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Abstract

Parkinson’s disease (PD) is a movement disorder caused by degeneration in dopaminergic neurons. During the disease course,
most of PD patients develop mild cognitive impairment (PDMCI) and dementia, especially affecting frontal executive functions. In
this study, we tested the hypothesis that PDMCI patients may be characterized by abnormal neurophysiological oscillatory mech-
anisms coupling frontal and posterior cortical areas during cognitive information processing. To test this hypothesis, event-
related EEG oscillations (EROs) during counting visual target (rare) stimuli in an oddball task were recorded in healthy controls
(HC; N=51), cognitively unimpaired PD patients (N =48), and PDMCI patients (N =53). Hilbert transform served to estimate
instantaneous phase and amplitude of EROs from delta to gamma frequency bands, while modulation index computed ERO
phase-amplitude coupling (PAC) at electrode pairs. As compared to the HC and PD groups, the PDMCI group was characterized
by (1) more posterior topography of the delta-theta PAC and (2) reversed delta-low frequency alpha PAC direction, ie, poste-
rior-to-anterior rather than anterior-to-posterior. These results suggest that during cognitive demands, PDMCI patients are
characterized by abnormal neurophysiological oscillatory mechanisms mainly led by delta frequencies underpinning functional
connectivity from frontal to parietal cortical areas.
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parkinson’s disease, parkinson’s disease with mild cognitive impairment (PDMCI), brain event-related oscillations (EROs),
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Introduction

Parkinson’s disease (PD) is a movement disorder, mainly
caused by degeneration in dopaminergic neurons of substantia
nigra affecting basal ganglia circuits and cognitive motor func-
tions. Notably, those circuits modulate several cognitive func-
tions including frontal executive functions (ie, attention and
working memory, decision-making, etc), learning, and episodic
memory.' During the disease course, those dysfunctions in
these circuits are associated to a clinical syndrome progressing
from mild cognitive impairment (MCI) to dementia in most PD
patients.>~®

In the framework of a Precision Medicine approach, PD
patients should be periodically assessed according to their (1)
cognitive status by neuropsychological “paper and pencil”
tests and (2) brain neurophysiological functioning by adequate
biomarkers. Informative biomarkers of brain neurophysiologi-
cal functioning may derive from the analysis of electroenceph-
alographic (EEG) oscillatory activity recorded during cognitive
demands. This activity reflects event-related oscillations
(EROs) in cortical neural excitability during sensory informa-
tion processing and can provide useful information on the
derangement of brain cognitive systems in patients with PD
or other neurodegenerative disorders.”®

In previous studies, topographically widespread EROs
during auditory and visual cognitive tasks were lower in mag-
nitude at delta (<4 Hz) and theta (4-7 Hz) frequencies in
PDMCI patients when compared to PD patients without cogni-
tive deficits and healthy cognitively unimpaired control (HC)
persons.”'* Notably, similar abnormalities in EROs were
found in patients with cognitive deficits due to Alzheimer’s
disease, so these biomarkers may be not specific for PD
effects on brain cognitive systems.'®> Nevertheless, EROs may
be useful to appreciate the extent to which brain cognitive
systems at work are disrupted in PD patients with the same
medical diagnosis.

A new frontier in the study of EROs during cognitive tasks is
the computation of the statistical interdependence (coupling) of
those oscillations at different frequency bands and scalp elec-
trodes, as a reflection of multi-scale integration of neural activ-
ity in cortical cognitive networks at work.'® This statistical
interdependence is generally referred to as cross-frequency cou-
pling (CFC) of resting state EEG activity or EROs during cog-
nitive tasks at a given scalp electrode (cortical source) or scalp
electrode (cortical source) pair. Notably, CFCs from those EEG
signals can be observed at different scales in the brain, from
invasive intracerebral to scalp-recorded EEG or ERO
signals.”'7"2° While the statistical interdependence (coupling)
between high-frequency EEG oscillations (>30 Hz within
beta and gamma frequency bands) at an electrode pair is
usually significant only in close proximity to their cortical
EEG sources, that between EROs slower on frequency
(<8 Hz within delta and theta frequency bands) is significant
for more widespread ranges in the cortical source space.?!
This typical observation suggests that EROs at delta and theta

frequencies may integrate cognitive information processing
over larger spatial scales, while EROs at beta and gamma fre-
quencies may play a role in local cognitive information
processing.'*?

Several variants of CFC of EEG or ERO activity have been
defined, such as frequency-frequency amplitude-amplitude
coupling, and phase-amplitude-coupling (PAC), both at a
given scalp electrode (cortical source) or electrode pair.>
Among them, the CFC based on PAC quantifies the modulation
of the EEG or ERO amplitude at a given frequency and elec-
trode (source) by the phase of another frequency band. The
same concept has been applied to the CFC based on PAC com-
puted at a given frequency and electrode pair.”?

In physiological conditions,**2® the phase of EEG oscil-
lations at theta frequencies (~6 Hz) in the hippocampus was
shown to modulate the amplitude of local gamma EEG oscil-
lations (~40 Hz) as a neurophysiological underpinning of
the ability to hold a (limited) number of items available
for cognitive processing, namely the short-term memory
capacity. Several studies extended these CFC based on
PAC findings on the electrophysiological data recorded at
multiple spatial scales in several brain regions for investigat-
ing other cognitive functions such as attention,?” decision
making,>”*® and sensory detection.’’ In parallel to this
prominent theta-gamma PAC, a large number of EEG
studies reported other CFC based on PACs (in the related-
brain regions), such as delta-beta coupling as an indicator
of cortical-subcortical control of motivational and emotional
processes,*® temporal prediction, and prediction accuracy,’'
and social anxiety.>?

In pathophysiological conditions, abnormal CFC from EEG
activity was associated with cognitive impairment.>® Specifically,
it happened in patients with schizophrenia,** epilepsy,® and
Alzheimer’s disease.*®*” Furthermore, power-to-power and
phase-to-amplitude CFCs from EEG activity were also abnormal
in PD patients in relation to motor symptoms.'*° Notably, no pre-
vious study investigated the CFC based on PAC from cognitive
EROs in PD patients with cognitive deficits, typically involving
frontal executive functions.

The importance of anterior-posterior connectivity in cogni-
tion (and impairment in some pathologies) is the point on
which the study’s central hypothesis is based.***! Therefore,
in this study, we tested the hypothesis that PDMCI patients
may be characterized by abnormal neurophysiological oscilla-
tory mechanisms coupling specifically between frontal and pos-
terior cortical areas during cognitive information processing as
revealed by the CFC based on cognitive EROs. To test this
hypothesis, EROs during counting visual target (rare) stimuli
in a standard oddball task intermingling those stimuli with fre-
quent ones were recorded in healthy controls (HC), cognitively
unimpaired PD patients, and PDMCI patients. Furthermore,
that CFC from EROs at electrode pairs was used as a
measure of underlying cortical functional connectivity
between frontal and posterior areas during cognitive informa-
tion processing.
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Method

Participants

The participants were recruited into three study groups: PD
(N = 48) only with motor symptoms, PDMCI (N =53), and
healthy controls (HC, N =51). The demographics of the partic-
ipants are given in Table 1. All participants had normal or
corrected-to-normal vision.

The patients with PD were diagnosed by the neurology special-
ists according to the “United Kingdom Parkinson’s Disease
Society Brain Bank” criteria.** Litvan’s criteria were used for
the diagnosis of PDMCL* The participants were assessed exten-
sively with neuropsychological tests in several cognitive domains
including memory processes, language abilities, executive func-
tions, attention, and visuospatial skills (see supplementary for
details). Additionally, the Turkish version of the standardized
Mini-Mental State Examination (MMSE).**** was employed to
assess the general cognitive states. The dementia stage was deter-
mined by the Clinical Dementia Rating scale (CDR).*® The
Unified Parkinson’s Disease Rating Scale (UPDRS)*’ was
applied to evaluate the severity of PD. UPDRS scores of the
patient groups were given in Table 1. To establish the stage of
the disease, the Hoehn-Yahr scale*® was used. All participants
in PD and PDMCI groups were on stage 3 or below.

The history of severe head trauma, drug abuse or chronic
alcoholism, and any other neurological or psychiatric
disease (eg, mood disorders and schizophrenia) or Parkinson
plus syndromes were exclusion criteria for the PD and the
PDMCI group. In addition to these, any cognitive impairment
according to the neuropsychological assessments were exclu-
sion criteria for the HC group. All patients with PD were

included in the assessments after taking their daily levodopa
(equivalent) dose.

The study was approved by the local ethics committee (no.
10840098-51). Oral and written informed consents was
obtained from all participants and/or their caregivers who
approved their participation in the study.

Experimental Design

The visual oddball paradigm was the cognitive task during the
EEG recordings. A total of 120 stimuli that consisted of 40
targets and 80 non-targets were presented. Before the experiment
began, a short version of the paradigm was presented for practice.
Two different diffuse screen luminance levels were defined as
target (10 cd/cm?) and non-target (40 cd/cm?) stimuli. The par-
ticipants were asked to mentally count the number of target
stimuli while ignoring the non-targets. At the end of the experi-
ment, they were asked for the total number of target stimuli to
assess their task performance. Based on these self-reported
behavioral outputs, oddball task scores of the participants were
calculated. In the calculations of the scores, deviated numbers
from the correct target number (40 targets) were considered as
participants’ error scores.

The stimulus duration was 1000 ms and the interstimulus
interval was randomly varied between 3 to 7s. The stimuli
were displayed on a 19” square screen (refresh rate 60 Hz)
which was located 120 cm away from the participants.

EEG Recordings

EEG was recorded from 30 Ag/AgCl scalp electrodes with
EasyCap (EasyCap GmbH, Germany) according to the

Table I. Demographic Data and MMSE, Stroop, Oddball Error and UPDRS (Motor) Scores.

HC (N=51) PD (N=48) PDMCI (N =53)
M+SD M+SD M+SD P

Age 66.7+9.9 65.3+7.7 66.9+84 1242

Education 10.1 +4.9 9.5+47 79+48 .0652

Gender Q28323 Q15333 Q123 4l .002°

MMSE 283+ 1.7 27.8+2.0 246 +4.6 0.200 (HC vs PD)“
<0.05 (HC vs PDMCI)*
< 0.05 (PD vs PDMCI)“

Stroop 519+16.5 522 +17.6 82.7+25.5 0.935 (HC vs PD)¢
<0.001 (HC vs PDMCI)“
<0.001 (PD vs PDMCI)*

Oddball error score 0.51+0.88 229+2.74 4.17 +5.31 <0.001 (HC vs PD)*
<0.001 (HC vs PDMCI)°
< 0.05 (PD vs PDMCI)*

UPDRS — 19.7+7.6 20.6 +8.5 425¢

Disease Duration — 40+3.5 45+40 .570°¢

Q: Female; &: Male.

Abbreviations: M, Mean; SD, standard deviation; HC, healthy controls; PD, Parkinson’s disease; PDMCI, Parkinson’s disease with mild cognitive impairment; MMSE,
mini-mental state examination test; UPDRS, unified Parkinson’s disease rating scale.

?One-way ANOVA.
PChi-square test.
“Two-sample t-test.
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extended 10-20 electrode placement system. Two physically
linked electrodes placed on the right and the left earlobes
served as references. The ground electrode was placed behind
the right earlobe. The electrooculogram was recorded from
the electrodes on the nasion and outer canthus of the right
eye and referenced to each other. BrainAmp DC amplifier
(Brain Product GmbH, Germany) was used for EEG recordings
with 0.01-250 Hz analog input filter and the sampling rate of
500 samples/s. Impedances for all recording electrodes were
kept below 10 KOhm, and below 5 KOhm for the reference
and ground electrodes. The participants were seated in a
dimly lit, soundproof, and electromagnetically shielded room
for EEG recordings.

EEG Analysis

All EEG preprocessing and statistical analysis steps were per-
formed in MATLAB (ver. 2019b) environment using the
BBCI Toolbox* developed in MATLAB along with the
MATLAB core functions and Statistical Analysis Toolbox
(Mathworks Inc, USA). The head-in-head plots produced
with the showcs.m function from the METH toolbox by
Guido Nolte.>”

EEG Preprocessing. Continuous EEG signals bandpass filtered
between 0.01 and 45 Hz with Butterworth second order filter
with zero phase distortion only to mark the segments with arti-
facts. The filtered EEG signals were split into epochs spanning
the time 500 ms before and 1000 ms after the stimulus for mod-
ulating delta frequency, for higher modulating frequencies
epoch limits were 500 ms before and 500 ms after stimulus.
The epochs were baseline corrected for the mean EEG ampli-
tude of 200 ms before each stimulus. Artifact rejection was
done semi-automatically on the epoched EEG data. The auto-
matic rejection criteria were 150 pV amplitude differences
between the minimum and the maximum samples or absolute
amplitude larger than 80 pV in the epoch of interest, and differ-
ences larger than 50 puV between two consecutive samples in an
epoch. The amplitudes lower than 0.1 pV for more than 20 ms
were marked as low activity. Additionally, automatically
marked artifacts and the epochs with low EEG amplitude
were inspected visually by an expert, and muscle, eye or move-
ment artifacts not detected by the algorithm were also marked.
The epochs with artifacts marked on the raw EEG data were
removed from further analysis.

Calculation of Cross-Frequency Coupling Based on Phase Amplitude
Coupling. The CFC based on PAC was computed from the
artifact-free EROs associated with the visual rare (target)
stimuli. Specifically, it was calculated between the phase of a
lower frequency and the amplitude of a higher frequency
signal in target epochs between electrode pairs. The CFC
based on PAC analysis was constrained to 18 electrodes repre-
sentative of frontal, central, parietal, and occipital scalp regions
of interest (F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4, CP3, CPz,

CP4, P3, Pz, P4, O1, Oz, O2). The remaining electrodes, mostly
located in the border of the scalp were more prone to residual
muscular and ocular artifacts and would have possibly inflated
computational solutions and statistical comparisons.

The CFC based on PAC was calculated between canonical
EEG frequency bands strictly following the procedure
described in the reference study by Tort et al (2010).>' The
EEG frequency bands were defined as follows: delta
(0.5-3.5 Hz), theta (4-7 Hz), low-frequency alpha (7-11 Hz),
high-frequency alpha (9-13 Hz), beta (15-25 Hz), and gamma
(35-45 Hz).

The continuous raw EEG data of the EROs were band-pass fil-
tered in the modulating (delta, theta) and modulated (theta, low-
frequency alpha, high-frequency alpha, beta, gamma) frequency
bands. Specifically, the EROs were filtered around a center fre-
quency at the described frequency bands with a fourth order,
zero phase-shift Butterworth filter. The bandwidth for the delta
and theta bands were + 1 Hz, for alpha was + 2 Hz, and for the
beta and gamma bands were +5 Hz. Instantaneous phase and
amplitude values were calculated on the filtered EROs between
electrode pairs by the Hilbert transform using the hilbert.m func-
tion in MATLAB. The CFC based on PAC was calculated on the
segmented data for 1000 ms and 500 ms time periods after the
rare (target) stimulus presentation for the delta and theta
modulating-frequencies, respectively. The amplitude of the mod-
ulated EEG signals was binned as a function of the phase of the
modulating frequencies, and the normalized mean amplitude
was calculated for bins by dividing each bin value by the sum
over the bins at a single electrode level. Modulation index (MI)
was calculated as a measure of the amount of PAC between
EROs at a given electrode pair with 15-degree phase angle reso-
lution.”! The modulating (phase) and modulated (amplitude) fre-
quency pairs over the CFC calculated are reported in Table 2.
Mean CFC values for each group are visualized as head-in-head
plots as introduced by Nolte et al (2014)°° for each frequency
pair of CFC values (Supplementary Figures 1 to 3).

Substantial CFC Testing. In the present study, we followed the
common practice to compare the MI values computed from
EROs for a given electrode pair and subject against the distribu-
tion of MI values computed from surrogate EEG time series
mathematically generated to have statistical properties (eg,
EEG power density, signal-to-noise ratio, etc) similar to
EROs.’'* For this purpose, the amplitude of the modulated
higher-frequency EEG segments was randomly shuffled

Table 2. The Modulating (Phase) and Modulated (Amplitude)
Frequency Pairs for Ml Were Calculated.

Modulated
CFC Pairs theta low alpha high alpha beta gamma
Modulating  delta X X X X X
theta —— X X X X
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concerning the phase of the modulating lower-frequency
EEG segments. As a result, we generated 1000 surrogate
MI values for each electrode and frequency pair (Table 2) to
establish the MI distribution computed at the chance level
(alpha=0.05). Afterward, we defined significance thresholds
individually as a MI value greater than 1.96 SD from the
mean value. Furthermore, we transformed all measured MI
values to z values by subtracting the mean and dividing them
into the SD of the null distribution for each subject for given
frequency pairs. For practicality as in the common practice,
we considered z transformed MI values z>2 significant (deter-
mined according to the standard normal distribution), which
approximately corresponds to p <.05, namely 95% confidence
level. In the procedure explained here, within-subject values
were tested to assess substantial CFC values at the individual
level compared to the CFC values from surrogated data. This
procedure was used to determine the data which had the
robust CFC to be used in between-subject statistical analysis
(in ANOVAs).

The CFC based on PAC from EROs was calculated for all
combinations of 18 electrodes and each frequency band, so
producing 324 MI values for each subject. The topographical
distribution of the mean MI values (z transformed) for all sub-
jects and 3 groups (HC, PD, and PDMCI) is shown in
Supplementary Figure 1 for 3 different CFCs based on PAC
electrode pairs. Figures 1 to 3 show a matrix-wise representa-
tion of these values across all subjects and 3 groups.

Statistical Analysis

EEG. The electrode pairs of interest for the statistical analysis
were selected with the guidance of the topographical distribu-
tion of the mean CFC based on PAC values in the head-in-head
plots (Supplementary Figure 1) and the CFC matrices (Figures
1 to 3) for groups.

Figures 1 to 3 illustrated the changes of the CFC based on
PAC from EROs among the fronto-central and parieto-occipital
sites for each group of persons. For data reduction purposes, we
pooled electrodes in the following scalp regions of interest:
fronto-central (F3, Fz, F4, FC3, FCz, FC4) and parieto-occipital
(P3, Pz, P4, O1, Oz, O2), which were denoted as FC (anterior)
and PO (posterior), respectively. Afterward, we calculated
mean z values for each subject and electrode and moved to
the statistical comparisons between the groups.

Due to head volume conduction effects, a certain amount of
CFC based on PAC from EROs can be observed between all
electrode pairs. Therefore, we create a null distribution to
define a threshold to eliminate “fake” CFCs from EROs as men-
tioned above (z>2).

The robustness of the CFC based on PAC values was con-
trolled using the number of z values under 2 for each electrode
pair per subject for a given frequency pair. If the number of
CFC pairs (n=324) with low values was 3 SD away from
the population mean, these subjects were removed from
further evaluation of the frequency pair (delta-theta: 3 subjects

(1 subject from each group); delta-low alpha: 4 subjects (1 from
HC, 1 from PD, 2 from PDMCI); delta-high alpha: 1 subject
from PDMCI group).

The mean z values pooled from the fronto-central (anterior)
and parieto-occipital (posterior) electrodes formed 4 modulat-
ing and modulated electrodes for each frequency pair:
Anterior-to-Anterior (AA), Anterior-to-Posterior  (AP),
Posterior-to-Anterior (PA), and Posterior-to-Posterior (PP).
These four modulating and modulated electrode pairs were
used in ANOVA design as the level of location within-subject
factor.

The repeated measures ANOVA test with the 3-by-4 mixed
design was performed for each CFC based on the PAC fre-
quency pair where the 3 groups were defined as the between-
subjects factor (Group: HC, PD, PDMCI) and 4 modulating-
modulated electrode pairs (Location: AA, AP, PA, PP) as
within-subject factors.

The raw MI values distributed exponentially, therefore, to
make data more amenable for the F-test we used the z values
for statistical analysis. Because the sphericity condition was
not met as controlled with the Mauchly method,” we reported
the Greenhouse-Geisser corrected p values in the results
section.

Results

Behavioral

MMSE was used to assess general cognitive functioning while
the Stroop test more specifically targeted the frontal-executive
functions. Therefore, these tests’ scores and additionally
visual oddball task performance were compared across the
groups. Results showed that MMSE and Stroop scores were
decreased in the PDMCI group compared to both PD and HC
groups (ps<0.05) while there was no difference between PD
and HC (ps>0.05) (Table 1). For the oddball task scores,
PDMCI had lower scores than the PD and HC groups
(ps<0.05), and HC group had better scores than both PD and
PDMCI groups (ps<0.05) (Table 1).

Additionally, these task/test scores were used in the correla-
tion analyses as cognitive measures (see supplementary).

EEG

Three out of 9 CFC based on PAC electrode pairs, as defined in
Table 2, were statistically tested for between-group differences,
namely, delta-theta, delta-low frequency alpha, and delta-beta cou-
pling. The other CFC pairs were eliminated from further analysis
because not enough subjects remained in the study groups with
robust CFC, when the electrode pairs and the subjects with CFC
under the threshold (z <2) were removed. In the following sections,
we reported statistical results for delta-theta, delta-low frequency
alpha, and delta-beta coupling, which showed statistically signifi-
cant effects in the comparison among the groups (p <.05).
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The most significant CFC based on PAC difference between
the groups was found in anterior-to-posterior coupling. In the
post-hoc tests, significant differences were consistently
observed between the HC and PD groups as well as between
the HC and PDMCI (p<.05). Therefore, the results of the
anterior-to-posterior CFC value, which is the electrode pair
where significant differences between the groups are observed,
will be reported in the following paragraphs.

The direction of the CFC based on PAC at delta-theta was
prominent from the anterior to the posterior scalp regions in
all groups. In relation to the HC and PD groups, the PDMCI
group was characterized by more posteriorly located CFC
values (Supplementary Figure 1 and Figure 1; Tables 3a, 3b).

For the CFC based on PAC at delta-low frequency alpha, the
prominent direction was anterior-to-posterior in the HC group.
In contrast, that prominent direction was posterior-to-anterior in
the PD and PDMCI groups, with an emphasis on right frontal
electrode pairs (Supplementary Figure 2 and Figure 2; Tables
4a, 4b).

For the CFC based on PAC at delta-beta, the prominent
direction was anterior-to-posterior in all groups. However, the
CFC was lower especially at left electrode pairs in the PD

Table 3a. Delta — Theta CFC. Repeated Measures ANOVA Results
Between Groups for the Within-Subject Factor of Location.

Sum Sq. DF  Mean Sq. F pGG
Intercept 10521.0 3 3506.90 12.329  0.000
Group:Location 5901.5 6 983.58 3.458 0.006
Error 124 590 438 284.45
pGG: Greenhouse-Gaisser corrected p values for non-sphericity.
Table 3b. Significant Group by Location Interactions for
Delta-Theta CFC.
Diff. SE p Lower  Upper
AP HC versus PD 13.154 4.138 .004 3457 22851
HC versus PDM 12279 4.034 .007 2826 21.733
PD versus PDM  —0.875 4.099 ns —10.48lI 8732

Lower and Upper limits of simultaneous 95% confidence intervals for the true
differences.

Abbreviations: AP, anterior-to-posterior; HC, healthy controls; PD, Parkinson’s
disease; PDM, PD with MCI; Diff., difference; SE, standard error.

Table 4a. Delta — Low Frequency Alpha CFC. Repeated Measures
ANOVA Results Between Groups for the Within-Subject Factor of
Location.

Sum Sq. DF  Mean Sq. F pGG
Intercept 9007.5 3 300250 14.001  0.000
Group:Location 6543.4 6 1090.60 5.085 0.000
Error 93286.0 435 214.45

pGG: Greenhouse-Geisser corrected p values for non-sphericity.

Table 4b. Significant Group by Location Interactions for Delta-Low
Frequency Alpha CFC.

Diff. SE b Lower  Upper

AP HC versus PD 12.487 3.793 .003 3.598 21.376
HC versus PDM 9599 3715 .026 0.892 18.306

PD versus PDM  -2.888 3.775 ns —11.734 5959

Lower and Upper limits of simultaneous 95% confidence intervals for the true
differences.

Abbreviations: AP, anterior-to-posterior; HC, healthy controls; PD, Parkinson’s
disease; PDM, PD with MCI; Diff., difference; SE, standard error.

Table 5a. Delta — Beta CFC. Repeated Measures ANOVA Results
Between Groups for the Within-Subject Factor of Location.

Sum Sq. DF Mean Sq. F pGG
Intercept 3467.3 3 115580  9.727  0.000
Group:Location 2332.7 6 388.78 3272 0.008
Error 53113 447 118.82

pGG: Greenhouse-Geisser corrected p values for non-sphericity.

Table 5b. Significant Group by Location Interactions for Delta-Beta
CFC.

Diff. SE b Lower  Upper

AP HC versus PD 9.893 3.188 .005 2422 17.364
HC versus PDM 8.091 3.109 .025 0.803 15.378

PD versus PDM  —1.802 3.158 ns -9.205 5.600

Lower and Upper limits of simultaneous 95% confidence intervals for the true
differences.

Abbreviations: AP, anterior-to-posterior; HC, healthy controls; PD, Parkinson’s
disease; PDM, PD with MCI; Diff., difference; SE, standard error.

and PDMCI groups as compared to the HC group
(Supplementary Figure 3 and Figure 3; Tables Sa, 5b).

Discussion

Here we tested the hypothesis that PDMCI patients may be
characterized by abnormal CFC based on PAC from EROs
recorded during counting visual target (rare) stimuli in an
oddball task. A specific focus was on the CFC values at
frontal and posterior electrode pairs in relation to typical
impairment in frontal executive functions in PDMCI
patients. The experimental design included HC and cogni-
tively unimpaired PD patients as controls. Hilbert transform
served to estimate instantaneous phase and amplitude of
EROs from delta to gamma frequency bands, while modula-
tion index computed CFC based on PAC from EROs at elec-
trode pairs.

The main results showed significant CFC based on PAC at
delta between the three groups. For the CFC based on PAC at
delta-theta, the coupling direction was prominent from
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anterior to posterior scalp regions in all groups. However, the
PDMCI group showed that delta PAC was more posteriorly
located compared to the HC and PD groups. For the CFC
based on PAC at delta-low frequency alpha, the prominent
coupling direction was anterior-to-posterior in the HC and
posterior-to-anterior in the PD and PDMCI groups.

These findings complement previous results showing that
EROs recorded during counting visual and auditory target
(rare) stimuli in an oddball task presented main abnormalities
at delta and theta frequency bands in PD patients with cognitive
impairment when compared to HC persons.'®!!

These results suggest that PDMCI patients may be character-
ized by reduced and more posterior topography of delta-theta,
delta-low frequency alpha, and delta-beta CFCs as a reflection
of the impairment of brain cognitive systems. According to
Lakatos et al. (2005), there may be a hierarchy in the EROs
at different frequency bands during the cognitive information
processing of external stimuli. In PDMCI patients, abnormal
CFCs at the low frequencies might reflect a derangement in
the “initial processes” in this hierarchical neurophysiological
mechanisms occurring during the processing of rare (target)
stimuli in a visual oddball paradigm.” In this line, the reduced
CFC at low-to-low alpha frequency prominent in the frontal
areas found in the PDMCI patients may reflect an impairment
in the long-range cortical functional connectivity within frontal-
parietal attention systems underpinning frontal executive func-
tions, which may be a precursor to low-to-beta CFC that have
decreased in patients. “In all group” correlation results (see sup-
plementary) also may indicate that the Stroop test scores, which
measure frontal-executive functions, as well as the general cog-
nitive scores, are deteriorating with the decrease of AP delta-
beta CFC.

Another current finding in the PDMCI patients showed an
altered direction in the CFC based on PAC at delta-low fre-
quency alpha from EROs, especially the PDMCI patients.
That direction reversed from the anterior-to-posterior in the
HC persons to the posterior-to-anterior in the PDMCI patients.
As the slow frequency oscillations are typically associated with
functional inhibition mostly,*~>® PDMCI patients may suffer
from impaired inhibitory control from frontal to posterior corti-
cal regions during cognitive information processing.’®~>*

In previous studies, frontal EROs at slow frequencies
during cognitive tasks were supposed to be modulated by
the dopaminergic system.>”®° In that system, dopamine may
cause neural inhibition or excitation according to its recep-
tor.®! Parker et al. (2014, 2015) showed the relationship
between cortical EEG theta oscillations and the stimulation
of D1 dopamine receptors which have inhibition effects.®%%
Consistently, the present findings showed higher CFC based
on PAC at delta-low frequency alpha from the anterior to
the posterior direction in the HC group but not in the PD
patient groups, especially PDMCI patients. Impaired direction-
ality in the slow oscillatory CFC based on PAC in the PDMCI
patients may depend on the impaired dopaminergic mecha-
nisms during the cognitive processes of target stimuli probed

by the visual oddball task. Future studies in PDMCI patients
will have to correlate the present abnormalities in the CFC
based on PAC and the dopaminergic disruption as revealed
by neuroimaging techniques.

Conclusions

To our knowledge, the present study is the first study presenting
the altered CFC based on PAC from EROs in PDMCI patients.
As compared to the HC and PD groups, the PDMCI group was
characterized by (1) more posterior topography of the CFC
based on PAC at delta-theta, (2) reversed CFC based on PAC
at delta-low frequency alpha, namely from anterior-to-posterior
to posterior-to-anterior, and (3) reduced anterior-to-posterior
CFC based on PAC at delta-beta. These results suggest that
during cognitive demands, PDMCI patients are characterized
by abnormal neurophysiological oscillatory mechanisms
mainly led by delta frequencies underpinning functional con-
nectivity from frontal to posterior cortical areas.
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