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Abstract: The present exploratory study tested the hypothesis that computerized cognitive training (CCT) in 
home telemonitoring may beneficially affect eyes-closed resting-state electroencephalographic (rsEEG) 
rhythms in Parkinson's disease patients with cognitive deficits (PDCD). A Eurasian database provided clinical-
demographic-rsEEG datasets in 40 PDCD patients, 29 PD patients without cognitive deficits (PDNCD), 40 
Alzheimer’s disease patients with cognitive deficits (ADCD), and 40 cognitively normal older adults (Healthy). 
Sixteen of the 40 PDCD patients completed a cross-over unsupervised CCT program of simple, serious video 
games (versus a sham program) consisting of 14 daily sessions of approximately 20 minutes each in the patients' 
homes. Compared to the Healthy, PDNCD, and ADCD groups, the PDCD group was characterized by greater 
diffuse rsEEG delta (about 2-4 Hz) and theta (about 4-7 Hz) source activity. The PDCD patients who underwent 
the CCT program showed an improvement in video game performance and a reduction in these delta-theta 
source activities after this program compared to the control condition. In conclusion, these results suggest that 
the 2-week CCT program in home telemonitoring may mitigate the abnormal “slowing” of rsEEG rhythms in 
PDCD patients, possibly enhancing the regulation of brain arousal and quiet vigilance.  
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1. Introduction 

Parkinson’s disease (PD) is the second most common progressive neurodegenerative disorder 
after Alzheimer's disease (AD); its estimated prevalence is over 8,5 million cases on a global scale [1]. 
According to current clinical guidelines, PD patients are mainly characterized by motor symptoms, 
such as akinesia, tremors, postural instability, and rigidity [2,3]. However, cognitive deficits are 
frequently observed in PD patients, including dysfunctions in planning, working memory, executive 
abilities, attention, semantic verbal fluency, and visual-spatial abilities [4–7]. Specifically, about 50% 
of PD patients develop cognitive deficits (PDCD) and dementia within 10 years after the PD 
diagnosis, while the vast majority of PD patients have dementia within 20 years after such a diagnosis 
[2]. Furthermore, about 50% of PD patients have mild cognitive impairment (MCI) at the time of 
diagnosis, which increases to 40–50% after 5 years of follow-up [2,8–10].  

In recent years, there has been increasing interest in nonpharmacological interventions for 
mitigating cognitive impairments in PDCD patients. Previous studies include cognitive training (CT), 
physical rehabilitation, and brain stimulation techniques [7]. The CT induced beneficial effects, such 
as significant and stable improvements in verbal fluency, memory, executive functioning, visuo-
spatial skills, and attention in PD patients [11–14]. In those studies, the most frequently used CT 
interventions were pen-and-paper and oral cognitive exercises. Trained professionals held these 
traditional CT programs during meetings requiring face-to-face contact and then complications such 
as identifying a convenient meeting location, coordination of schedules, and travel time [15].  

Traditional CT programs have some limitations. Analyzing PDCD patients’ performances can 
be complex and often requires manual annotation of answers and response times, with possible 
imprecisions and omissions. Furthermore, face-to-face training programs can be expensive. Notably, 
these drawbacks can be overcome by modern computerized CT (CCT) procedures. In principle, they 
are cost-effective, customizable, and easy to follow in point-of-care telemonitoring (e.g., home, 
assisted living, or nursing home, etc.) with the collection of patient’s responses to a central cloud-
based server. Overall, CCT procedures in-home telemonitoring have the advantage of allowing long-
term and large-scale interventions. Concerning feasibility and effectivity, it has been shown that 
PDCD patients were able to complete CCT programs with a high percentage of protocol completion 
and beneficial effects on cognitive functions in both hospital and home telemonitoring settings [16–
21]. 

Although the assessment of PDCD patients is typically focused on motor and cognitive deficits, 
they often suffer from dysregulations of quiet vigilance (e.g., mental fatigue, cognitive fluctuations, 
etc.) and diurnal sleepiness, possibly due to impairments in subcortical ascending arousing systems 
[22–26]. The abnormal neurophysiological mechanisms underpinning those dysregulations can be 
investigated by the analysis of eyes-closed resting-state electroencephalographic (rsEEG) rhythms 
recorded from the scalp in quiet wakefulness (for a recent review, see [27]). In healthy adults, the 
rsEEG activity typically shows dominant rhythms at 8-12 Hz (alpha) frequencies, located in posterior 
scalp regions, and rhythms with low amplitude (power) and frequencies at 1-4 Hz (delta) and 4-7 Hz 
(delta), distributed over the whole scalp [28,29]. Previous studies showed that these rsEEG rhythms 
markedly changed in PDCD patients. In those patients, the rsEEG activity was characterized by 
dominant delta and theta rhythms over the whole scalp and by posterior alpha rhythms with low 
amplitude [30–35]. These changes in the rsEEG rhythms were related to global cognitive deficits, 
motor deficits, and visual hallucinations in PDCD patients [36]. Finally, an acute dose of levodopa 
reduced rsEEG delta and alpha rhythms in PD and PDCD patients undergoing a standard chronic 
dopaminergic regimen [37]. 
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Previous findings demonstrated the beneficial effects of CCT programs on rsEEG rhythms. They 
showed decreased activity of rsEEG delta, theta, and beta rhythms in older MCI patients and 
improved cognitive functions after a combined eight-week program with CCT and physical activity 
[38]. Along the same line, a recent study in PDCD patients showed that a combined eight-week 
program with CCT and physical activity in hospital settings induced beneficial effects of cognitive 
functions in negative correlation with rsEEG theta rhythms and positive correlation with rsEEG beta 
rhythms [39].  

In the present study, we tested the hypothesis that CCT in home telemonitoring may affect 
cortical sources of (eyes-closed) rsEEG rhythms in PD patients with cognitive deficits (PDCD) 
spanning from MCI to mild-moderate dementia. A Eurasian database provided clinical-
demographic-rsEEG datasets in PDCD patients and matched persons of the following control groups: 
PDCD patients, PD patients without cognitive deficits (PDNCD), Alzheimer’s disease patients with 
cognitive deficits (ADCD), and cognitively unimpaired older adults (Healthy). A subgroup of the 40 
PDCD patients performed the mentioned CCT program. It consisted of 14 daily sessions lasting about 
20 minutes each at patients’ homes. In each session, patients played homemade serious video games 
operated on common standard tablets. The data analysis design included a preliminary analysis 
aimed at identifying rsEEG sources and frequency bands showing differences in the PDCD group 
over the control groups. The main analysis in the subgroup of PDCD patients tested the hypothesis 
that such a CCT program may have beneficial effects on rsEEG activity estimated in those sources 
and frequency bands.   

2. Materials and Methods 

2.1. Participants 

The clinical and rsEEG datasets for the present investigation were taken from the Eurasian 
archive of the PDWAVES Consortium (www.pdwaves.eu). Specifically, those data were acquired 
from 40 PDCD patients, 29 PDNCD, 40 ADCD, and 40 Healthy persons. The groups were matched 
for age, gender, and sex. Table 1 summarizes the relevant demographic and clinical (i.e., Mini-Mental 
State Examination, MMSE, score) information about the Healthy, PDNCD, ADCD, and PDCD 
groups, together with the results of the statistical analyses computed to evaluate the presence or 
absence of statistically significant differences between these groups regarding age (ANOVA), sex 
(Freeman-Halton test), education (ANOVA), and MMSE score (Kruskal-Wallis test). As expected, 
statistically significant differences were found for the MMSE score (H = 102.9, p < 0.00001), showing 
a higher score in the Healthy and PDNCD than the ADCD and PDCD groups (post-hoc test = p < 
0.00001). On the contrary, no statistically significant differences in age, sex, and education were found 
between the groups (p > 0.05). The 16 PDCD patients (6 males) who entered the CCT program (over 
a sham condition) had a mean age of 70.3 years ± 1.7 standard error of the mean (SE), mean education 
of 7.4 years ± 1.0 SE, and mean MMSE score of 23.7 ± 0.3 SE. 

Table 1. Mean values (± standard error of the mean, SE) of the demographic and clinical data as well 
as the results of their statistical comparisons (p < 0.05) in the groups of cognitively normal older adults 
(Healthy, N = 40), Parkinson's disease patients without cognitive deficits (PDNCD, N =29), 
Alzheimer's disease patients with cognitive deficits (ADCD, N = 40), and Parkinson's disease patients 
with cognitive deficits (PDCD, N =40). Legend: M/F = males/females; n.s. = not significant (p > 0.05); 
MMSE = Mini-Mental State Evaluation. 

Mean values (± SE) of demographic and global cognitive status (MMSE) data 
 Healthy PDNCD ADCD PDCD Statistical analysis 

N 40 29 40 40 - 

Age (years) 70.0  
(± 1.1 SE) 

70.4  
(± 1.3 SE) 

71.7  
(± 1.0 SE) 

71.6  
(± 0.9 SE) 

ANOVA: n.s. 

Sex (M/F) 20/20 15/14 21/19 20/20 Freeman-Halton test: n.s. 
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Education 
(years) 

10.6 
(± 0.7 SE) 

9.1  
(± 0.3 SE) 

9.0 
(± 0.6 SE) 

9.5  
(± 0.6 SE) ANOVA: n.s. 

MMSE score 
28.1 ± 

(0.2 SE) 
28.0 ± 

(0.3 SE) 
21.0  

(±0.7 SE) 
21.2  

(± 0.7 SE) 
Kruskal- Wallis test: p < 0.0001  

(Healthy, PDNCD > ADCD, PDCD) 

The present investigation was performed in agreement with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki) and received formal approval from the local Ethics 
Review Board. All participants or their caregivers expressed their written informed consent. 

2.2. Diagnostic Criteria 

The diagnosis of PD (i.e., PDCD and PDNCD, N = 69) was based on a standard clinical 
assessment of tremor, rigidity, and bradykinesia [40]. As measures of severity of a motor disability, 
the Hoehn and Yahr stage [41] and the Unified Parkinson Disease Rating Scale-III (UPDRS III; [42]) 
for extrapyramidal symptoms were used (Unfortunately, the data from the Movement Disorder 
Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale were not available). All 
PD patients were under standard long-term chronic dopaminergic treatment, and all exams were 
performed under the ON state. Furthermore, the diagnosis of PDCD was given to patients with a 
history of MCI or dementia, preceded by a typical levodopa-responsive Parkinsonian motor 
syndrome for at least 12 months and unrelated to other pathologic conditions than PD. The selected 
PDCD patients did not suffer from severe tremors or dyskinesias. The following inclusion criteria 
were fulfilled: (i) diagnosis of PD as specified previously; (ii) a gradual neurocognitive decline in the 
context of established PD reported by either the patient or a reliable informant or observed by 
clinicians; and (iii) an abnormally low score in at least one of the neuropsychological tests mentioned 
in the following section, as defined by performances beyond 1.5 times the standard deviation (SD) 
from the mean value for age- and education-matched controls or equivalent scores for abnormality 
according to the manuals of the tests used. The exclusion criteria for the PD patients (i.e., PDCD and 
PDNCD) included the following forms of parkinsonism: (i) dementia of any kind, including DLB [43–
45], (ii) drug-induced or cerebrovascular parkinsonism, (iii) atypical parkinsonism with absent or 
minimal responses to antiparkinsonian drugs, and (iv) mixed neurodegenerative diseases. 

The diagnosis of ADCD was given to patients with a history of MCI or dementia. The ADCD 
status was based on the “positivity” to one or more of the following biomarkers: Aβ1-42/phospho-
tau ratio in the cerebrospinal fluid (CSF), 18F-fluorodeoxyglucose positron emission tomography 
(FDG-PET), and structural magnetic resonance imaging (MRI) of the hippocampus, parietal, 
temporal, and posterior cingulate regions [46]. The “positivity” was judged by the physicians in 
charge of releasing the clinical diagnosis to the patients, according to the local diagnostic routine of 
the participating clinical Units. Exclusion criteria for the ADCD patients were other significant 
neurological, systemic, or psychiatric illness, mixed dementing diseases, enrolment in a clinical trial 
with experimental drugs, the use of antidepressant drugs with anticholinergic side effects, high dose 
of neuroleptics or chronic sedatives or hypnotics, antiparkinsonian medication and the use of narcotic 
analgesics.  

The Healthy persons were selected from the clinical units of the coworkers of the study. 
Exclusion criteria for healthy seniors were (i) neurological or psychiatric diseases (previous or 
present), (ii) a depressive episode (detected with a GDS - 15 items version - score higher than 5), (iii) 
the use of chronic psychoactive drugs, and (iv) significant chronic systemic illnesses (e.g., diabetes 
mellitus). 

In all participants, the global cognitive functions were assessed using Mini-Mental State 
Evaluation (MMSE) and/or Montreal Cognitive Assessment (MOCA) tests [47,48]. Furthermore, 
performance in various cognitive domains, including language, visuospatial function, executive 
function/attention, and memory, was assessed using a battery of the following neuropsychological 
tests: (i) language was tested by the Verbal fluency test for letters and Verbal fluency test category 
(fruits, animals, or car trades; [49]); (ii) visuo-spatial functions were assessed by the Rey Figures Copy, 
Rey Figures Immediate Recall, Line Orientation test and Face Recognition test [50–52], (iii) executive 
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functions and attention were evaluated by the Frontal Assessment Battery, Clock Drawing, Trail 
Making Test Part A and B, Stroop test and Confusion Assessment Method [53–57]; and (iv) memory 
was tested by the Digit Span Forward and Backward, Oktem Verbal Memory test, and Confusion 
Assessment Method [55,58,59]. Notably, the clinical units administered one or more of the above-
mentioned neuropsychological tests for each cognitive domain.  

2.3. Clinical and Neuropsychological Data In the PDCD Patients Involved in the Intervention Study 

Table 2 summarizes the mean values (± SE) of the clinical features (i.e., Hoehn and Yahr, UPDRS 
III, Clinical Dementia Rating, Geriatric Depression Scale, Activities of Daily Living, and Instrumental 
Activities of Daily Living) and neuropsychological tests (i.e., MMSE, MOCA, Digit Span, Frontal 
Assessment Battery, Clock Drawing, Verbal Fluency for Letters, Verbal Fluency Category, Prose 
Memory, Rey Words Immediate Recall, Rey Words Delayed Recall, Rey Figures Copy, and Rey 
Figures Immediate Recall) in the group of 16 PDCD patients recruited in the intervention study. The 
cut-off scores of the above-mentioned clinical features and neuropsychological tests and the 
percentage of the 16 PDCD patients with the pathological score are also reported. 

Table 2. Mean values (± SE) of the clinical and neuropsychological data at baseline in the Parkinson's 
disease patients with cognitive deficits (PDCD, N = 16) enrolled for the clinical study on the 2-week 
computerized cognitive training (CCT) program in video telemonitoring. For each clinical and 
neuropsychological data, the cut-off for the pathologic scores and the percentage of the PDCD 
patients with a pathological score are reported. 

Clinical data at Baseline in PDCD patients 

 Mean (± SE)  Pathologic cut-off % Patients  
with pathologic score 

Hoehn and Yahr stage (H 
& Y) 

2.8 (± 0.1 SE) ≥ 4 (range 0-5; 1-3 moderate; 4-5 severe) 100% 

Unified Parkinson 
Disease Rating Scale 

(UPDRS-III Motor Part) 
47.7 (± 4.7 SE) 

≥ 59 (range 0-80; 1-32 mild; 33-58 moderate; 59-80 
severe) 100% 

Activities of daily living 
(ADL) 

1.6 (± 0.3 SE) > 0 (range 0-6; 0 completely autonomous; 6 
completely dependent);  

87.5% 

Instrumental activities of 
daily living (IADL) 

4.1 (± 0.3 SE) > 5 (range 0-8; 0 completely autonomous; 8 
completely dependent) 

100% 

Clinical dementia rating 
scale  

(CDR) 
0.9 (± 0.1 SE) 

> 0 (0.5- 1 mild cognitive impairment; 2-3 
moderate to severe impairment) 93.8% 

Geriatric depression 
scale 

(GDS) 
17.3 (± 1.0 SE) 

≥ 17 (range 0-30; 0-10 depression absent; 11-16 
moderate; 17-30 severe) 93.8% 

Mini-Mental State 
Examination (MMSE) 

23.7 (± 0.3 SE) < 24 (range 0-30) 56.3% 

Montreal Cognitive 
Assessment (MOCA) 

19.4 (± 1.1 SE) < 26 (range 0-30) 93.8% 

Digit span 4.8 (± 0.2 SE)  < 3.75 (range 0-8) 6.3% 
Frontal assessment 

battery (FAB) 
14.3 (± 0.36 SE) < 13.5 (range 0-18) 37.5% 

Clock drawing 7.7 (± 0.8 SE) < 6.55 (range 0-33) 37.5% 
Verbal fluency for letters 29.0 (± 2.0 SE) < 17 0% 

Verbal fluency for 
categories 36.1 (± 2.3 SE) < 25 18.8% 

Rey words  32.4 (± 1.7 SE) < 28.53 (range 0-75) 31.3% 
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Immediate recall 
Rey words  

delayed recall 7.2 (± 0.7 SE)  < 4.69 (range 0-15) 12.5% 

Prose memory 9.1 (± 1.1 SE) < 14.5 (range 0-28) 93.8% 
Rey figures Copy 21.7 (±3.0 SE) < 28 (range 0-36) 50% 

Rey figures  
delayed recall 

11.5 (± 1.4 SE) < 6.2 (range 0-36) 25.0% 

2.4. Experimental Paradigm 

Figure 1 illustrates the design of the cross-over, sham-controlled intervention study with the 
CCT program in the 16 PDCD patients mentioned. These patients were involved in the CCT program 
for 2 weeks and in the Sham program for the same period (balanced pseudorandom order). For the 
CCT program, they performed the CCT in a daily session of 20 minutes. For the sham program, the 
PDCD patients watched neutral videos on the tablet in a daily session of 20 minutes. A washout 
period lasting 1 week was used between the CCT and Sham programs. 

The clinical assessment for diagnostic purposes was only performed at the baseline (T0). In 
contrast, the neuropsychological evaluation and rsEEG recordings were performed at the baseline 
(T0) and after the Sham and CCT programs (CCT program as T1 or T2).  

 

Figure 1. Experimental paradigm of the present study. In Parkinson's disease patients with cognitive 
deficits (PDCD, N = 16), the clinical assessment was done at the baseline (T0); the neuropsychological 
assessment and resting state electroencephalographic (rsEEG) recordings were performed at the 
baseline (T0), after 2 weeks of the Sham program (Sham; T1 or T2), and after 2 weeks of the 
computerized cognitive training (CCT) program (T1 or T2). The order of the Sham and CCT programs 
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was pseudorandom. A washout period (1 week) was used between the two programs (i.e., CCT and 
Sham). 

2.5. Computerized Cognitive Training (CCT) and Sham Programs 

The 16 PDCD patients involved in the cross-over clinical intervention study participated in an 
individual session in the local hospital setting to receive full instructions and demonstrations on the 
CCT and Sham programs. This session was scheduled after the neuropsychological assessment. For 
each PD patient, one family or caregiver person living with him/her participated in the session to 
ensure technical support during the development of the CCT and Sham programs at patients’ homes. 
The session included a final demonstration showing that the PD patients (with the eventual support 
of the family or caregiver persons) were able to perform the procedures to run the CCT and Sham 
programs successfully. The final phase of the session aimed at selecting the list of videos lasting 20 
minutes for the PD patient to be used for the Sham program. The PD patient was asked to select them 
based on his/her preferences. At the end of the session, the patient and his/her family or caregiver 
person received the tablet with the CCT and Sham materials ready for use. The experimenters 
periodically monitored the development of the CCT and Sham programs at the patient’s home and 
provided technical input in telemonitoring when required. 

The CCT program was based on a homemade app that included step-by-step instructions with 
simple text and graphics helping the patient (and family or caregiver person) to develop the 
procedure. Each session was for about 20 minutes. This program was based on 7 simple, serious video 
games to be repeated every day. The logical structure of visual stimuli into a grid field and the 
required hand motor responses with the index finger of the dominant hand were the same for all 
video games. The degree of difficulty was set to allow all PD patients to complete all serious video 
games. Of course, performances and accuracy varied across the PD patients in relation to their 
cognitive-motor status. The first (serious) video game was a simple visual non-spatial reaction-time 
task for the evaluation of basic visual hand sensorimotor functions. The second video game was a 
visuospatial attention task for the evaluation of frontal visuospatial executive functions. The third 
video game was a visual non-spatial attention task for the evaluation of the frontal non-spatial 
executive functions. The fourth video game was a short-term visuospatial episodic memory task. The 
fifth video game was a short-term visual non-spatial episodic memory task. The sixth video game 
tested was a modified Posner’s task testing visuo-spatial expectancy. The seventh video game tested 
the ability to refrain from impulsive motor responses.  

The patient’s performance was automatically stored on the tablet and transmitted via Internet 
connectivity to a central server managed by the researchers of the Department of Physiology and 
Pharmacology “V. Erspamer” at the Sapienza University of Rome (Italy). For each CCT video game, 
performances were indexed by accuracy (%), reaction, or response time (ms). 

2.6. rsEEG Recordings 

Electrophysiological data were recorded by professional digital EEG systems licensed for clinical 
applications (equipment and clinical recording Units were considered covariates in the statistical 
models). All rsEEG recordings were performed in the late morning. The rsEEG recordings were 
performed in all participants using 19 scalp exploring electrodes placed according to the 10-20 
system. The ground electrode was attached to the right clavicle or on the forehead, while linked 
earlobes (A1 and A2) or a midline cephalic electrode served as the active reference. The electrode’s 
impedance was kept below 5 kΩ. Continuous EEG data were recorded at a sampling frequency of 
256-512 Hz and filtered between 0.01 Hz and 60-100 Hz (antialiasing bandpass). Bipolar 
electrooculographic (EOG) potentials (0.3-70 Hz bandpass) were also recorded with the same data 
sampling settings to control eye movements and blinking.  

The participants were seated in a comfortable armchair during the rsEEG recording and 
instructed to remain awake, psychophysically relaxed (no movement), and with the mind freely 
wandering (no mental planning or cognitive operations). Based on the instructions given by an 
experiment, each rsEEG recording lasted 3-5 minutes in the condition of eyes closed. Two 
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experimenters supervised participants during the rsEEG recording to monitor adherence to the 
protocol. One experimenter may kindly invite participants to adhere to the protocol if needed. All 
deviations by the protocol and verbal interventions were annotated and used during the phase of 
preliminary rsEEG data analysis. 

2.7. Preliminary rsEEG Data Analysis 

The rsEEG data were centrally analyzed by experts blinded to the participants’ diagnosis by the 
Sapienza University of Rome unit. The recorded rsEEG data were exported as a European data format 
(.edf) or EEGLAB set (.set) files and then processed offline using the EEGLAB toolbox ([60]; version 
eeglab14_1_2b) running in the MATLAB software (Mathworks, Natick, MA, USA; version: R2014b). 
The rsEEG data were divided into epochs lasting 2 s (i.e., 5 minutes = 150 rsEEG epochs of 2 s) and 
analyzed offline.  

Afterward, they received a stepwise procedure aimed at detecting and removing (i) recording 
channels (electrodes) showing prolonged artifactual rsEEG activity due to bad electric contacts or 
other reasons; (ii) rsEEG epochs with artifacts at recording channels characterized by general good 
signals; and (iii) intrinsic components of the rsEEG epochs with artifacts.  

The first step was based on a visual analysis of the recorded rsEEG activity by two independent 
experimenters among three experts (i.e., C.D.P, R.L., and G.N.) for a first identification of the eventual 
EEG electrodes affected by irremediable artifacts. In a few cases, one or two electrodes were removed. 
In those cases, the rsEEG data were interpolated to compute the potential values at those removed 
electrodes (EEGLAB toolbox, [60]; version eeglab14_1_2b), thus ensuring that all participants had 
artifact-free EEG data at the locations of the 19 electrodes. 

The second step was based on a visual analysis of the recorded rsEEG activity by two of the 
mentioned independent experimenters for a first selection of artifactual rsEEG epochs. The rsEEG 
epochs contaminated by muscular, ocular, head movements, or non-physiological artifacts were 
removed.  

The third step was implemented by an independent component analysis (ICA) from the 
EEGLAB toolbox, applied to remove the ICA components representing the residual artifacts due to 
(i) blinking and eye movements, (ii) involuntary head movements, (iii) neck and shoulder muscle 
tensions, and (iv) electrocardiographic activity [61,62]. For each rsEEG dataset, less than 4 ICA 
components were removed from the original ICA solutions based on 19 ICA components. In the third 
step, the rsEEG datasets were reconstructed with the remaining (artifact-free) ICA components. The 
putative artifact-free rsEEG epochs were visually double-checked again by two of the mentioned 
independent experimenters to confirm or make the final decision about the inclusion or the exclusion 
of each of those rsEEG epochs.  

The fourth step harmonized the rsEEG data recorded by the clinical units using different 
reference electrodes and sampling frequency rates. Specifically, the rsEEG data were frequency-band 
passed at 0.5-45 Hz and down-sampled, when appropriate, to make the sampling rate of the artifact-
free rsEEG datasets in all participants equal to 256 Hz. Furthermore, all rsEEG epochs were re-
referenced to the common average reference.  

As an outcome of the above procedure, the artifact-free rsEEG epochs showed a similar 
proportion (> 75%) of the total amount of rsEEG activity recorded in all groups of participants (i.e., 
Healthy, PDNCD, PDCD, and ADCD). This was also true for the artifact-free rsEEG epochs in the 3 
rsEEG recordings performed in the 16 PDCD patients involved in the CCT and Sham programs 
(Baseline vs. Sham vs. CCT). 

2.8. Spectral Analysis of the rsEEG Epochs 

A standard digital FFT-based analysis (Welch technique, Hanning windowing function, no 
phase shift) computed the power density of the artifact-free rsEEG epochs at all 19 scalp electrodes 
(0.5 Hz of frequency resolution). From those spectral solutions, the rsEEG frequency bands of interest 
were individually identified based on the following frequency landmarks in all participants: 
transition frequency (TF) and individual alpha frequency (IAF) peak [63–65]. In the (eyes-closed) 
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rsEEG power density spectrum, the TF marks the transition between the theta and alpha bands, 
corresponding to the minimum of the rsEEG power density at 3 - 8 Hz. IAF corresponds to the 
maximum power density peak at 6 - 14 Hz. Based on the TF and the IAF peak, we estimated the 
individual delta, theta, and alpha bands as follows: delta from TF-4 Hz to TF-2 Hz, theta from TF-2 
Hz to TF, and alpha around the IAF peak, namely, from IAF-2 to IAF+2 Hz. The beta and gamma 
bands were defined based on standard fixed frequency ranges: beta from 14 to 30 Hz and gamma 
from 30 to 40 Hz. 

2.9. Estimation of the rsEEG Source Solutions 

The rsEEG source activity was estimated using an improved version of LORETA freeware [66] 
called exact LORETA (eLORETA; [67]). eLORETA uses a mathematical head volume conductor 
model composed of the scalp, skull, and gray matter of the cerebral cortex. Exploring EEG electrodes 
are virtually positioned in the scalp compartment of that model to give EEG data as an input to the 
source estimation [67]. The model of the cerebral cortex is based on a realistic shape of that structure 
from a template typically used in neuroimaging studies, namely that of the Montreal Neurological 
Institute (MNI152 template).  

In the eLORETA freeware, the cortical gray matter compartment used as a cortical source model 
is formed by 6,239 voxels (5 mm resolution). The eLORETA package provides the Talairach 
coordinates, lobe, and Brodmann area (BA) for each voxel. For the estimation of the rsEEG source 
activity, one equivalent current dipole is located at the center of each voxel. This dipole is fixed and 
cannot change direction or verse during the source estimation. The input for the rsEEG source 
estimation is the spectral power density computed from the artifact-free rsEEG data at the virtual 
EEG electrodes located on the modeled scalp. The output is the estimate of the neural current density 
in each of the equivalent current dipoles that form the cortical source space. To this aim, the eLORETA 
freeware linearly solves the EEG inverse problem with regularized weighted minimum-norm 
solutions (i.e., the eLORETA solutions) that estimate such a neural current density. The solutions are 
computed rsEEG frequency bin-by-frequency bin.  

The following procedure was used to normalize the absolute eLORETA solutions computed 
from the rsEEG data for each participant and rsEEG recording. The absolute eLORETA solutions 
were averaged across all frequency bins from 0.5 to 45 Hz and for all 6,239 voxels of the cortical 
compartment of the head model to obtain the eLORETA “mean” solution. Afterward, we computed 
the ratio between the absolute eLORETA solutions at a given frequency bin and voxel and the 
eLORETA “mean” solution.  

In line with the general low spatial resolution of the current EEG methodological approach (i.e., 
19 scalp electrodes), we performed a regional analysis of the eLORETA solutions. For this purpose, 
we separately collapsed the eLORETA solutions within frontal (Brodmann area, BA, 8, 9, 10, 11, 44, 
45, 46, 47), central (BA 1, 2, 3, 4, 6), parietal (BA 5, 7, 30, 39, 40, 43), occipital (BA 17, 18, 19), and 
temporal (BA 20, 21, 22, 37, 38, 41, 42) macro-regions (ROIs). Notably, the main advantage of the 
regional analysis of eLORETA solutions was that we could disentangle the rsEEG source activity in 
contiguous cortical regions of interest (ROIs). For example, the rsEEG source activity in the occipital 
ROI was disentangled from that estimated in the parietal and temporal ROIs, etc. This was made 
possible because eLORETA solves the linear inverse problem by considering (at least in part) the 
effects of the head as a volume conductor. In contrast, the solutions of rsEEG power density 
computed at a parietal scalp electrode reflect the contribution of source activities not only of the 
underlying parietal cortex but also of surrounding occipital and temporal cortices.  

2.10. Statistical Analysis of rsEEG eLORETA Source Activities  

Two main statistical sessions were performed by the commercial tool STATISTICA 10 (StatSoft 
Inc., www.statsoft.com). In all statistical sessions, an ANOVA was computed using the rsEEG source 
activities (i.e., regional normalized eLORETA current densities) as the dependent variables. It is well 
known that the use of ANOVA models implies that dependent variables approximate Gaussian 
distributions, so we tested this feature in the regional normalized eLORETA current densities of 
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interest by the Kolmogorov–Smirnov test. The hypothesis of Gaussian distributions was tested at 
p > 0.05 (i.e., p > 0.05 = Gaussian; p ≤ 0.05 = non-Gaussian). As the distributions of the regional 
normalized eLORETA current densities were not Gaussian in most cases, those variables underwent 
the log-10 transformation and were re-tested. Mauchly’s test evaluated the sphericity assumption, 
and degrees of freedom were corrected by the Greenhouse–Geisser procedure when appropriate 
(p < 0.05). Duncan test was used for post-hoc comparisons (p < 0.05 Bonferroni corrected). Finally, the 
results of the statistical analyses were controlled by the Grubbs test for the presence of outliers (p < 
0.001).  

The first ANOVA tested the control hypothesis that the rsEEG source activities (i.e., regional 
normalized eLORETA current densities) may differ between the PDCD group and the other three 
enrolled groups (i.e., Healthy, PDNCD, and ADCD). The ANOVA factors were Group (Healthy, 
PDNCD, ADCD, and PDCD), Band (delta, theta, alpha, beta, and gamma), and ROI (frontal, central, 
parietal, occipital, and temporal). The confirmation of this control hypothesis may require (i) a 
statistically significant ANOVA interaction including the factor Group (p < 0.05) and (ii) a post-hoc 
Duncan test indicating statistically significant (p < 0.05 Bonferroni corrected) differences in the rsEEG 
source activities between the PDCD group and the Healthy, PDNCD, and ADCD groups (i.e., PDCD 
> Healthy PDNCD, ADCD or PDCD < Healthy, PDNCD, ADCD). 

The rsEEG source activities (i.e., regional normalized eLORETA current densities) showing 
differences (p < 0.05 Bonferroni corrected) between the PDCD group and the other three enrolled 
groups (i.e., Healthy, PDNCD, and ADCD) were used as dependent variables for the second 
ANOVA. This ANOVA tested the working hypothesis that those rsEEG source activities (i.e., regional 
normalized eLORETA current densities) may differ between the CCT condition when compared to 
the Baseline and Sham conditions in the 16 PDCD involved in the intervention study. The differences 
were expected in terms of a trend of normalization to support the hypothesis of a neurophysiological 
beneficial effect of the CCT program. The ANOVA factors were Condition (Baseline, Sham, CCT), 
Band (delta, theta, alpha, beta, and gamma), and ROI (frontal, central, parietal, occipital, and 
temporal). The confirmation of this control hypothesis may require (i) a statistically significant 
ANOVA interaction including the factor Condition (p < 0.05) and (ii) a post-hoc Duncan test 
indicating statistically significant (p < 0.05 Bonferroni corrected) differences in the rsEEG source 
activities between the CCT condition and the Baseline and Sham conditions (i.e., CCT > Sham, 
Baseline or CCT < Sham, Baseline). 

3. Results 

3.1. rsEEG Source Activities in the Healthy, PDNCD, ADCD, and PDCD Participants 

The mean TF was 5.6 Hz (±0.2 SE) in the Healthy (N = 40) group, 5.7 Hz (±0.2 SE) in the PDNCD 
(N = 29) group, 5.2 Hz (± 0.2 SE) in the ADCD (N = 40) group, and 4.5 Hz (± 0.1 SE) in the PDCD (N = 
40) group. Furthermore, the mean IAF was 9.0 Hz (±0.2 SE) in the Healthy group, 9.2 Hz (±0.2 SE) in 
the PDNCD group, 8.2 Hz (± 0.2 SE) in the ADCD group, and 6.8 Hz (± 0.2 SE) in the PDCD group. 
The ANOVAs of these variables showed the following statistically significant effects. The mean TF 
was greater (F = 14.3, p < 0.0001) in the Healthy and PDNCD groups than in the ADCD and PDCD 
groups (post-hoc test = p < 0.0001). It was also higher in the ADCD group than in the PDCD group 
(post-hoc test = p < 0.001). Furthermore, the mean IAF peak was greater (F = 31.4, p < 0.0001) in the 
Healthy and PDNCD groups than in the ADCD and PDCD groups (post-hoc test = p < 0.00001). It 
was also higher in the ADCD group than in the PDCD group (post-hoc test = p < 0.0001). These 
findings emphasized the importance of the use of the TF and IAF peak in the determination of the 
delta to alpha frequency bands in the studies involving ADCD and PDCD patients. 

In the four groups of participants considered, the ANOVA of the regional rsEEG source activities 
showed a statistical 2-way interaction effect (F = 25.3; p < 0.0001; Figure 2) between the factors Group 
(Healthy, PDNCD, ADCD, and PDCD) and Band (delta, theta, alpha, beta, and gamma). The Duncan 
planned post-hoc (p < 0.05 Bonferroni correction for 5 frequency bands, P < 0.05/5 = 0.01) test showed 
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that the discriminant pattern PDCD > Healthy, PDNCD, and ADCD groups was fitted by the global 
delta (p < 0.001-0.000001) and theta (p < 0.0005-0.000005) source activities. 

 

Figure 2. Mean values (± standard error of the mean, SE; log 10 transformed) of the exact Low-
Resolution Brain Electromagnetic Source Tomography (eLORETA) source activities from resting-state 
eyes-closed electroencephalographic (rsEEG) rhythms in the groups of cognitively normal older 
adults (Healthy, N = 40), Parkinson's disease patients without cognitive deficits (PDNCD, N =29), 
Alzheimer's disease patients with cognitive deficits (ADCD, N = 40), and Parkinson's disease patients 
with cognitive deficits (PDCD, N =40). These values refer to a statistical ANOVA interaction effect (F 
= 25.3; p < 0.0001) between the factors Group (Health, PDNC, ADCD, and PDCD) and Band (delta, 
theta, alpha, beta, and gamma). The rectangles indicate the frequency bands in which the rsEEG 
(eLORETA) source activities statistically presented a significant pattern PDCD > Healthy, PDNCD, 
and ADCD (i.e., p < 0.05 Bonferroni corrected). 

Furthermore, there was also a statistical 3-way interaction effect (F = 10.6; p < 0.0001; Figure 3) 
among the factors Group (Healthy, PDNCD, ADCD, and PDCD), Band (delta, theta, alpha, beta, and 
gamma), and ROI (frontal, central, parietal, occipital, and temporal). The Duncan planned post-hoc 
(p < 0.05 Bonferroni correction for 5 frequency bands X 5 ROIs = 25, P < 0.05/25 = 0.002) test showed 
that the discriminant pattern PDCD > Healthy, PDNCD, and ADCD groups was fitted by the central, 
parietal, occipital, and temporal rsEEG delta source activities (p < 0.002-0.000001) as well as central, 
parietal, occipital, and temporal rsEEG theta source activities (p < 0.0001-0.000001). 
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Figure 3. Mean values (± SE; log 10 transformed) of the rsEEG (eLORETA) source activities relative to 
a statistical ANOVA interaction effect (F = 10.6; p < 0.0001) among the factors Group (Healthy, 
PDNCD, ADCD, and PDCD), Band (delta, theta, alpha, beta, and gamma), and Region of Interest 
(ROI; frontal, central, parietal, occipital, and temporal). The rectangles indicate the frequency bands 
and cortical regions in which the rsEEG (eLORETA) source activities statistically presented a 
significant pattern PDCD > Healthy, PDNCD, and ADCD (i.e., p < 0.05 Bonferroni corrected). 
Abbreviations:  rsEEG = resting state electroencephalographic; eLORETA = exact Low-Resolution 
Brain Electromagnetic Source Tomography; Healthy = cognitively normal older adults; PDNCD = 
Parkinson's disease patients without cognitive deficits; ADCD = Alzheimer’s disease patients with 
cognitive deficits; PDCD = Parkinson's disease patients with cognitive deficits. 

Notably, these findings were not due to outliers from individual eLORETA solutions, as shown 
by the Grubbs’ test with an arbitrary threshold of p > 0.001.  

The present results indicate that the PDCD group is characterized by specific abnormalities of 
rsEEG source activities in the delta and theta frequency bands compared to the healthy, PDNCD and 
ADCD groups. 

3.2. Effects of the CCT Program on Task Performances in PDCD Patients  

All the 16 PDCD patients recruited for the intervention study completed the CCT and Sham 
programs. Table 3 shows the mean values (± SE) of the performance accuracy (%) and reaction time 
(s) before the intervention (Baseline) and after two weeks of the CCT for the following computerized 
neuropsychological tests (7 video games or tasks): (i) visual non-spatial reaction time task, (ii) 
visuospatial attention task, (iii) visual non-spatial attention task, (iv) short-term visuospatial task, (v) 
short-term visual non-spatial task, (iv) a modified Posner’s task, and (vii) a task testing the ability to 
refrain from impulsive motor responses. Table 3 also shows the results of the presence or absence of 
statistically significant differences (Wilcoxon test) in performance on the above tasks between the 
Baseline and CCT conditions. To account for the inflating effects of repeated univariate testing, the 
statistical threshold was set at p < 0.0036 (i.e., 7 tests X 2 scores, p  <  0.05/14  =  0.0036) to obtain the 
Bonferroni correction at p  <  0.05. A statistically significant increase (p < 0.0036) in the accuracy after 
the CCT program was found for the visuospatial attention task (p = 0.003) and visual non-spatial 
attention task (p =0.002). Furthermore, there was a statistically significant decrease (p < 0.0036) in the 
reaction time (i.e., better performance) after the CCT program for the task testing the ability to refrain 
from impulsive motor responses task (p = 0.003). These findings showed that the CCT program 
improved cognitive functions underlying some training tasks in PDNCD patients. 
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Table 3. Mean values (± SE) of the accuracy of the performance (%) and the response time (s) for the 
seven serious video games of the computerized cognitive training (CCT) program before intervention 
(Baseline) and after two weeks of it in the Parkinson's disease patients with cognitive deficits (PDCD, 
N = 16). The results of the statistical comparisons (p < 0.05, Bonferroni corrected) between Baseline 
and CCT program (Baseline vs CCT) are also reported. 

Mean values (± SE) of the performance of serious video games of CCT program in PDCD patients 

Task domain Accuracy (%)/ 
Reaction time (ms) 

Baseline CCT Wilcoxon 
test 

Visual non-spatial reaction 
time task 

Accuracy (%) 89.0 (± 4.7 SE) 98.0 (± 1.2 SE) p = 0.05 
Reaction time (ms) 1.3 (± 0.1 SE) 1.1 (± 0.1 SE) n.s. 

Visuospatial attention task 
Accuracy (%) 58.0 (± 5.1 SE) 82.7 (± 3.8 SE) p = 0.003 

Reaction time (ms) 44.9 (± 1.6 SE) 43.6 (± 2.3 SE) n.s. 
Visual non-spatial 

attention task, (iv) short-
term visuospatial task 

Accuracy (%) 66.0 (± 5.5 SE) 86.3 (± 4.8 SE) p = 0.002 

Reaction time (ms) 43.2 (± 1.6 SE) 40.5 (± 2.4 SE) n.s. 

Short-term visuospatial 
task 

Accuracy (%) 75.0 (± 3.0 SE) 84.0 (± 2.9 SE) p = 0.01 
Reaction time (ms) 66.3 (± 3.5 SE) 55.0 (± 4.0 SE) n.s. 

short-term visual non-
spatial task 

Accuracy (%) 52.0 (± 4.9 SE) 66.0 (± 6.1 SE) p = 0.05 
Reaction time (ms) 50.1 (± 4.9 SE) 41.6 (± 3.8 SE) n.s. 

A modified Posner’s task 
Accuracy (%) 87.6 (± 3.2 SE) 97.9 (± 1.3 SE) p = 0.02 

Reaction time (ms) 1.2 (± 0.1 SE) 1.0 (± 0.0 SE) n.s. 
A task testing the ability to 

refrain from impulsive 
motor responses 

Accuracy (%) 74.5 (± 8.2 SE) 85.6 (± 7.1 SE) p = 0.01 

Reaction time (ms) 197.8 (± 13.9 SE) 152.3 (± 13.9 SE) p = 0.003 

3.3. Effects of the CCT Program on rsEEG Source Activities in PDCD Patients  

In the PDCD patients of the intervention study, the mean TF was 4.8 Hz (± 0.2 SE) at the Baseline, 
4.8 Hz (± 0.2 SE) after the Sham program, and 5.2 Hz (± 0.2 SE) after the CCT program. The mean IAF 
peak was 7.1 Hz (± 0.4 SE) at the Baseline, 7.1 Hz (± 0.3 SE) after the Sham program, and 7.2 Hz (± 0.3 
SE) after the CCT program. The ANOVAs of these variables showed no statistically significant effects 
of the CCT program (p > 0.05). 

In these PDCD participants, the ANOVA of the rsEEG source activities showed a statistical 2-
way interaction effect (F = 2.2; p < 0.05; Figure 4) between the factors Condition (Baseline, Sham, CCT) 
and Band (delta, theta, alpha, beta, and gamma). The Duncan planned post-hoc test (p < 0.05 
Bonferroni correction for 5 frequency bands, P < 0.05/5 = 0.01) showed that the discriminant pattern 
CCT < Sham and Baseline conditions was fitted by the global delta (p < 0.0005-0.0001) and theta (p < 
0.0005-0.0001) source activities. 
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Figure 4. Mean values (± SE; log 10 transformed) of the rsEEG (eLORETA) source activities relative to 
a statistical ANOVA interaction effect (F = 2.2; p < 0.05) between the factors Group (Baseline, Sham, 
and CCT) and Band (delta, theta, alpha, beta, and gamma) in the Parkinson's disease patients with 
cognitive deficits (PDCD, N = 16) enrolled in the cross-over study on the effects of a 2-week 
computerized cognitive training (CCT) program in home video monitoring as compared to 2 weeks 
of a Sham program. 

Notably, these findings were not due to outliers from individual eLORETA solutions, as shown 
by Grubbs’ test with an arbitrary threshold of p > 0.001 (Figure 5).  
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Figure 5. Individual values (log 10 transformed) of the rsEEG (eLORETA) source activities showing 
statistically significant (p < 0.05 corrected) differences among Baseline, Sham, and CCT conditions in 
the Parkinson's disease patients with cognitive deficits (PDCD, N = 16). Abbreviations: Sham: after 
two weeks of the Sham program; CCT = after two weeks of the computerized cognitive training 
program; eLORETA = exact Low-Resolution Brain Electromagnetic Source Tomography; rsEEG = 
resting-state electroencephalographic. 

The present results indicate that the CCT program in PDCD patients partially restores their 
abnormalities of rsEEG source activities at delta and theta frequency bands. 

3.4. Control Analysis  

Spearman test was used to evaluate the correlation between the rsEEG (eLORETA) source 
activities (i.e., global delta and theta) and the MMSE score as an index of global cognition. Such a 
correlation was computed across all PDNCD (N = 29), ADCD (N =40), and PDCD (N = 40) patients as 
a whole group (p < 0.05). A statistically significant negative correlation was found between the 
activity of the global delta (R = -0.39, p = 0.00003) and theta (R = -0.43, p = 0.000003) sources vs. the 
MMSE score. The higher the global delta and theta source activities, the lower the MMSE score. This 
finding suggests the clinical relevance of the rsEEG delta and theta source activities in those patients.  

4. Discussion 

Previous studies in PD patients showed the beneficial effects of cognitive training on brain 
connectivity and cognitive performance, supporting this non-pharmacological intervention to 
mitigate the risk of progressive cognitive decline [68–70]. Along this line, this study in PDCD patients 
tested the effect of a two-week unsupervised CCT intervention in home telemonitoring on rsEEG 
rhythms typically abnormal in these patients [71–74]. As a first step in the study, we used an 
international database (www.pdwaves.eu) to determine the abnormal rsEEG rhythms in PDCD 
patients when compared to matched control groups of healthy individuals and patients with PDNCD 
and ADDC. Compared to these control groups, the PDCD group was characterized by a greater 
amplitude of rsEEG rhythms in the delta and theta frequency bands, in line with a bulk of previous 
findings reporting a significant “slowing” of rsEEG rhythms in PDCD patients [29,34–37,71–74]. 
Notably, these rsEEG rhythms were associated with PD-related cortical neuropathology (autoptic 
biofluid and histological markers) and cognitive deficits in previous rsEEG studies [73,75,76].  

In a second step, the effects of the two-week CCT program on rsEEG delta and theta rhythms 
were tested in a subgroup of PDCD patients. As a novel finding, the PDCD patients showed a 
substantial improvement in the performance of the serious video games (i.e., accuracy and 
reaction/response time) during the CCT program and changes in the rsEEG rhythms. Specifically, the 
rsEEG delta and theta rhythms were reduced in magnitude after the CCT program compared to the 
control Sham program. These findings extend recent evidence showing that a combined eight-week 
program with CCT and physical activity in a hospital setting induced beneficial effects on cognitive 
functions that (negatively) correlated with rsEEG theta rhythms [39]. 

At this early stage of the research, we can only speculate on the neurophysiological mechanisms 
underlying the present results. We posit that the present CCT program could mitigate the abnormal 
slow-frequency (< 7 Hz) oscillatory synchronization of the cortical neural activity responsible for the 
prominent rsEEG delta-theta rhythms observed in these PDCD patients. This speculation is based on 
the theory of thalamocortical dysrhythmia discussed in the following paragraphs [77–79].  

4.1. The CCT Program Might Mitigate Thalamocortical Dysrhythmia in PDCD Patients 

According to the theory of thalamocortical dysrhythmia, the abnormal cortical rsEEG delta and 
theta rhythms in PDCD patients may reflect the physiopathological mechanisms underlying, at least 
in part, their vigilance and cognitive-motor deficits [77–79]. These rsEEG rhythms may be generated 
by an abnormal oscillatory synchronization at slow frequencies of cortical neuronal activities, which 
would be induced by low-frequency bursting of action potentials (< 7 Hz) in the neurons belonging 
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to reciprocal cortical and thalamic circuits. This bursting mode would inhibit the information 
processing in those neurons due to the relatively long interval of the membrane hyperpolarization 
(inhibition) between two bursts of action potentials [77–79]. Reduced excitatory signals in the cortical 
and thalamic circuits may explain the evidence of poor intracortical (glutamatergic) excitatory 
facilitation reported in PDCD patients in studies using transcranial magnetic stimulation of the motor 
cortex with an appropriate time interval between the conditioning and test stimuli [80–82]. 

It can also be speculated that in PDCD patients, the thalamocortical dysrhythmia may be due to 
reduced excitatory inputs to unspecific and specific thalamocortical neurons, which, in turn, would 
reduce their excitatory inputs to GABAergic neurons of the thalamic nucleus reticularis. 
Consequently, those (inhibitory) GABAergic neurons would start their bursting firing at < 7 Hz. This 
bursting firing would propagate to the aforementioned thalamocortical and corticothalamic circuits 
[78,83]. In this speculative line, the original physiopathological processes responsible for reduced 
excitatory inputs to thalamocortical neurons in PDCD patients may mainly include the PD-related 
loss of nigrostriatal dopaminergic projections and cortical neuropathology, such as Lewy-type 
synucleinopathy and amyloidosis [73,75,76].  

4.2. Cognitive Training and Modulation of Subcortical Ascending Arousing Systems  

It can be speculated that the neurophysiological mechanisms underlying the present CCT effects 
may induce structural and functional changes within the corticothalamic, thalamocortical, and 
nigrostriatal circuits. Along this speculative line, previous structural MRI evidence showed that an 
eight-week CCT program in home telemonitoring induced an enhancement of the intra-striatal and 
thalamostriatal fibers of the anterior thalamic radiation in PDCD patients, which was associated with 
improved performance on a task probing frontal executive functions [84]. Notably, the anterior 
thalamic radiation and other white-matter bundles (i.e., the inferior longitudinal fascicles, corpus 
callosum, etc.) are impared in PDCD patients [85,86]. Furthermore, resting-state functional MRI data 
showed that such a CCT program induced enhanced connectivity of the dorsal anterior cingulate 
cortex and dorsolateral prefrontal cortex in PD patients, especially with the striatum [87].  

Considering the present and cited data, it can be speculated that the CCT program may 
strengthen dopamine-dependent cortico-striato-thalamo-cortical circuits involved in executive 
functions [88] and cognitive control [89] in PDCD patients. Those circuits involving specific and non-
specific high-order thalamic nuclei may regulate the brain arousal and vigilance/consciousness levels, 
enabling synchronization of neural activity and large-scale integration of information across multiple 
cortical circuits [90]. In this sense, previous resting-state functional MRI data in PD patients showed 
that inter-areal synchronization and stability within functional cortical connectivity were reduced 
from ON to OFF dopamine state in association with cognitive performance [91], with the dynamic 
time course of this connectivity being related to these performances [92–94] and thalamic and 
thalamocortical fiber connectivity volumes [91].  

Finally, it should be remarked that other subcortical neuromodulatory systems may play a 
substantial role in explaining the present findings. Molecular neuroimaging studies unveiled that PD 
induces the degeneration of both subcortical cholinergic and dopaminergic systems, and that the loss 
of cholinergic projections from the basal forebrain and brainstem to the basal ganglia and cerebral 
cortex may affect executive, posterior visuospatial, and episodic memory functions in PD patients 
[95–97]. A synergistic model of the dopaminergic and cholinergic neurotransmission in PD predicts 
that anticholinergic drugs impair cognitive functions in PD patients and acetylcholinesterase 
inhibitors improve them [98]. Furthermore, the concomitant degeneration of other monoaminergic 
systems (e.g., noradrenergic, serotoninergic) could influence the interaction of synaptic dopamine 
and acetylcholine release. For example, neuropharmacological studies showed that selective 
noradrenergic agonists mitigated attention deficits in PDCD patients [99,100].  

4.3. Methodological Remarks 

In the interpretation of the present findings, the following methodological limitations of the 
study should be considered.  
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First, the sample of PDCD patients for the CCT program was relatively small. It did not allow 
stratification of the participants based on the time from diagnosis, pharmacological treatment, the 
severity of cognitive decline to dementia, and motor symptoms. The results motivate a future 
multicentric study in healthy controls and a larger population of PDCD patients using the 
harmonized experimental protocol for the participants’ enrollment, MRI scans, EEG recordings, 
clinical measures, and neuropsychological tests.  

Second, the use of 19 scalp electrodes (i.e., 10-20 International System) did not allow a high 
spatial sampling of rsEEG rhythms for a finer spatial analysis of the source activities [101,102]. The 
present exploratory approach allowed us to investigate broad cortical sources by averaging 
eLORETA solutions within lobar regions. A future study may use more than 32 electrodes for a finer 
analysis of rsEEG source activity and connectivity [103]. 

Third, the experimental design was of only two-weeks of CCT program and did not include an 
assessment of the patient after the wash-out week. This choice reduced the impact of the protocol on 
PDCD patients due to its preliminary nature. In a future study, an assessment of the patient after the 
wash-out week needs to be included in the experimental protocol. 

5. Conclusions 

This retrospective and exploratory study tested the hypothesis that a 2-week CCT program in 
video telemonitoring may mitigate the abnormal rsEEG rhythms recorded in PDCD patients. 
Compared to the Healthy, PDNCD, and ADCD groups, the PDCD group was characterized by 
greater rsEEG delta (about 2-4 Hz) and theta (about 4-7 Hz) rhythms diffusely. The PDCD subgroup 
who underwent the CCT program showed an improvement in their performances on serious video 
games during that program. Furthermore, they showed reduced rsEEG delta-theta rhythms after the 
CCT program as compared with the Sham program.  

These results suggest that an unsupervised 2-week CCT program in home telemonitoring may 
mitigate the abnormal “slowing” of rsEEG rhythms recorded in PDCD patients, possibly enhancing 
the regulation of brain arousal and quiet vigilance. Overall, they encourage a future cross-validation 
study in a larger PDCD population to strengthen and cross-validate the present findings. This CCT 
program may represent a useful, practical, free, “green,” and non-invasive digital intervention to 
slow progressive cognitive decline and subsequent loss of autonomy in PDCD patients.  
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