not identified as parts of the met-

abolic DMN component.
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4.3 | Metabolic and functional network alterations
in the posterior DMN in PD with and without
cognitive impairment

When functional and metabolic connectivity within the DMN were

compared between healthy controls and both groups of PD patients,

several similarities between both measures of coherent network activ-

ity were identified. In both modalities, PD patients with and without

MCI in their OFF-state exhibited an increased correlation between

frontal and posterior DMN regions in comparison to controls.

Increased functional connectivity, for example, between the SFGr and

pSMGls, was accompanied by similar changes in metabolic connectiv-

ity in PD-MCI compared to controls. By contrast, decreased metabolic

correlation was observed between the PC and the left SFG, but func-

tional connectivity was increased in PD-MCI compared to controls.

Although significantly increased functional connectivity was observed

between the AGr and PCC in PD-MCI compared to PD-NC, no

increased metabolic correlation was detected between these regions.

On the other hand, while strikingly decreased metabolic covariance of

the ParaHR with the pSMGl and AGl was observed in PD-MCI com-

pared to PD-NC, no decreased functional connectivity was noticed.

The increased interregional metabolic correlations in posterior

DMN regions in PD patients detected here stand in accordance with

observations from Sala et al. (2017) who reported enhanced metabolic

coupling in the posterior cortex in PD patients with normal cognition

compared to age-matched controls. Additionally, Baggio et al. (2015)

revealed an increased functional correlation between the DMN and

posterior cortical regions, including the bilateral dorsal precuneus,

posterior cingulate gyrus, and superior occipital areas involving the

occipito-parietal junctions in PD patients with and without cognitive

impairment compared to controls. Of note, the authors found a signifi-

cant negative association between these functional connectivity alter-

ations and visuospatial performance in PD (Baggio et al., 2015). In the

current study, we observed a significant increase in functional connec-

tivity along fronto-parietal connections in PD-MCI compared to PD-

NC and healthy controls and a comparable association between the

functional connectivity of the PC, PCC, and mPFC and objective cog-

nition in PD patients. Similarly, Zhan et al. (2018) reported an

increased functional connectivity between the PCC and the bilateral

mid frontal gyri, middle temporal gyrus, left precuneus, and posterior

cerebellum in cognitively impaired PD patients compared to unim-

paired patients. An rsfMRI study of early PD patients by Caso

et al. (2013) also revealed an increased connectivity within DMN

regions, including the temporal gyri, hippocampus and

parahippocampus, precuneus, and the cingulate cortices in compari-

son to healthy controls. The latter findings seem to contradict previ-

ous rsfMRI studies, which report decreased functional connectivity of

DMN regions, for example, the IPL, medial-temporal lobe and

precuneus, but contrary to our study, most of the studies which

reported decreased DMN functional connectivity in PD-MCI analyzed

patients in their ON-state (Amboni et al., 2015; Lucas-Jiménez

et al., 2016). Dopaminergic impact on DMN activity has been reported

by previous studies (Krajcovicova et al., 2012) and a few studies

hinted at a modulatory role of dopamine which contributes to

decreases in DMN connectivity (Conio et al., 2020). Further, the

decreased metabolic connectivity between frontal regions belonging

to the DMN component observed in our study is in line with findings

by Sala et al. (2017), who revealed reduced frontal metabolic coupling

in several important resting-state networks in PD.

By integrating both measures of network coherency and local glu-

cose metabolism, it becomes clear that DMN dysfunction—

characterized by increased connectivity between frontal and parietal

regions—and concurrent local metabolic deficits represent a PD-

related phenomenon occurring in the absence of cognitive impair-

ment. The occurrence of MCI is not solely explained by more pro-

found local metabolic changes but accompanied by additional

alterations in network parameters. In particular, strongly decreased

metabolic connectivity is evident between the parahippocampal areas

and the parietal cortex, and stronger fronto-parietal synchronization is

identified with both modalities at this stage. Previous studies

suggested that decreased metabolic connectivity in the frontal cortex

and occipital hyperconnectivity might have compensatory effects in

cognitively unimpaired PD patients (Sala et al., 2017). By contrast,

functional connectivity within the posterior DMN and fronto-parietal

synchronization further increased with worse cognitive functioning in

PD-MCI in the present cohort. It could thus be speculated that

increased posterior synchronization represents a contributor for cog-

nitive impairment rather than a compensatory mechanism for cogni-

tive function in PD patients. In support of this hypothesis, Gardini

et al. (2015) speculated that an increased functional connectivity

between the PCC and the medio-temporal lobe, which they observed

in MCI patients, might represent a maladaptive response to neurode-

generative processes, for example, atrophy.

This corresponds with recently published longitudinal studies of

cortical thinning in PD, which report reduced cortical thickness in

occipital and parietal lobes in PD patients with normal cognition and

additional thinning of frontotemporal regions in cognitively impaired

patients (Filippi et al., 2020; Gorges et al., 2020). In PD patients with

conversion to MCI, cortical thinning was observed in the precuneus

and posterior cingulum, medial and superior frontal gyri, and sup-

ramarginal gyri (Filippi et al., 2020), key regions of the DMN for which

dysregulated network connectivity was observed in the present study.

In line with the first appearance of hippocampal metabolic dys-

connectivity and increasing frontoparietal connectivity alterations at

the MCI stage reported here, Filippi et al. (2020) highlight structural

changes of the hippocampus and fronto-temporo-parietal regions as

key drivers of cognitive impairment. Gorges et al. (2020) provide evi-

dence of cortical thinning in anterior DMN regions in baseline MRI

scans of PD patients who developed cognitive impairment compared

to patients who remained cognitively stable. Cortical thinning con-

fined to the anterior cingulate cortex was associated with cognitive

performance and may be an early predictor of future cognitive impair-

ment (Gorges et al., 2020) and the aforementioned functional imbal-

ance in PD. At some point, the imbalance induced by fronto-parietal

synchronization and parahippocampal desynchronization proceeds

and normal cognition can no longer be maintained. The increased
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coherent DMN activity in PD patients in the OFF-state reported in

the current study may be related to the inability to deactivate during

cognitive tasks described by previous studies (Ibarretxe-Bilbao

et al., 2011; van Eimeren, Monchi, Ballanger, & Strafella, 2009), which

has also been linked to poor cognitive performance (Gardini

et al., 2015).

Further studies including patients with PD dementia are required

to resolve whether hyperconnectivity represents a phenomenon con-

tributing to cognitive decline (Baggio et al., 2015) or maintaining cog-

nitive function. In line with the increased metabolic connectivity

within posterior cortical regions reported in the present study, includ-

ing the SMG, sLOC and AG, Toussaint et al. (2012) also reported an

increase in correlated metabolic activity between parietal and tempo-

ral hypometabolic regions in MCI patients with conversion to AD

compared to controls. Another similarity between both studies is the

increased correlation between frontal and parietal regions which was

more pronounced in PD-MCI or MCI converters. Toussaint

et al. (2012) found this alteration to break down during transition from

MCI to AD. Another study reported increased metabolic correlation

strength in the dorsal DMN in older subjects and less elevated mea-

sures in ApoE ε4 carriers or amyloid positive subjects with higher risk

of suffering from AD (Arnemann, Stöber, Narayan, Rabinovici, &

Jagust, 2018). Together with the current findings, it can be speculated

that decreased metabolic activity and reorganization towards an

increased coherent activity within posterior DMN regions might pre-

cede the clinical manifestation of MCI.

It is still an open question if there is a relation between cortical

hypometabolism, network alterations, and PD pathology. For example,

dopaminergic imaging studies reveal evidence for an involvement of

striato-frontal pathway degeneration in frontal dysfunction (Hammes

et al., 2019; Polito et al., 2012). Additionally, there might be a possible

link between posterior cortical dysfunction and the degeneration of

cholinergic pathways (Hilker et al., 2005; Klein et al., 2010). Particu-

larly, volumetric studies of longitudinally obtained t1-weighted MRI

scans revealed evidence for a role of basal forebrain cholinergic nuclei

in the development of cognitive decline in PD (Ray et al., 2018). Since

preliminary findings show a modulatory role of the basal forebrain for

DMN activity (Nair et al., 2018), there might be a possible link to

DMN dysregulation reported in the current study. Future studies,

combining comprehensive analyses of multiple neurotransmitter sys-

tems, are highly warranted to complete our knowledge about network

dysfunction in the PD spectrum.

4.4 | Limitations and future directions

A limitation of the current study is the low number of controls which

may restrain the identification of more significant differences between

healthy controls and patients. Another critical point represents the fact

that metabolic covariance studies focusing on static FDG-PET images

are restricted to group-level analysis, resulting in one correlation mea-

sure per group in contrast to fMRI analysis, where interregional correla-

tions can be assessed on a subject level. Since FDG-PET connectivity

measures are therefore quite rough and critically depend on the

cohorts' homogeneity in image acquisition and preprocessing, the good

spatial correspondence of multimodally obtained resting-state networks

is remarkable. Further studies should combine dynamic FDG-PET

acquisitions with fMRI to assess within-subject glucose dynamics.

Recent investigations in animal models have shown the usefulness of

constant infusion protocols in this context (Amend et al., 2019). Addi-

tionally, decreased metabolic connectivity in frontal regions of patients

might have contributed to the fact that not all frontal regions were rep-

resented in the PET-DMN component. However, including only one

group in the initial pattern derivation would have introduced bias for

subsequent analysis. The patient groups examined in the current study

did not differ in disease duration, motor impairment, LEDD and mood

status. Therefore, it can be assumed that differences in cognitive per-

formance were also not substantially driven by depressive mood.

Finally, simultaneous acquisition of both modalities using hybrid

PETMRI scanners would enable a more direct comparison of metabolic

and functional resting brain activity. However, the adherence of stan-

dard conventions regarding subject instruction, scanner environment

and cross-modal registration in the current study enabled a sufficient

intra- and inter-subject comparability. Since there is mounting evidence

that impairment of posterior cortical regions precedes cognitive symp-

toms (Williams-Gray et al., 2009), the present findings should be con-

firmed in longitudinal studies.

5 | CONCLUSION

To date, comprehensive studies that compare both functional and

metabolic resting-state connectivity across subjects within the same

PD cohort were still lacking, although combining modalities could

complement the insights obtained with one modality and provide

greater diagnostic accuracy. By performing interregional analysis in

two modalities, we describe a spatial association between patterns of

altered functional and metabolic DMN connectivity in PD patients

with distinctly defined cognitive profiles in comparison to controls.

While univariate FDG uptake was gradually reduced in PD patients,

with PD-MCI patients showing the lowest metabolism in all DMN

nodes, increased interregional metabolic and functional connectivity

along fronto-parietal connections was found in PD-MCI compared to

controls and unimpaired patients. Therefore, the data are suggestive

of a relation between hypometabolism and network reorganization in

cognitive decline, since they provide evidence for proceeding meta-

bolic deficits and network synchrony within the DMN, associated with

poorer cognitive performance. The current study for the first time

clarifies the commonalities of both measures of brain network activity

and their individual significance for cognitive symptoms in PD,

highlighting the added value of multimodal resting-state network

approaches for identifying prospective biomarkers.
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7.4. Supplementary material 



Supplementary material 

Table S1: Regions of interest (ROIs) within the identified DMN components. Spherical ROIs 
centered at the indicated MNI coordinates (left column) were defined in MarsBaR (Brett, Anton, 
Valabregue, & Poline, 2002) based on overlapping volumes of binary DMN masks obtained 
with both modalities. Included anatomical regions (right column) were evaluated with respect 
to Harvard-Oxford atlas. Prefrontal and parahippocampal ROIs were defined based on the 
rsfMRI component only. 

Table S2: Demographic, clinical and behavioural characteristics of the FDG-PET or fMRI 
cohort including all PD patients and healthy controls. Abbreviations: DD = disease duration; 
H&Y = Hoehn and Yahr; HC = healthy controls; Levodopa equivalent daily dose; PD = 
Parkinson’s disease; MMSE = Mini-Mental Status Examination. ** p < 0.01 

MNI 
coordinates 

Regions of interest (radius in mm) MNI 
coordinates 

Regions of interest (radius in mm) 

3 51 -9 mPFC medial prefrontal cortex (10 mm) 

-59 -47 35 
pSMGls Supramarginal gyrus posteror division left 
superior (5 mm) 

-22 28 42 
SFGl middle frontal gyrus, frontal pole (5 mm) 

59 -47 35 
pSMGrs Supramarginal gyrus posterior division right 
superior (5 mm) 

2 15 40 
SFGmid Paracingulate cortex, cingulate gyrus 
anterior division 

-51 -56 25 
AGl Angular gyrus left (5 mm) 

25 25 5 
SFGr superior frontal gyrus, middle temporal 
gyrus (5 mm) 

54 -57 26 
AGr Angular gyrus right (5 mm) 

-40 -70 32 
sLOCl lateral occipital cortex superior division 
left (10 mm) 

-27 -36 -15 
ParaHL Parahippocampal gyrus left (5 mm) 

40 -70 32 
sLOCr lateral occipital cortex superior division 
right (10 mm) 

28 -35 -15 
ParaHR Parahippocampal gyrus right (5 mm) 

2 64 23 PC precuneous cortex (10 mm) 2 -42 32 PCC Cingulate cortex posterior division (10 mm) 

-51 -47 16 pSMGl posterior supramarginal gyrus (5 mm) 

Groups FDG-PET and fMRI p-value fMRI p-value

HC (n = 16) PD (n = 51) HC (n = 25) PD (n = 60) 

Age, years 64.63 ± 8.33 66.45 ± 8.53 0.455 63.52 ± 7.67 65.02 ± 9.82 0.455 

Gender, F/M 9 / 7 18 / 33 0.231 13 / 12 19 / 41 0.129 

Education, years 16.44 ± 2.06 14.20 ± 2.73 0.004** 16.50 ± 2.04 14.54 ± 2.80 0.004** 

DD, years - 4.56 ± 3.29 - - 4.89 ± 3.53 - 

UPDRS III total  - 25.10 ± 9.54 - - 24.35 ± 9.23 - 

H & Y, stage (n) - 

2 (30) 

2.5 (14) 

3 (6) 

4 (1) 

- - 1 (1) 

2 (32) 

2.5 (19) 

3 (7) 

4 (1) 

- 

LEDD - 453.88 ± 244.72 - - 477.30 ± 278.91 - 

MMSE 28.94 ± 1.00 28.37 ± 1.82 0.392 28.92 ± 1.04 28.45 ± 1.73 0.394 
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Table S3: Demographic, clinical and behavioural characteristics of the subset of subjects 

whose scans were fed into ICA analysis, including 16 PD patients and 16 healthy controls who 

underwent FDG-PET and fMRI. Abbreviations: DD = disease duration; H&Y = Hoehn and Yahr; 

HC = healthy controls; Levodopa equivalent daily dose; PD = Parkinson’s disease; MCI = mild 

cognitive impairment (according to Movement Disorder Society Level II diagnostic criteria); 

MMSE = Mini-Mental Status Examination. *<0.05; ** p < 0.01 

Groups FDG-PET and fMRI p-value

HC (n = 16) PD (n = 16) 

Demographic and clinical variables 

Age, years 
64.63 ± 8.33 69.69 ± 9.45 0.118 

Gender, F/M   9 / 7   6 / 10 0.479 

Education, years 16.44 ± 2.06 13.44 ± 2.99 0.005** 

DD, years -   5.63 ± 3.44 - 

UPDRS III total  - 23.06 ± 6.69 - 

H & Y, stage (n) - 2 (8) 

2.5 (5) 

3 (3) 

- 

LEDD - 533.03 ± 262.31 - 

MMSE 28.94 ± 1.00 28.25 ± 2.11 0.550 

MCI status (yes • no) 0 • 16 6 • 10 0.024* 

79



Figure S1: Spatial coincidence of ICA-derived metabolic and functional DMN. A) Spatial 
distribution of components representing the DMN obtained by fMRI (first row) or FDG-PET 
(second row) and their spatial correspondence (third row). Masks were created by thresholding 
the component-specific group maps at z = 2 and overlaid on a T1-weighted MNI template for 
visualisation. Abbreviations: DMN = default mode network.  
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Region ANOVA PD-NC-HC PD-MCI-HC PD-MCI-PD-NC JT-test 

mPFC Kruskal-Wallis chi-
squared = 19.58, df 
= 2, p < 0.0001  

-0.10
[-0.14; -0.06] 

p < 0.001 

0.13 
[0.07; 0.19] 
p < 0.001 

0.03 
[-0.02; 0.08] 
p = 0.206 

JT = 270 (120),  p = < 
0.00001  

PC Kruskal-Wallis chi-
squared = 21.07, df 
= 2, p < 0.0001 

0.17 
[0.10; 0.25] 
p < 0.001 

-0.24
[-0.36; -0.17] 
p < 0.0001 

-0.09
[-0.19; -0.001] 

p = 0.049 

JT = 246 (133), p < 
0.000001  

sLOCl Kruskal-Wallis chi-
squared = 22.47, df 
= 2, p < 0.0001 

0.13 
[0.08; 0.21] 
p < 0.0001 

0.25 
[0.15; 0.31] 
p < 0.0001 

-0.09
[-0.17; 0.002] 

p = 0.054 

JT = 233 (92), p < 
0.000001  

sLOCr Kruskal-Wallis chi-
squared = 23.18, df 
= 2, p < 0.00001  

0.16 
[0.09; 0.23] 
p < 0.0001 

0.22 
[0.15; 0.31] 
p < 0.00001 

0.07 
[-0.01; 0.15] 
p = 0.098 

JT = 236 (127), p < 
0.000001  

AGl Kruskal-Wallis chi-
squared = 23.67, df 

= 2, p < 0.00001 

0.19 
[0.11; 0.27] 
p < 0.00001 

0.27 
[0.18; 0.34] 
p < 0.001 

0.07 
[-0.04; 0.15] 
p = 0.173 

JT = 235 (158), p < 
0.000001 

AGr Kruskal-Wallis chi-
squared = 18.01, df 

= 2, p < 0.001 

0.18 
[0.09; 0.27] 
p < 0.001 

0.26 
[0.16; 0.38] 
p < 0.001 

0.08 
[-0.04; 0.20] 
p = 0.181 

JT = 281 (159), p < 
0.00001 

PCC Kruskal-Wallis chi-
squared = 19.95, df 

= 2, p < 0.0001 

0.14 
[0.08; 0.19] 
p < 0.0001 

0.18 
[0.08; 0.27] 
p < 0.001 

0.05 
[-0.04; 0.11] 
p = 0.352 

JT = 276 (170), p < 
0.00001 

pSMGl Kruskal-Wallis chi-
squared = 16.02, df 

= 2, p < 0.001 

0.12 
[0.05; 0.19] 
p < 0.001 

0.17 
[0.07; 0.27] 
p < 0.001 

0.04 
[-0.02; 0.11] 
p = 0.223 

JT = 300 (227), p < 
0.0001 

pSMGrs Kruskal-Wallis chi-
squared = 18.52, df 

= 2, p < 0.0001 

0.20 
[0.10; 0.27] 
p < 0.0001 

0.22 
[0.10; 0.34] 
p = 0.001 

-0.04
[-0.13; 0.08] 
p = 0.390 

JT = 289 (254), p = 
0.0001 

pSMGls Kruskal-Wallis chi-
squared = 14.75, df 

= 2, p < 0.001 

-0.11
[-0.20; -0.04] 

p = 0.005 

-0.19
[-0.28; -0.09] 

p < 0.001 

-0.07
[-0.16; 0.01] 
p = 0.098 

JT = 305 (231), p = 
0.0001 

ParaHR Kruskal-Wallis chi-
squared = 20.44, df 

= 2, p < 0.0001 

-0.07
[-0.10; -0.04] 
p < 0.00001 

-0.08
[-0.12; -0.05] 

p = 0.002 

-0.01
[-0.04; 0.04] 
p = 0.630 

JT = 288 (217), p = 
0.0001 

ParaHL Kruskal-Wallis chi-
squared = 23.35, df 

= 2, p < 0.00001 

-0.07
[-0.09; -0.05] 
p < 0.0001 

-0.11
[-0.15; -0.07] 

p < 0.001 

-0.03
[-0.07; 0.003] 

p = 0.068 

JT = 226 (112), p = 
0.000001 

SFGl Kruskal-Wallis chi-
squared = 7.23, df 

= 2, p = 0.027 

-0.08
[-0.14; -0.03] 

p = 0.026 

-0.09
[-0.17; 0.003] 

p = 0.106 

-0.02
[-0.10; 0.07] 

0.787 

JT = 415 (405), p = 0.008 
(p = 0.005) 

SFGr Kruskal-Wallis chi-
squared = 13.79, df 

= 2, p = 0.001 

-0.13
[-0.19; -0.06] 

p < 0.001 

-0.12
[-0.20; -0.04] 

p = 0.014 

0.01 
[-0.04; 0.07] 
p = 0.630 

JT = 383 (341), p = 0.002 
(p < 0.001) 

SFGmid Kruskal-Wallis chi-
squared = 8.97, df 

= 2, p = 0.011 

-0.11
[-0.20; -0.03] 

p = 0.022 

-0.15
[-0.26; -0.03] 

p = 0.022 

-0.03
[-0.12; 0.06] 
p = 0.533 

JT = 384 (268), p = 0.002 
(p < 0.001) 

Table S4: Statistical comparisons of normalised FDG-Uptake values exported from 15 DMN 
regions. Test statistic and p-values in brackets represent the adjusted statistics obtained using 
estimated means, corrected for UPDRS-III, disease duration and LEDD in patients. 

Abbreviations: AGl = angular gyrus left; AGr = angular gyrus right; HC = healthy controls; 
mPFC = medial prefrontal cortex; ParaHL = parahippocampal cortex left; ParaHR = 
parahippocampal cortex right; PC = precuneus cortex; PCC = posterior cingular cortex; pSMGl 
= posterior supramarginal gyrus; pSMGls = posterior supramarginal gyrus left superior; 
pSMGrs = posterior supramarginal gyrus right superior; SFGl = superior frontal gyrus left;  SFG 
mid = superior frontal gyrus mid; SFGr = superior frontal gyrus right; sLOCl = superior lateral 
occipital cortex left; sLOCr = superior lateral occipital cortex right.  JT: Jonckheere terpsta test 
statistic; PD = Parkinson’s disease; PD-NC = PD patients with normal cognition; PD-MCI = PD 
patients with mild cognitive impairment  

81



Figure S2: A) Group differences in functional connectivity of DMN ROIs between healthy 
controls (n = 24) and cognitively impaired (n = 13) and unimpaired (n = 43) PD patients of the 
rsfMRI cohort. A1-A2 uncorrected, A3 FDR-corrected two-sided p < .05. Connections shown 
in red represent increased connectivity strength, blue connections refer to the opposite 
contrast. ROIs’ sizes do not indicate the actual ROI diameters. Results are shown in 3D view 
from superior perspective. B) Correlation plots showing significant negative correlations 
between functional connectivity and cognitive z-scores in PD for the following connections and 
z-scores: 1) PCC-AGr and cognitive composite z-scores, 2) PCC-mPFC and cognitive
composite z-scores and 3) PCC-AGr and visuospatial z-scores. Pearson’s correlation
coefficients and p-values are shown on the bottom left in each plot.

Abbreviations: AGl = angular gyrus left; AGr = angular gyrus right; mPFC = medial prefrontal 
cortex; ParaHL = parahippocampal cortex left; ParaHR = parahippocampal cortex right; PC = 
precuneus cortex; PCC = posterior cingular cortex; pSMGl = supramarginal gyrus left; pSMGls 
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= posterior supramarginal gyrus left superior; pSMGrs = posterior supramarginal gyrus right 
superior; SFGl = superior frontal gyrus left;  SFG mid = superior frontal gyrus mid; SFGr = 
superior frontal gyrus right; sLOCl = superior lateral occipital cortex left; sLOCr = superior 
lateral occipital cortex right.  

Figure S3: Group differences in functional connectivity of DMN ROIs between PD-MCI (n = 12) 
and cognitively unimpaired (n =36) PD patients with covariates UPDRS-III, disease duration 
and LEDD. Connections shown in red represent increased connectivity strength, blue 
connections refer to the opposite contrast. ROIs’ sizes do not indicate the actual ROI 
diameters.  

Abbreviations: AGl = angular gyrus left; AGr = angular gyrus right; mPFC = medial prefrontal 
cortex; ParaHL = parahippocampal cortex left; ParaHR = parahippocampal cortex right; PC = 
precuneus cortex; PCC = posterior cingular cortex; pSMGl = supramarginal gyrus left; pSMGls 
= posterior supramarginal gyrus left superior; pSMGrs = posterior supramarginal gyrus right 
superior; SFGl = superior frontal gyrus left;  SFG mid = superior frontal gyrus mid; SFGr = 
superior frontal gyrus right; sLOCl = superior lateral occipital cortex left; sLOCr = superior 
lateral occipital cortex right.  
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