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Objective: Parkinson’s disease (PD) is characterized by cognitive deficits. There is not clarity about elec-
troencephalogram (EEG) connectivity related to the cognitive profile of patients. Our objective was to
evaluate connectivity over resting EEG in nondemented PD. Methods: PD subjects with and without mild
cognitive impairment (MCI) were assessed using coherence from resting EEG for local, intra and interhemi-
spheric connectivity. Results: PD subjects without MCI (PD-nMCI) had lower intra and interhemispheric
coherence in alpha2 compared with controls. PD with MCI (PD-MCI) showed higher intra and posterior
interhemispheric coherence in alpha2 and beta1, respectively, in comparison to PD-nMCI. PD-MCI pre-
sented lower frontal coherence in beta frequencies compared with PD-nMCI. Conclusion: EEG coherence
measures indicate distinct cortical activity in PD with and without MCI.
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Parkinson’s disease (PD) is the second most frequent neurodegenerative disorder in elder population [1,2]. Disease
progression impacts quality of life of patients and caregivers owing to a combination of motor and nonmotor
dysfunctions [3–6]. Cognitive disturbances are frequent in PD since the diagnosis [7–10], ranging from subjective
complains and mild cognitive impairment (MCI) to the presentation of a definite dementia syndrome [11,12]. MCI
is recognized as a risk factor for developing dementia in PD [13,14], making urgent the identification of reliable
markers to assist clinicians in diagnosing or monitoring patients at increased hazard of worse prognosis [15].

Cognitive impairment in PD involves alterations in several domains [16–18], starting more often with abnormalities
in executive functions [13,16,19,20]. Disturbances in information storage, visoperceptual capacities and language,
appear in more advanced stages, being indicative of an evolution to dementia [14,16,21]. These observations have led
to the proposal of a dual syndrome hypothesis [22], which differentiates between an early frontal, predominantly
dysexecutive and dopamine dependent syndrome, and a later more posterior syndrome, with prominent visuospatial
and memory storage deficits, associated to cholinergic anomalies [17,22,23]. Pathophysiology of cognitive impairments
in PD appear to entail disruptions in the cortico-subcortical circuits, which would explain the diversity of clinical
features of disease [24–26].

The basis of the emergency of high-order cognitive processes is the integration of specialized brain areas through
complex connectivity arrays conforming organized networks [27–30]. Neurophysiological correlates of those processes
can be tracked through non-invasive techniques such as the electroencephalogram (EEG), evaluating synchronized
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activity between neuronal populations [31–33]. The analytical approach that examines the statistical dependencies
among signals from different neural units has been termed functional connectivity (FC) [32,34]. In the frame of
global brain networks, abnormal activity of one circuit component could alter its interactions with other network
components, which should be expressed as modulations in the brain-based FC measurements [35,36].

Extracranial electrophysiological (EEG/MEG) studies have found connectivity changes in several nervous system
disorders [37–40], including PD [41,42]. Resting-state reports in PD without dementia (PD-ND) have demonstrated
that FC measures could distinguish patients from healthy controls [43–45], being also sensitive to different types
of therapeutic interventions [46–48]. Connectivity and other EEG measures have been examined by means of the
quantitative analysis of the EEG (qEEG) [49,50]. This computerized and mathematical spectral analysis of EEG
allows to gain quantitative data and has shown diagnostic differentiation capacity in several neuropsychiatric
conditions [50–54]. Nonetheless, evidence about EEG connectivity through the full cognitive spectrum in PD-ND
is scarce, and the most used FC measure has been the spectral coherence [55–57]. In summary, there is a particular
lack of data regarding correlations between EEG FC features and cognitive variables in PD populations [56,58,59].

The present study examine resting-state FC characteristics in PD subjects with and without MCI applying qEEG
methods. We sought to determine corticocortical coherence patterns associated to cognitive status of patients with
PD, and to explore correlations between frontal measures and executive functioning.

Materials & methods
Subjects
An initial group of 50 subjects with diagnosis of PD was recruited from the outpatient service of the neurosciences
group of our university. All patients underwent a complete neurological and neuropsychological examination,
in order to confirm diagnosis and to apply selection criteria. We excluded subjects with other parkinsonian
syndromes, additional major neurological/psychiatric disorders, any kind of dementia [60], presence of intracranial
devices and the current use of drugs that could alter the EEG. PD diagnosis was confirmed with the criteria of
the United Kingdom PD Society Brain Bank [61], disease progression was established with the Hoehn & Yahr scale
(H&Y) [62,63], and motor disability was determined with section III of the Unified Parkinson’s Disease Rating Scale
(UPDRS-III) [64]. After applying the selection criteria, 36 (N = 36) patients were selected to enter the study.

Cognitive screening was performed using the Montreal Cognitive Assessment (MoCA) [65], a reliable tool for
the estimation of global cognitive state and the identification of MCI in PD [66,67], which has been validated
in a Colombian population [68]. Subject’s functionality were evaluated with the Barthel Index and Lawton &
Brody scale [69,70]. All patients were under stable antiparkinsonian treatment during at least 4 weeks prior to study
evaluations, and individual medications was converted to levodopa-equivalent daily dose (LEDD) [71]. All clinical
and electrophysiological assessments were completed in phase ‘On’ of levodopa treatment.

PD subjects were classified in two groups depending on their cognitive status. Patients with spared functionality,
not significant cognitive complains, and a MoCA score of 23 or above (according to validation in Colombian
population) [68], were classified as PD without MCI (PD-nMCI, n = 22). Patients with preserved functionality and
a MoCA score below 23 were grouped as PD with MCI (PD-MCI, n = 14), following level one of the diagnostic
criteria for MCI in PD proposed by the Movement Disorders Society (MDS) [72].

Finally, 36 (N = 36) healthy subjects with normal cognitive status, and not relevant neurologic or psychiatric
disorders (controls), were matched to PD patients based on gender, age and formal education. All controls were
assessed cognitively in the same way described for patients.

The study protocol had the approval of the Ethical Research Committee of the University (Certificate No.
15-10-569). All participants gave their written informed consent after an explanation of the study characteristics,
and before any clinical or experimental evaluation, according to the declaration of Helsinki.

Executive function assessment
All subjects were evaluated with the INECO frontal screening test (IFS) [73], a sensitive tool for detection of
executive dysfunction in neurodegenerative diseases [74]. The IFS focus on core components of executive functions,
as the adequacy of attentional resources, a proper operative memory, response inhibition capacity and abilities for
behavior monitoring [75]. In correspondence, the IFS represents primarily three groups of tasks: set shifting and
response inhibition, working memory and abstraction capacity. IFS total score (30 points) was obtained by the sum
of its eight subtest punctuations [73]: Motor Programming (3 points), Conflicting Instructions (3 points), Go–No
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Go (3 points), Backward Digit Span (6 points), Verbal Working Memory (2 points), Visual Working Memory (4
points), Abstraction Capacity – Proverb Interpretation (3 points) and Verbal Inhibitory Control (6 points).

EEG recordings
EEG was recorded in resting awake condition with eyes closed during five minutes in a quiet and dimly shielded
room. Subjects seated upright in a comfortable chair being instructed to be relaxed and to remain alert during
recording. EEG Signals were acquired with a 58 tin electrodes cap according to the international 10–10 system,
using Neuroscan C© software and amplifiers (Scan 4.5, SynAmps2). A sampling frequency of 1000 Hz was used to
digitize signals, which were filtered online with a band-pass filter of 0.05 to 200 Hz, and a notch filter of 60 Hz.
The reference acquisition consisted of an electrode placed on the right earlobe. As ground reference we used another
electrode located between Cz and Fz positions. Impedances were kept below 10 kOhm.

EEG data preprocessing
A semi-automated pre-processing pipeline was implemented using two MATLAB toolboxes [76]: the EEGLAB [77],
and the standardized early-stage EEG processing pipeline (PREP) [78]. This process comprises: data importation;
visual inspection to remove segments representing abrupt movements; PREP pipeline, which includes a robust
reference to average with exclusion of defective channels, and detection with interpolation of bad channels; filtering
of data using a high pass FIR filter at 1 Hz; independent component analysis (ICA); epoch segmentation to 2 s;
filtration of artifactual independent components using wavelet (wICA) to correct muscular and eye artifacts [79];
low-pass FIR filtering at 30 Hz; and rejection of remaining deficient epochs by a procedure based on linear trend,
joint probability and kurtosis approach [80]. On average, for each subject, 4.96 (±3.66) channels were interpolated,
9.0 (±3.09) epochs were rejected and 164.38 (±20.01) epochs were kept for subsequent analysis.

FC analysis
FC was assessed using the coherence function estimated by the multi-taper method [81], available in Chronux
MATLAB toolbox [82]. Coherence measures the strength of the correlation between two signals across frequencies,
quantifying the amount of dispersion of phases and amplitudes of the signals in a specific frequency width [83].
Coherence captures only the linear component of the functional coupling, and can be affected by volume conduction
of remote sources [33]. Analysis of spectral coherence has been the predominant approach in qEEG reports in several
clinical conditions, being the most common in studies of PD [84]. Thus, we used coherence analysis in an explorative
manner because the introduction a cognitive subgroup of patients that have not been considered in previous EEG
FC studies [57,58,84].

Coherence was calculated between all pairs of electrodes within or between specified regions in four frequency
bands: alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta1 (13–20 Hz) and beta2 (20–30 Hz). Computations were made
from 50 free-of-artifacts epochs randomly selected from each recording. The magnitude of coherence was averaged
across epochs, resulting in a 58 × 58 matrix for each subject. To lessen comparisons, measurements were reduced
to eight Regions of Interest (ROIs) based on the position of electrodes representing the area over the main brain
lobes. Electrode sites were included in ROIs as follows: left frontal (AF3, F1, F3, FC1, FC3); right frontal (AF4,
F2, F4, FC2, FC4); left temporal (FC5, C5, CP5, T7, TP7); right temporal (FC6, C6, CP6, T8, TP8); left parietal
(CP1, CP3, P1, P3); right parietal (CP2, CP4, P2, P4); left occipital (PO3, PO5, PO7, O1); and right occipital
(PO4, PO6, PO8, O2) (Figure 1A).
For each frequency band, three types of connectivity were estimated based on ROIs interplay. Local (IntraROI)
connectivity was calculated averaging coherence values obtained from all pairwise channel combinations within
each ROI. Intrahemispheric connectivity was determined by the average of coherence among all electrode pairs
between two ROIs in the same hemisphere. Interhemispheric connectivity was established by averaging coherence
from every pair of channels between homolog ROIs of both hemispheres. ROIs and selected interactions according
to connectivity types are shown in Figure 1.

Statistical analysis
Demographic & clinical characterization
Demographic and clinical characteristics were compared between groups. Normal distribution of continuous
variables was evaluated by Shapiro–Wilk normality test. If data sample was normally distributed, parametric
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Figure 1. Schematic representation of the electroencephalogram regions of interest.

Table 1. Demographic, clinical and cognitive characterization of Parkinson’s disease groups and healthy controls.
Demographic and
clinical variables

Controls (n = 36) PD-nMCI (n = 22) PD-MCI (n = 14) F† p value Group comparisons

Age (years) 63.3 (6.2) 61.8 (8.0) 66.1 (7.4) 1,559 ANOVA 0.218

Gender (F\M) 12\24 8\14 4\10 Fisher’s exact 0.946

Education (years) 12.4 (4.8) 11.5 (5.0) 11.9 (5.6) 0.224 ANOVA 0.800

Disease duration
(years)

4.4 (2.7) 6.2 (3.5) 2898 ANOVA 0.098

Hoehn & Yaar stage 2.1 (0.4) 2.1 (0.3) Mann-Whitney 0.835

UPDRS-III 28.3 (12.6) 34.6 (10.3) Mann-Whitney 0.057

LEDD 586.7 (304.8) 748.5 (396.9) 1906 ANOVA 0.176

MoCA 26.6 (1.5) 26.5 (1.5) 20.9 (1.5) Kruskal-Wallis 0.000¶ Control = PD-nMCI
Control � PD-MCI¶‡

PD-nMCI � PD-MCI¶‡

INECO 22.8 (2.5) 20.8 (2.4) 16.6 (3.5) 26,281 ANOVA 0.000¶ Control � PD-nMCI¶§

Control � PD-MCI¶§

PD-nMCI � PD-MCI¶§

†ANOVA, distribution F.
‡Mann–Whitney U test.
§Tukey test.
¶p � 0.05; ‘=’: No significant difference; ‘�’: Significantly higher than.
H&Y: Hoehn & Yahr stage; INECO: INECO frontal screening test; LEDD: Levodopa equivalent daily dose; MoCA: Montreal Cognitive Assessment; PD: Parkinson’s disease; PD-nMCI: PD
without mild cognitive impairment; PD-MCI: PD with mild cognitive impairment; UPDRS: Unified Parkinson’s Disease Rating Scale.

analysis was used; otherwise, nonparametric analysis was applied. In the same way, appropriate post-hoc tests were
used to assess differences between groups (Table 1).

Connectivity measures
To distinguish variations in FC related to the base pathology from those associated to the occurrence of cognitive
impairment, group comparisons were made in fixed pairs. Thus, analyses were performed comparing PD-nMCI
versus controls, and PD-MCI versus PD-nMCI.

For every frequency band, differences in coherence were analyzed through a repeated measure mixed-design
ANOVA performed for each connectivity type. As independent variables, group belonging was the intersubjects
factor, and ROIs interactions within each connectivity type (levels) were the intrasubjects one. The Greenhouse–
Geisser correction of p-value was used when sphericity was not satisfied using the Mauchly’s test.

Levels within each connectivity types were the repeated measures factor in the described ANOVA model. Hence,
local coherence accounted for eight levels (bilateral frontal, temporal, parietal and occipital); intrahemispheric coher-
ence held eight levels (frontotemporal, frontoparietal, temporo-occipital and parieto-occipital in both hemispheres);
and interhemispheric coherence had four levels (interfrontal, intertemporal, interparietal and interoccipital).

For long-distance connectivity (intra and interhemispheric), post hoc analyses were performed by independent
t-test comparisons by connectivity Levels if there was a significant main effect of Group, or an Interaction effect
between Group and repeated measure factor. For short-distance coherence (IntraROI), differences between groups
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at each level of the intrasubjects factor were tested regardless the significance of the ANOVA main effects with the
intention of examining topographical differences. As an exploratory study in a previously nondescribed population,
we do not correct multiplicity for comparisons by ROIs interactions (levels) within each connectivity type.

Correlations with executive function measure
The IFS assess executive functions mostly reliant on frontal cortices. Thus, correlations between intrafrontal
coherence and IFS scores were assessed in band frequencies in which PD groups had significant differences, using
the Spearman’s rank correlation coefficient.

All statistical analyses were performed at a significance level of 0.05, using the SPSS software (version 23, IBM
Corp. NY, USA).

Results
Subject’s characteristics
There were not significant differences between the experimental groups regarding age, sex or educational level.
PD-nMCI and PD-MCI were not different in disease progression, motor disability or levodopa equivalent daily
dose. All the participants in our study, patients and controls, were right-handed. General features of groups and
comparative statistics are shown in Table 1.

Global cognition & executive function
MoCA test scores were significantly smaller for PD-MCI (mean = 20.9; standard deviation [SD] = 1.5) than for
controls (mean = 26.6; SD = 1.5) and PD-nMCI (mean = 26.5; SD = 1.5) (Table 1). Relative to IFS, ANOVA
indicated significant differences between study groups (F(2, 69) = 26.281 p < 0.001). Pairwise comparisons by
post hoc Tukey procedure showed significant differences between all groups, with controls (mean = 22.8, SD = 2.5)
scoring better than PD-nMCI (mean = 20.8, SD = 2.4), and PD-MCI (mean = 16.6, SD = 3.5) scoring worse than
controls and PD-nMCI (Table 1).

Functional connectivity
Intrahemispheric coherence

PD-nMCI versus controls
There was a significant main effect of Group in alfa2 band (F(1, 56) = 9.995, p < 0.003, η2 = 15.1%). Post
hoc comparisons between groups by ROI interactions showed that PD-nMCI patients had lower coherence than
controls in bilateral fronto-temporal (left: p = 0.003, d = -0.91; right: p = 0.018, d = -0.70) and frontoparietal (left:
p = 0.014, d = -0.74; right: p = 0.018, d = -0.68) interplays. No other significant effects were found from ANOVA
(Figure 2).

PD-MCI versus PD-nMCI
A main effect of Group was significant in alfa2 (F(1, 34) = 4.529, p < 0,05, η2 = 11.8%). PD-MCI presented
significant higher frontoparietal coherence than PD-nMCI group in both hemispheres (left: p = 0.022, d = 0.74;
right: p = 0.038, d = 0.68). No other significant effects were found (Figure 3).

Interhemispheric coherence

PD-nMCI versus controls
A significant Interaction effect between Group and ROIs interactions was found in alfa2 (F(3, 168) = 3.704,
p < 0.017, η2 = 6.2%). PD-nMCI showed significant lower interparietal (p = 0.025, d = -0.63) and interoccipital
(p = 0.025, d = -0.59) coherence than controls. There were not additional significant effects from the ANOVA
(Figure 4A).

PD-MCI versus PD-nMCI
It was found a significant Interaction effect between Group and ROIs interactions in beta1 (F(3, 102) = 4.800,
p < 0.007, η2 = 12.4%). PD-MCI presented lower interfrontal (p = 0.017, d = -0.83), and higher interparietal
(p = 0.023, d = 0.80) coherences, compared with PD-nMCI group. No other significant effect was found from the
ANOVA (Figure 4B).
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Figure 2. Intrahemispheric connectivity: comparisons between Parkinson’s disease without mild cognitive impairment and controls.
PD-nMCI: Parkinson’s disease without mild cognitive impairment.
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Figure 3. Intrahemispheric connectivity comparisons between Parkinson’s disease with and without mild cognitive impairment.
PD-nMCI: Parkinson’s disease without mild cognitive impairment; PD-MCI: Parkinson’s disease with mild cognitive impairment.

Local coherence

PD-nMCI versus controls
No significant main effects of Group or Interaction were observed from the repeated measure ANOVA. There were
no differences in comparisons of group by ROIs interactions.

PD-MCI versus PD-nMCI
No significant main effects of Group or Interaction were observed from the ANOVA. However, there were significant
differences regarding frontal ROIs between groups. In the left hemisphere, PD-MCI presented significant lower
intrafrontal coherence in beta1 (p = 0.011, d = -0.87) and beta2 (left: p = 0.012 d = -0.87) bands (Figure 5). Right
hemisphere presented the same trend.
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Figure 4. Interhemispheric connectivity results.
PD-nMCI: Parkinson’s disease without mild cognitive impairment; PD-MCI: Parkinson’s disease with mild cognitive impairment.
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Figure 5. Intrafrontal connectivity in groups with Parkinson’s disease.
PD-nMCI: Parkinson’s disease without mild cognitive impairment; PD-MCI: Parkinson’s disease with mild cognitive
impairment.

Correlations between frontal coherence & executive functions
There were significant correlations between IFS scores and intrafrontal coherence in patients. PD-nMCI group
presented significant positive correlation in beta2 for right frontal ROI (Rho = 0.539, p = 0.010). On the contrary,
PD-MCI presented negative correlation in beta2 for left frontal ROI (Rho = -0.593, p = 0.025).
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It is important to note that UPDRS-III, LEDD and disease duration, had not significant correlations with
intrafrontal coherence in the PD groups.

Discussion
The present study aimed to determinate the resting EEG FC features of a PD-ND population in relation to its
cognitive status. We found a distinct FC pattern in PD-nMCI patients compared with PD-MCI and controls.
Additionally, connectivity within frontal regions correlated differentially with executive functioning along PD-
ND cognitive spectrum. Taken as a whole, our preliminary results of three types of connectivity reflect current
pathophysiology hypothesis, clinical observations and recent empirical evidence on cognitive decline in PD.

Main results showed lower intrahemispheric (frontoparietal; frontotemporal) coherence in alfa2 in PD-nMCI,
compared with controls. Conversely, PD-MCI presented higher intrahemispheric (frontoparietal) coherence in
alfa2, in comparison with PD-nMCI. Previous EEG/MEG reports of resting connectivity in PD has pointed to
an atypical synchronization involving mainly alfa and beta bands [43,45–47,55,56,85–87]. Particularly, PD-ND patients
have shown regional differences with lower parietal coherence in alpha, and higher frontal coherence in beta
frequencies in comparison to healthy controls [43].

Regarding our results, the major comparative limitation of the precedent evidence is that most of the EEG/MEG
reports do not categorize PD patients with MCI as a separate group. Thus, previous EEG connectivity research
would be displaying mixed cortical coupling patterns from PD-ND subpopulations with presumable distinct cortical
dynamics [45,88–91]. Hence, the present study represents an advance addressing appropriate cognitive categorization
of PD subjects without dementia in qEEG inquiry.

Other image techniques have studied PD individuals with MCI. Resting functional magnetic resonance images
(fMRI) have revealed decreased connectivity of the right medial temporal lobe and bilateral inferior parietal
cortex within the default mode network (DMN) in PD-nMCI, when compared with controls [92]. Structural
connectivity studies have shown greater disturbances in frontal and anterior interhemispheric connections in PD-
MCI, in comparison to PD-nMCI [93,94]. Of particular interest, PD-MCI patients have shown mixed structural
changes implicating gray matter thinning in prefrontal, insular and parietal regions [95–97] and thickening in right
frontoparietal cortices, if contrasted to PD-nMCI [95]. Additionally, PD-MCI individuals have shown increased
metabolic signals in cingulate areas at rest [98], and parietal cortices during cognitive tasks [99].

A growing amount of evidence indicate that connectivity modifications in PD-ND depend on cognitive status of
patients [42,100]. Our findings suggest also that when global cognitive decay is clinically identifiable, as in PD-MCI,
an adaptive/reactive cortical activity would become evident concerning intrahemispheric interactions, possibly in
an attempt to maintain general efficiency of cognitive networks [35,90,101].

As a secondary central finding, we found lower posterior interhemispheric (interparietal) coherence in alpha2
for PD-nMCI when contrasted with controls. Meanwhile, PD-MCI showed higher interparietal coherence in
beta1, compared with PD-nMCI. In this direction, previous electrophysiological [85], structural [95,96,102,103] and
functional image studies [92], has described shifting changes in posterior cortices associated to cognitive impairment
in PD. In particular, PD-MCI subjects have shown a dissociation in FC between anterior and posterior brain
regions with respect to Intrinsic Connectivity Networks in resting fMRI [104]. Specifically, PD-MCI presented
reduced connectivity between right fronto-insular areas and dorsal attentional network (DAN), together with
enhanced connectivity between parieto-occipital areas and DMN components [104].

In the same regard, structural studies have described a pattern of connectivity irregularities across the cognitive
spectrum of PD [105], involving anterior tracts initially [106,107], with further implication of posterior connection
fibers [102,108]. Altogether, changes in EEG connectivity in PD-MCI found in our study, appear to be driven by
adaptive/reactive activities concerning posterior cortices [98,99,109,110], suggesting a compensatory (or deregulated)
interhemispheric synchronization through alfa2-beta1 range. This enhanced cortical coupling in PD-MCI could
be reflecting recruitments of additional processing resources reliant on the less affected posterior regions [111], to
sustain global functionality of cognitive networks [90].

A third central outcome revealed reductions of intra and interfrontal coherence in the beta range for PD-MCI,
compared with PD-nMCI. Other resting and task related functional studies have reported progressive frontal
alterations related to cognitive decline in PD. In this way, in comparison to PD-nMCI, subjects with PD-MCI
have presented decreased FC in the striatum [112], and in frontal [90], prefrontal [113] and fronto-insular regions [104],
within DMN, frontoparietal network and DAN, respectively.
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In this direction, PD-MCI patients have shown striatal dopamine depletion and reduced receptor (D2) availability
in the anterior insula [114]. The anterior fronto-insular area (salience network) seems to play a critical role in
switching between central executive network (dorsolateral prefrontal, parietal cortices) and DMN (medial prefrontal,
posterior parietal) [29,115], which normal interaction has been linked to an appropriate executive functioning [29,116].
Overall, our findings support the hypothesis that a progressive fronto-striatal dysfunction underlies early cognitive
impairment in PD, particularly for executive functions [104,113,117,118].

Finally, patients shown differential significant correlations in frontal ROIs in beta2 band. Specifically, PD- nMCI
had positive correlation on the right hemisphere, whereas PD-MCI exhibits a negative correlation on the left one.
In the same direction, a recent EEG resting study found significant correlations between frontoparietal coherence
in conventional fast frequencies and executive dysfunctions in PD-ND, but MCI condition was not analyzed
separately [56]. Furthermore, several fMRI studies at rest [94], and others during cognitive tasks [99,112,119], have
demonstrated correlations between anomalous activity in frontostriatal regions and a dysexecutive profile in PD
without dementia. In effect, alterations in dopamine-dependent activity within the striatum [114,120,121], insular
and prefrontal regions [122–124], have shown to be associated directly to executive performance in PD.

The aforementioned results are in accordance with reports showing that PD-MCI had further underactivity
(decreased BOLD signal) during executive related tasks, in right caudate, right prefrontal dorsolateral and anterior
cingulate areas, when compared with PD- nMCI [99,112]. These observations suggest that activity modulations in
frontal cortices induced by striatal dopamine depletion in PD, may contribute to unusual interactions with other
cortical components of networks involved in executive processing [35,36].

Interestingly, our analysis of correlations indicated a possible role of the right prefrontal region in maintaining
executive and global cognition efficiency in the PD-nMCI individuals, in relation to synchronization activity in
beta frequencies. This assertion have support in the proposed lateralization of executive functions in PD [125,126],
in the fact that it has been also described in cognitively unaffected aged individuals [127], and in EEG observations
of positive correlations between executive functioning and frontal coherence in beta in nondemented healthy older
adults [128]. According to this approach, we speculate that the right prefrontal regions would be important in
preserving global cognition in PD-nMCI based on right hemisphere functional attributes such as monitoring,
attentional and visuospatial processing [127,129]. This is a plausible association because deficits in some of these
functions are associated with the transition to a more advanced cognitive deterioration [13], following closely the
dual syndrome hypothesis of PD [22].

Limitations
This study has some limitations. First, we used the MoCA as a global cognition measure to classify patients,
reaching level I of PD-MCI criteria [72], and thus entailing less diagnostic certainty. Second, patients were evaluated
in phase ‘On’ of their PD medication. Thereby, the confounding influence of long-standing dopaminergic therapy
cannot be appropriately assessed. Nevertheless, data analysis did not show significant correlations between LEDD
and the coherence patterns we found. Third, sample size is relatively small, especially for PD-MCI. Hence, general
outcomes could not balance sufficiently variability between subjects. Further EEG studies are required to verify
present findings in larger cohorts of PD-MCI patients, and to appraise sensitivity and specificity of FC markers.
Fourth, coherence between near electrodes could be due to a volume conductance effect, generating spurious
correlations in the EEG signal space.

The last aspect deserve an extension of discussion. In the first place, the contribution of the volume conductance
on coherence could be assessed as a function of distance between electrodes. Coherence due to volume conductance
have the tendency to approximate zero in a critical distance between 5 and 17 cm [130,131]. Considering the average
head circumference of our participants (57.1 cm), and that all midline electrodes was excluded from analysis,
we calculated a mean of the minimum interhemispheric electrode separation of 5.3 cm, which would be in the
close-to-zero range of coherence due to volume conductance. Therefore, given that our main findings involved
long-distance interactions, it is less likely that our results could be extensively contaminated by volume conductance.

One solution to the volume conductance problem is to estimate coherence applying source reconstruction
methods [84,132,133]. Nevertheless, there is not a unique methodology to localize sources [133], and some techniques
to solution the inverse problem are not compatible with certain connectivity measures [134]. Thus, we choose a
pragmatic approach, focusing the analysis in the signal space. This way, even if the volume conductance could affect
coherence, it is unlikely that it can explain the confluence of outcomes in the two arranges of group comparisons, the
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consistency of findings in different types of connectivity, and the significant differences in long-distance connectivity
between groups of patients with different cognitive profile.

Noteworthy, general results of this study are in general accord with current pathophysiology hypothesis and
clinical observations [22], and share similar directions in findings registered with other brain-based techniques [100].
This allows us to assume that connectivity measures we estimated in the present study correspond more with
coherence between genuine neural sources, that with a steady volume conductance influencing evenly the majority
of subjects. Nevertheless, future EEG studies assessing comparable connectivity measures, electrode assortments
and precise source localizations of EEG sources are warranted.

Conclusion
The current study demonstrates a compelling relationship between EEG FC patterns during resting wakefulness
and the cognitive status in a nondemented PD population. Decrements in intrahemispheric coherence in alfa2
could be an early EEG marker of the primary pathology with respect to normal elderly subjects. Conversely,
increases in intrahemispheric coherence in alpha2, and posterior interhemispheric coherence in alpha2–beta1
range, might be the correlates of transition to global cognitive decline. All things considered, outcomes presented in
this study follow general postulates of the dual syndrome hypothesis in PD [13,18,22,135], supporting the premise that
progressive prefrontal dysfunction – caused by striatal dopamine depletion – may influence large-scale networks
activity, interfering with specific cognitive processes.

Overall, because of the direct sensibility to neuronal activity, the greater time resolution, relative low costs,
noninvasiveness and the little collaboration needed from subjects, the resting-state EEG connectivity analysis can
be useful as a biomarker to assist diagnosis, interventions and/or cognitive prognosis in PD.

Future perspective
In subsequent years, the clinical use of sensitive and accurate diagnostic tools with capacity to track significant brain
dysfunctions will be used to early detect disorders that could lead to dementia. The need for cheap, practical and
widely available diagnostic biological markers will lead to a greater use of neurophysiologic techniques such as the
qEEG.

Research and clinical applications of qEEG analysis in different neurodegenerative disorders will allow scientific
community to identify relevant qEEG measures and proper processing algorithms to be reliably used in the assistance
of individual patients.
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Summary points

Cognitive impairment in Parkinson’s disease
• Cognitive disturbances are frequent in Parkinson’s disease (PD) and mild cognitive impairment (MCI) is

recognized as an important risk factor for developing dementia in the course of disease.
Brain networks & cognition
• Pathophysiology of cognitive impairment in PD entails cortical connectivity disruptions affecting global

functionality of organized circuits.
Electrophysiology & cognitive states
• Neurophysiological correlates of cognitive states can be tracked through practical noninvasive brain-based

techniques such as the electroencephalogram (EEG) signals.
Functional connectivity approach
• Functional connectivity (FC) is the analytical approach that examines statistical dependencies between brain

signals originated from different neural units.
EEG connectivity in PD
• EEG connectivity studies in PD without dementia (PD-ND) have shown that FC measures might have the ability to

distinguish patients from healthy age-matched subjects.

• There is a lack of evidence about relations between EEG FC measures and the cognitive profile of patients.
Study methods
• We compared EEG coherence in two groups of PD-ND subjects with MCI (PD-MCI) and without MCI (PD-nMCI).
Global results
• There were differences in intra and interhemispheric coherence between PD-nMCI and PD-MCI. FC disparities

appears over alpha2-beta1 band frequency width.

• We observed correlations between intrafrontal connectivity in beta2 and global executive functioning in PD
patients.

Conclusion
• EEG coherence measures indicate distinct resting-state cortical activity in PD subjects with and without MCI.

• Integrated results are in accord with current pathophysiology hypothesis, clinical observations and recent
neuroimaging findings.

• This study suggests that the EEG connectivity analysis is a potential biomarker to monitor cognitive disturbances
in PD.
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