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The compensatory effect of education as revealed by resting-state electroencephalographic alpha rhythms in patients with dementia due to Parkinson's disease: findings from an exploratory study
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Supplementary Materials and Methods
Cross-validation cohort participants
The clinical and resting-state electroencephalographic (rsEEG) datasets used for cross-validation were sourced from the Eurasian archive of the PDWAVES Consortium (www.pdwaves.eu) and the European Dementia with Ley Bodies (DLB) Consortium. These datasets included records from 54 Healthy participants, 38 Parkinson’s disease (PD) participants, and 44 participants with DLB, all of whom had undergone rsEEG recordings under eyes-closed conditions. To ensure a sufficient sample size, we included patients at both the prodromal (mild cognitive impairment, MCI) and dementia stages for PD and DLB, collectively referred to as “MCI+D.” Specifically, these patients were recruited from the following clinical units of the PDWAVES Consortium: Sapienza University of Rome (Italy), University “G. d’Annunzio” of Chieti-Pescara (Italy), Institute for Research and Evidence-based Care (IRCCS) “Fatebenefratelli” of Brescia (Italy), IRCCS Synlab SDN of Naples (Italy), Oasi Research Institute-IRCCS in Troina (Italy), IRCCS Ospedale Policlinico San Martino and DINOGMI (University of Genova, Italy), Hospital San Raffaele of Cassino (Italy), IRCCS San Raffaele Pisana of Rome (Italy), Translational and Clinical Research Institute of Newcastle University (UK), Izmir University of Economics, Faculty of Medicine (Turkey), and Medipol University of Istanbul (Turkey).
To assess the impact of educational attainment as a proxy for cognitive reserve (CR) on rsEEG source activities, the enrolled Healthy, PD(MCI+D), and DLB(MCI+D) participants were stratified into sub-groups based on the median educational attainment of each group: Healthy-Edu- (N = 27; <10 years), Healthy-Edu+ (N = 27; ≥10 years), PD(MCI+D)-Edu- (N = 19; <10 years), PD(MCI+D)-Edu+ (N = 19; ≥10 years), DLB(MCI+D)-Edu- (N = 22; <10 years), and DLB(MCI+D)-Edu+ (N = 22; ≥10 years). Within each group (i.e., Healthy, PD(MCI+D), and DLB(MCI+D)), the Edu- and Edu+ subgroups were matched for age, sex, and global cognitive status, ensuring that the subgroups had identical mean values for age, education, and MMSE score.
The study was approved by the local institutional ethical committees. All experiments were conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the standards established by the local institutional review boards. Informed and explicit consent was obtained from each participant or their caregiver prior to participation.

Diagnostic criteria
The diagnosis of Parkinson’s disease (PD) (N = 38) was based on a standard clinical assessment of tremor, rigidity, and bradykinesia [1]. The severity of motor disability was measured using the Hoehn and Yahr stage [2] and the Unified Parkinson Disease Rating Scale-III (UPDRS III;[3]) for extrapyramidal symptoms. Unfortunately, data from the Movement Disorder Society-Sponsored Revision of the Unified Parkinson's Disease Rating Scale were not available. Patients with Parkinson's disease dementia (PDD) were identified by a history of dementia preceded by a typical levodopa-responsive Parkinsonian motor syndrome for at least 12 months, unrelated to any other pathological conditions than PD.
The diagnosis of Mild Cognitive Impairment due to Parkinson’s Disease (PDMCI) followed the Diagnostic Criteria for Mild Cognitive Impairment in Parkinson’s Disease [4]. Inclusion criteria included: (1) a confirmed diagnosis of PD as described above; (2) a gradual cognitive decline reported by the patient, an informant, or observed by clinicians in the context of established PD; and (3) cognitive deficits that did not significantly interfere with functional independence in daily activities, although slight difficulties with complex tasks may have been present. Exclusion criteria for PDMCI, based on clinical features and neuroradiological findings, included other forms of parkinsonism: (1) Dementia with Lewy Body (DLB) [5, 6, 7], (2) drug-induced parkinsonism, (3) cerebrovascular parkinsonism, (4) atypical parkinsonism with minimal or no response to antiparkinsonian drugs, and (5) mixed neurodegenerative diseases. All PDMCI subjects underwent a battery of clinical scales and neuropsychological tests, as detailed in [8].
Selected PD patients did not suffer from severe tremors or dyskinesias. The PD diagnosis was made according to the Diagnostic and Statistical Manual of Mental Disorders criteria, fourth edition (DSM-IV-TR; American Psychiatric Association). Inclusion criteria for PDD patients included: (1) a confirmed diagnosis of PD as specified earlier; (2) a gradual neurocognitive decline observed by the patient, a reliable informant, or clinicians in the context of established PD; (3) an abnormally low score in at least one neuropsychological test (defined as performance more than 1.5 standard deviations below the mean for age- and education-matched controls); and (4) moderate to severe impairment in instrumental activities of daily living and dependency. All PDD patients were under standard long-term chronic dopaminergic treatment, and all exams were performed in the ON state.
The diagnosis of DLB (N = 44) was based on consensus guidelines [9]. Clinical features of DLB were assessed as follows: (1) the frequency and severity of hallucinations were evaluated using item 2 of the Neuropsychiatric Inventory (NPI; [10]); (2) the severity of frontal dysfunction was assessed using the Frontal Assessment Battery (FAB; [11]); (3) the presence and severity of cognitive fluctuations were determined using the Clinician Assessment of Fluctuations [12, 13]; (4) extrapyramidal signs were evaluated using the UPDRS-III [3]; and (5) the presence of REM sleep behavior disorder (RBD) was determined based on the minimal International Classification of Sleep Disorders criteria (1992).
The diagnosis of Mild Cognitive Impairment due to DLB (DLBMCI) followed international consensus guidelines for probable DLB at the MCI stage [9, 14]. All but one DLBMCI patient underwent a DAT scan to confirm the DLB diagnosis. Evaluations included the NPI for hallucinations (Cummings et al., 1994), the Clinician Assessment of Fluctuations and FAB for cognitive fluctuations and frontal dysfunction, respectively [11, 12, 13], the UPDRS-III for extrapyramidal symptoms [3], and assessment of RBD based on the International Classification of Sleep Disorders criteria (1992). Inclusion criteria for DLBMCI patients were: (1) age 55–90 years; (2) a gradual cognitive decline observed by the patient, an informant, or clinicians in the context of established DLB; (3) cognitive deficits that did not significantly interfere with functional independence, although slight difficulties with complex tasks may have been present; (4) MMSE score of 24 or higher; (5) Clinical Dementia Rating score of 0.5; and (6) Geriatric Depression Scale (GDS) score of 5 or lower. Exclusion criteria based on clinical and neuroradiological features included: (1) PD [1]; (2) secondary parkinsonism, including drug-induced parkinsonism; (3) cerebrovascular parkinsonism; (4) atypical parkinsonism with minimal or no response to antiparkinsonian drugs; and (5) mixed dementia. Due to the retrospective nature of the study and the varied protocols across clinical units, DLBMCI patients underwent different clinical scales, including the NPI [10], scales for assessing behavioral and psychological symptoms of dementia, MMSE, Dementia Rating Scale-2 [15], Epworth Sleepiness Scale, and the Alzheimer's Disease Cooperative Study Activities of Daily Living (ADCS-ADL). Additionally, DLBMCI patients were evaluated with different neuropsychological tests to assess MCI status [16], covering general cognitive performance in memory, language, executive function/attention, and visuoconstruction abilities (with some receiving the CERAD-plus battery).
Exclusion criteria for healthy seniors included: (1) any neurological or psychiatric disease (past or present), (2) a depressive episode indicated by a Geriatric Depression Scale (15-item version) score higher than 5, (3) use of chronic psychoactive drugs, and (4) significant chronic systemic illnesses such as diabetes mellitus.
The cognitive performance of participants in various domains—including language, visuospatial function, executive function/attention, and memory—was assessed using local neuropsychological test batteries. Specifically: (1) language was tested using the Verbal Fluency Test for letters [17] and the Verbal Fluency Test for categories (e.g., fruits, animals, or car trades; [17]); (2) visuospatial functions were assessed using the Line Orientation Test (Benton et al., 1978) and the Face Recognition Test [18]; (3) executive functions and attention were evaluated using the Trail Making Test Parts A and B [19], the Stroop Test [20], and the Confusion Assessment Method (executive function part; [21]); and (4) memory was tested using the Digit Span Forward and Backward [22], Oktem Verbal Memory Test [23], and the Confusion Assessment Method (memory part; [21]). Each clinical unit administered one or more of the neuropsychological tests for each cognitive domain according to their local protocols.

[bookmark: _Hlk97025824]The rsEEG recordings 
The rsEEG recordings were conducted using local routine professional digital EEG systems licensed for clinical applications. The specific equipment brands were included as covariates in the statistical models used in this study. All rsEEG recordings were performed in the morning to minimize potential variations due to circadian rhythms. Standard instructions for the resting-state condition emphasized staying awake, remaining psychophysically relaxed with mind wandering and adhering to the experimenter’s requests to keep the eyes closed and open during the rsEEG recording. The experimenters closely monitored the participants' behavioral state during the EEG recordings, noting any deviations or alarms.
EEG data were recorded across all clinical units using a common electrode montage of 19 scalp electrodes, placed according to the 10–20 system, which was also used for data analysis. These electrodes, referred to as "selected electrodes," were positioned to cover the entire scalp (Figure 1). The reference electrode was typically placed between Fz and Cz of the 10-20 system, with the ground electrode positioned on the posterior midline. To minimize the influence of different reference electrode placements, all EEG data were re-referenced to the common average for data analysis.
Electrooculographic (EOG) activity was recorded using a standard bipolar montage to monitor and control eye movements and blinking. As a minimum standard across all clinical units, electrophysiological data allowed for bandpass filtering between 0.3-70 Hz and were sampled at a rate of 256 Hz.


Supplementary Results
Individual distribution of rsEEG source activities in the Edu- and Edu+ subgroups of Healthy, PDD, and DLB participants
The findings mentioned in the main ms were not due to outliers from individual normalized eLORETA current densities (log 10 transformed), as shown by Grubbs' test with an arbitrary threshold of p > 0.001. Supplementary Materials Figure SM1 illustrates the distribution of the individual values for the Healthy-Edu- and Healthy-Edu+ subgroups.

Figure SM1
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Figure Supplementary Materials 1 (SM1). Distribution of the individual values of the rsEEG alpha 2 and alpha 3 source activities (normalized eLORETA current density) in the Healthy-Edu- and Healthy-Edu+ subgroups. No outliers were detected according to Grubbs’ test with an arbitrary threshold of p > 0.001. Legend: Healthy = cognitively unimpaired older persons; rsEEG = resting state electroencephalographic.



Figure SM2 illustrates the distribution of the individual values for the PDD-Edu- and PDD-Edu+ subgroups.

Figure SM2
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Figure SM2. Distribution of the individual values of the rsEEG alpha 2 and alpha 3 source activities (normalized eLORETA current density) in the PDD-Edu- and PDD-Edu+ subgroups. No outliers were detected according to Grubbs’ test with an arbitrary threshold of p > 0.001. Legend: PDD = Parkinson’s Disease Dementia; rsEEG = resting state electroencephalographic.



Figure SM3 illustrates the distribution of the individual values for the DLB-Edu- and DLB-Edu+ subgroups.
Figure SM3
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Figure SM3. Distribution of the individual values of the rsEEG alpha 2 and alpha 3 source activities (normalized eLORETA current density) in the DLB-Edu- and DLB-Edu+ subgroups. No outliers were detected according to Grubbs’ test with an arbitrary threshold of p > 0.001. Legend: DLB = Dementia due to Lewy Body disease; rsEEG = resting state electroencephalographic.

Topographic and frequency distribution of rsEEG source activities in the Edu- and Edu+ subgroups of Healthy, PDD, and DLB participants
For descriptive purposes, we reported the figures illustrating the topographic and frequency distribution of the rsEEG source activities for all the Healthy (Figure SM4) and DLB (Figure SM5) Edu- and Edu+ subgroups.
Figure SM4
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Figure SM4. Mean values (± standard error of the mean SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) in Healthy participants according to the factors Education (Healthy-Edu- and Healthy-Edu+; dependent variable), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, occipital, temporal, and limbic). The correspondent ANOVA was not statistically significant for the 3-way interaction among the factors Education, Band, and ROI ( p > 0.05). Legend: Healthy = cognitively unimpaired older persons; rsEEG = resting state electroencephalographic; ROI: Regions of Interest.

Figure SM5
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Figure SM5. Mean values (± standard error of the mean SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) in DLB participants according to the factors Education (DLB-Edu- and DLB-Edu+; dependent variable), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, occipital, temporal, and limbic). The correspondent ANOVA was not statistically significant for the 3-way interaction among the factors Education, Band, and ROI ( p > 0.05). Legend: DLB = Dementia due to Lewy Body disease; rsEEG = resting state electroencephalographic; ROI: Regions of Interest.

Control analysis on the effect of participants’ linguistic-cultural background
As mentioned in the main article, a control analysis (p < 0.05) tested the effect of the participants’ linguistic-cultural background as a factor on the relationship between educational attainment and rsEEG rhythms in the Healthy, DLB, and PDD groups. For each group of participants (Healthy, DLB, and PDD), the control ANOVA (p < 0.05) included the factors of Linguistic-cultural background (Europe and Turkey), Education (Edu- and Edu+), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, gamma), and ROI (frontal, central, parietal, occipital, temporal, and limbic). The rsEEG source activities (i.e., regionally normalized eLORETA solutions) were the dependent variable. Sex and global cognition (MMSE score) were used as covariates. The data were controlled for Gaussian distribution, as reported in the main article. Post-hoc comparisons were performed using the Duncan test (p < 0.05).
Figure SM6 illustrates the results of these analyses for the Healthy (left) and PDD (right) participants. No main or interaction effect that included the Linguistic-cultural background factor was observed (p > 0.05), indicating that the linguistic-cultural background did not affect the outcomes of the main statistical analyses in the present design.
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Figure SM6. Mean values (± standard error of the mean SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to not statistically significant ANOVA interaction effects in the Healthy (F = 7.45, p > 0.05, left) and PDD (F = 1.26, p > 0.05; right) between the factors of Education (Edu- and Edu+), Linguistic-cultural background  (Europe, Turkey), and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The sex and global cognition (MMSE) scores were used as covariates. Legend: Healthy = cognitively unimpaired older persons; PDD = Parkinson’s Disease Dementia; rsEEG = resting state electroencephalographic; MMSE = Mini-Mental State Evaluation.

Control analysis matching the educational attainment threshold defining the low and high-education sub-groups within the Healthy, DLB, and PDD participants
As mentioned in the main article, a control analysis (p < 0.05) tested the effect of possible bias due to the different thresholds used to stratify the low (Edu-) and high (Edu+) education subgroups in the Healthy, DLB, and PDD groups of the main statistical analysis. For this purpose, this analysis matched the educational attainment levels of the Edu- and Edu+ subgroups across the Healthy, DLB, and PDD participants. Table SM1 summarizes the relevant demographic (i.e., age, education, and sex) and clinical (i.e., raw MMSE score and Unified Parkinson Disease Rating Scale-III; UPDRS III) score information about the Healthy-Edu- (N = 16), Healthy-Edu+ (N = 17), DLB-Edu- (N = 21), DLB-Edu+ (N = 19), PDD-Edu- (N = 16), PDD-Edu+ (N = 20) obtained by matching the educational attainment of the Edu- and Edu+ subgroups among the Healthy, DLB, and PDD groups. For each subgroup of participants (Healthy, DLB, and PDD), the control ANOVA (p < 0.05) included the factors of Education (Edu- and Edu+), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, gamma), and ROI (frontal, central, parietal, occipital, temporal, and limbic). The rsEEG source activities (i.e., regionally normalized eLORETA solutions) were the dependent variable. Sex and global cognition (MMSE score) were used as covariates. The data were controlled for Gaussian distribution, as reported in the main article. No statistically significant differences among the Healthy, DLB, and PDD Edu- and Edu+ subgroups were observed (one-way ANOVA: education as the dependent variable, Group as a factor; p > 0.05) concerning the educational attainment measured in years. 

Table SM1
	DEMOGRAPHIC AND CLINICAL DATA 

	
	Healthy-Edu-
	Healthy-Edu+
	Statistical analyses

	N
	16
	17
	-

	Age (years)
	64.2 ± 1.2 SE
	67.5 ± 1.8 SE
	T test: n.s.

	Sex (M/F) 
	5/11 (31%)
	9/8 (53%)
	Fisher test: n.s.

	Education (years)
	5.3 ± 0.7 SE
	13.0 ± 0.4 SE
	T test: p < 0.01

	MMSE score
	28.1 ± 0.5 SE
	28.5 ± 1.3 SE
	Mann Whitney U test: p = n.s.

	MMSEc score
	27.6 ± 0.4 SE
	27.3 ± 0.4 SE
	Mann Whitney U test: p = n.s.

	
	
	
	

	
	DLB-Edu-
	DLB-Edu+
	Statistical analyses

	N
	21
	19
	-

	Age (years)
	74.0 ± 1.8 SE
	75.4 ± 2.0 SE
	T test: p =n.s.

	Sex (M/F) 
	12/9 (41%)
	13/6 (68%)
	Fisher test: n.s.

	Education (years)
	5.0 ± 0.5 SE
	12.3 ± 0.4 SE
	T test: p < 0.01

	MMSE score
	19.1 ± 1.3 SE
	21.3 ± 1.2 SE
	Mann Whitney U test: p = n.s.

	MMSEc score
	18.8 ± 1.3 SE
	19.8 ± 1.3 SE
	Mann Whitney U test: p = n.s.

	UPDRS III score
	13.5 ± 1.6 SE
	15.6 ± 2.0 SE
	T test: n.s.

	
	
	
	

	
	PDD-Edu-
	PDD-Edu+
	Statistical analyses

	N
	16
	20
	-

	Age (years)
	71.8 ± 1.8 SE
	72.9 ± 1.1 SE
	T test: p =n.s.

	Sex (M/F) 
	13/3 (81%)
	16/4 (83%)
	Fisher test: n.s.

	Education (years)
	4.3 ± 0.7 SE
	12.6 ± 0.2 SE
	T test: p < 0.01

	MMSE score
	18.2 ± 1.0 SE
	22.2 ± 1.0 SE
	Mann Whitney U test: p < 0.01

	MMSEc score
	18.1 ± 1.0 SE
	20.7 ± 1.0 SE
	Mann Whitney U test: : p < 0.05

	UPDRS III score
	42.9 ± 0.6 SE
	39.6 ± 3.8 SE
	T test: n.s.


Table SM1. 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 Edu- and Edu+ subgroups of the Healthy, DLB, and PD participants matching the threshold for the stratification according to the low (Edu-) and high (Edu+) educational attainment subgroups. Legend: Healthy = cognitively unimpaired older persons; PDD = Parkinson’s Disease Dementia; DLB = Dementia due to Lewy Body disease; M/F = males/females; MMSE = Mini-Mental State Evaluation; MMSEc = Mini-Mental State Evaluation corrected for age and educational attainment; UPDRS III = Unified Parkinson Disease Rating Scale-III; n.s. = not significant (p > 0.05).

The ANOVAs performed on this data subset confirmed the main results on the global cohort, illustrating that the discriminant pattern Healthy-Edu+ > Healthy-Edu- was fitted by the rsEEG alpha 3 (p < 0.05 Bonferroni corrected) source activities (Figure SM7 left). On the contrary, the discriminant pattern PDD-Edu- > PDD-Edu+ was fitted by the rsEEG alpha 2 and alpha 3 (p < 0.05 Bonferroni corrected) source activities (Figure SM7 right). No statistically significant effects were observed for the DLB group (p > 0.05).
[image: Immagine che contiene testo, diagramma, Diagramma, linea

Descrizione generata automaticamente]
Figure SM7. Mean values (± standard error of the mean, SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to statistically significant ANOVA interaction effects in the Healthy (F = 2.22, p < 0.05, left) and PDD (F = 3.89, p < 0.01; right) between the factors Education (Edu- and Edu+) and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The sex, MMSE, and clinical unit were used as a covariate. The rectangles indicate the frequency bands in which the eLORETA solutions statistically presented a significant difference between Healthy-Edu- and Healthy-Edu+ (p < 0.05 Bonferroni corrected; left) and between PDD-Edu- and PDD-Edu+ (p < 0.05 Bonferroni corrected; right). Legend: Healthy = cognitively unimpaired older persons; PDD = Parkinson’s Disease Dementia; rsEEG = resting state electroencephalographic.

[bookmark: _Hlk188023222]Individual values of composite cognitive scores in Healthy, PDD, and DLB participants
The cognitive scores were calculated as z-scores in relation to the values of the Healthy group in the following cognitive domains: language, visuospatial, attention/executive, memory, and global (average among the previous ones) functions, as well as the raw MMSE. Figure SM7 reports the individual values of each Edu- and Edu+ subgroup of Healthy, PDD, and DLB participants. No outliers were identified according to Grubbs’ test (p > 0.001).
Figure SM8
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Figure SM8. Individual values of the composite cognitive scores calculated as z-scores in relation to the values of the Healthy group in the following cognitive domains: language, visuospatial, attention/executive, memory, and global (average among the previous ones) functions as well as the raw MMSE, in the Edu- and Edu+ subgroups of Healthy, PDD, and DLB participants. No outliers were identified according to Grubbs’ test (p > 0.001).Legend: MMSE = Mini-Mental State Evaluation.

Demographic, clinical, and rsEEG source markers in Healthy-Edu- and Healthy-Edu+ cross-validation subgroups
Table SM2 summarizes the relevant demographic (i.e., age, education, and sex) and clinical (i.e., MMSE score raw and corrected for age and education) information about the Healthy-Edu- (N = 27) and Healthy-Edu+ (N = 27) subgroups, together with the results of the statistical analyses computed to evaluate the presence or absence of statistically significant differences between these subgroups regarding age (T-test), sex (Fisher test), education (T-test), and MMSE score (raw and corrected; Mann-Whitney U-test). As expected, statistically significant differences were found between the Healthy-Edu- and Healthy-Edu+ subgroups for the education (p < 0.01). On the contrary, no statistically significant differences in age, sex, and MMSE score (raw and corrected) were found between the two subgroups (p > 0.05).
Table SM2
	DEMOGRAPHIC AND CLINICAL DATA 

	
	Healthy-Edu-
	Healthy-Edu+
	Statistical analyses

	N
	27
	27
	--

	Age (years)
	74.7 ± 1.0 SE
	73.3 ± 1.0 SE
	T test: n.s.

	Sex (M/F) 
	12/15 (44%)
	12/15 (44%)
	Fisher test: n.s.

	Education (years)
	5.8 ± 0.4 SE
	13.2 ± 0.5 SE
	T test: p < 0.01

	MMSE score
	28.5 ± 0.2 SE
	28.5 ± 0.2 SE
	Mann Whitney U test: n.s.

	MMSEc score
	27.8 ± 0.3 SE
	27.3 ± 0.3 SE
	Mann Whitney U test: n.s.


Table SM2. 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 subgroups of Healthy-Edu- (N = 27) and Healthy-Edu+ (N = 27) participants. Legend: Healthy = cognitively unimpaired older persons; M/F = males/females; MMSE = Mini-Mental State Evaluation; MMSEc = Mini-Mental State Evaluation corrected for age and educational attainment; n.s. = not significant (p > 0.05).

The mean TF was 5.6 Hz (± 0.2 SE) in the Healthy-Edu- subgroup and 5.8 Hz (± 0.2 SE) in the Healthy-Edu+ subgroup. Furthermore, the mean IAF was 8.9 Hz (± 0.2 SE) in the Healthy-Edu- subgroup and 9.0 Hz (± 0.2 SE) in the Healthy-Edu+ subgroup. Two T-tests (p < 0.05) were performed to evaluate the presence or absence of statistically significant differences between the Healthy-Edu- and Healthy-Edu+ subgroups regarding TF and IAF. No statistically significant differences were found between the two subgroups (p > 0.05).
Figure SM8 shows the mean values (± SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to a statistically significant 2-way ANOVA interaction effect (F(7, 343) = 3.1610, p < 0.01) between the factors Education (Healthy-Edu- and Healthy-Edu+; dependent variable) and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The Duncan planned post-hoc (p < 0.05 Bonferroni correction for 7 frequency bands, p < 0.05/7 = 0.007) testing showed that the discriminant pattern Healthy-Edu+> Healthy-Edu- was fitted by the rsEEG alpha 3 (p < 0.05 corrected) source activities. On the contrary, the rsEEG delta source activities were higher in the Healthy Edu- as compared to the Healthy-Edu+ subgroup (p < 0.05 corrected). No other effects involving the factor of Education were observed (p > 0.05). 
Figure SM9
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Figure SM9. Mean values (± standard error of the mean SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to a statistically significant ANOVA interaction effect (F = 3.16, p < 0.01) between the factors Education (Healthy-Edu-, N = 27; and Healthy-Edu+, N = 27) and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The sex, MMSE, and clinical unit were used as a covariate. The rectangles indicate the frequency bands in which the eLORETA solutions statistically presented a significant difference between Healthy-Edu- and Healthy-Edu+ (p < 0.05 Bonferroni corrected). Legend: Healthy = cognitively unimpaired older persons; rsEEG = resting state electroencephalographic.

The findings mentioned above were not due to outliers from individual normalized eLORETA current densities (log 10 transformed), as shown by Grubbs' test with an arbitrary threshold of p > 0.001.

Demographic, clinical, and rsEEG source markers in PD(MCI+D)-Edu- and PD(MCI+D)-Edu+ subgroups
[bookmark: _Hlk161754043][bookmark: _Hlk166847093]Table SM3 summarizes the relevant demographic (i.e., age, education, and sex) and clinical (i.e., MMSE score raw and corrected for age and education, visual hallucination, VH, and Unified Parkinson Disease Rating Scale-III, UPDRS III score; REM behavioral disorder, RBD) information about the PD(MCI+D)-Edu- (N = 19) and PD(MCI+D)-Edu+ (N = 19) subgroups, together with the results of the statistical analyses computed to evaluate the presence or absence of statistically significant differences between these subgroups regarding age (T-test), sex (Fisher test), education (T-test), MMSE score (raw and corrected; Mann-Whitney U-test), VH (Fisher test), UPDRS III score (T-test). As expected, statistically significant differences were found between the PD(MCI+D)-Edu- and PD(MCI+D)-Edu+ subgroups for the education (p < 0.01). MMSE score was higher in PD(MCI+D)-Edu+ than PD(MCI+D)-Edu- subgroups (p < 0.01). On the contrary, no statistically significant differences in age, sex, MMSE score corrected, VH, UPDRS III score, and RBD were found between the two subgroups (p > 0.05).
Table SM3
	DEMOGRAPHIC AND CLINICAL DATA 

	
	PD(MCI+D)-Edu-
	PD(MCI+D)-Edu+
	Statistical analyses

	N
	19
	19
	-

	Age (years)
	70.6 ± 1.6 SE
	68.1 ± 1.3 SE
	T-test: n.s.

	Sex (M/F) 
	13/6 (68%)
	15/4 (79%)
	Fisher test: n.s.

	Education (years)
	4.8 ± 0.5 SE
	13.2 ± 0.5 SE
	T-test: p < 0.0005

	MMSE score
	20.9 ± 0.7 SE
	21.9 ± 1.4 SE
	Mann Whitney U test:
p < 0.01

	MMSEc score
	21.3 ± 0.9 SE
	23.6 ± 1.3 SE
	Mann Whitney U test: n.s.

	VH (%)
	42%
	32%
	Fisher test: n.s.


	UPDRS III
	28.1 ± 3.4 SE
	30.6 ± 3.8 SE
	T-test: n.s.

	RBD (%)
	53%
	51%
	Fisher test: n.s.


Table SM3. Mean values (± SE) of the demographic and clinical data as well as the results of their statistical comparisons (p < 0.05) in the subgroups of PD(MCI+D)-Edu- (N = 19) and PD(MCI+D)-Edu+ (N = 19) participants. Legend: PD(MCI+D) = Parkinson’s Disease with Mild Cognitive Impairment or Dementia; M/F = males/females; MMSE = Mini-Mental State Evaluation; MMSEc = Mini-Mental State Evaluation corrected for age and educational attainment; VH = visual hallucination; UPDRS III = Unified Parkinson Disease Rating Scale-III; RBD = REM behavioral disorder; n.s. = not significant (p > 0.05).

The mean TF was 4.5 Hz (± 0.1 SE) in the PDD-Edu- subgroup and 4.7 Hz (± 0.1 SE) in the PD(MCI+D)-Edu+ subgroup. Furthermore, the mean IAF was 7.2 Hz (± 0.2 SE) in the PD(MCI+D)-Edu- subgroup and 6.7 Hz (± 0.1 SE) in the PDD-Edu+ subgroup. Two T-tests (p < 0.05) were performed to evaluate the presence or absence of statistically significant differences between the PD(MCI+D)-Edu- and PD(MCI+D)-Edu+ subgroups regarding TF and IAF. No statistically significant differences were found between the two subgroups (p > 0.05).
Figure SM9 shows the mean values (± SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to a statistically significant 2-way ANOVA interaction effect (F(7, 231) = 2.1567, p < 0.05) between the factors Education (PD(MCI+D)-Edu- and PD(MCI+D)-Edu+; dependent variable) and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The Duncan planned post-hoc (p < 0.05 Bonferroni correction for 7 frequency bands, p < 0.05/7 = 0.007) testing showed that the discriminant pattern PD(MCI+D)-Edu- > PD(MCI+D)-Edu+ was fitted by the rsEEG alpha 3 (p < 0.05, Bonferroni corrected) source activity. No other effects involving the factor of Education were observed (p > 0.05).
Figure SM10
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[bookmark: _Hlk166674103]Figure SM10. Mean values (±SE, log-10 transformed) of rsEEG source activities (normalized eLORETA current density) relative to a statistically significant ANOVA interaction effect (F =2.16, p < 0.05) between the factors Education (PD(MCI+D)-Edu-, N = 19; and PD(MCI+D)-Edu+, N = 19) and Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma). The sex, MMSE, and clinical unit were used as a covariate. The rectangles indicate the frequency bands in which the eLORETA solutions statistically presented a significant difference between PD(MCI+D)-Edu- and PD(MCI+D)-Edu+ (p < 0.05 Bonferroni corrected). Legend: PD(MCI+D) = Parkinson’s Disease Mild Cognitive Impairment or Dementia; rsEEG = resting state electroencephalographic.

The findings mentioned above were not due to outliers from individual normalized eLORETA current densities (log 10 transformed), as shown by Grubbs' test with an arbitrary threshold of p > 0.001.

Demographic, clinical, and rsEEG source markers in DLB(MCI+D)-Edu- and DLB(MCI+D)-Edu+ subgroups
Table SM4 summarizes the relevant demographic (i.e., age, education, and sex) and clinical (i.e., MMSE score raw and corrected for age and education, visual hallucination, VH, and Unified Parkinson Disease Rating Scale-III, UPDRS III score; REM behavioral disorder, RBD) information about the DLB(MCI+D)-Edu- (N = 19) and DLB(MCI+D)-Edu+ (N = 19) subgroups, age (T-test), sex (Fisher test), education (T-test), MMSE score (raw and corrected; Mann-Whitney U-test), VH (Fisher test), UPDRS III score (T-test). As expected, statistically significant differences were found between the DLB(MCI+D)-Edu- and DLB(MCI+D)-Edu+ subgroups for education (p < 0.01). On the contrary, no statistically significant differences in age, sex, MMSE score (raw and corrected), VH, UPDRS III score, and RBD were found between the two subgroups (p > 0.05).
Table SM4
	DEMOGRAPHIC AND CLINICAL DATA 

	
	DLB(MCI+D)-Edu-
	DLB(MCI+D)-Edu+
	Statistical analyses

	N
	22
	22
	-

	Age (years)
	76.0 ± 0.9 SE
	75.8 ± 1.4 SE
	T test: n.s.

	Sex (M/F) 
	12/10 (55%)
	15/7 (68%)
	Fisher test: n.s.

	Education (years)
	5.1 ± 0.5 SE
	12.3 ± 0.6 SE
	T test: p < 0.01

	MMSE score
	21.0 ± 1.0 SE
	21.4 ± 0.6 SE
	Mann Whitney U test: n.s.

	MMSEc score
	21.1 ± 1.0 SE
	22.5 ± 0.7 SE
	Mann Whitney U test: n.s.

	VH (%)
	64%
	62%
	Fisher test: n.s.


	UPDRS III
	21.9 ± 3.1 SE
	19.0 ± 2.3 SE
	T test: n.s.

	RBD (%)
	77%
	55%
	Fisher test: n.s.


Table SM4. Mean values (± SE) of the demographic and clinical data as well as the results of their statistical comparisons (p < 0.05) in the subgroups of DLB(MCI+D)-Edu- (N = 22) and DLB(MCI+D)-Edu+ (N = 22) participants. Legend: DLB(MCI+D) = Mild Cognitive Impairment or Dementia due to Lewy Body disease; M/F = males/females; MMSE = Mini-Mental State Evaluation; MMSEc = Mini-Mental State Evaluation corrected for age and educational attainment; VH = visual hallucination; UPDRS III = Unified Parkinson Disease Rating Scale-III; RBD = REM behavioral disorder; n.s. = not significant (p > 0.05).

The mean TF was 4.7 Hz (± 0.2 SE) in the DLB-Edu- subgroup and 4.8 Hz (± 0.2 SE) in the DLB-Edu+ subgroup. Furthermore, the mean IAF was 7.6 Hz (± 0.3 SE) in the DLB-Edu- subgroup and 7.0 Hz (± 0.2 SE) in the DLB-Edu+ subgroup. Two T-tests (p < 0.05) were performed to evaluate the presence or absence of statistically significant differences between the DLB-Edu- and DLB-Edu+ subgroups regarding TF and IAF. No statistically significant differences were found between the two subgroups (p > 0.05).
The ANOVA did not show any statistically significant 3- or 2-way interaction effect (p > 0.05) between the factors Education (DLB(MCI+D)-Edu- and DLB(MCI+D)-Edu+; dependent variable), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal, occipital, temporal, and limbic). 
The findings mentioned above were not due to outliers from individual normalized eLORETA current densities (log 10 transformed), as shown by Grubbs' test with an arbitrary threshold of p > 0.001.

Correlation between motor impairment and rsEEG source activities
To evaluate whether the compensatory mechanism revealed by rsEEG rhythms in PD(MCI+D) group may depend on motor dysfunction, we explored the correlation between the motor impairment (UPDRS III) and the theta and alpha rsEEG source activities. The theta band was included as associated with greater motor impairment in PD patients when recorded from sensorimotor cortical areas (Karimi et al., 2021).
To this aim, we developed several Pearson’s correlation models between the UPDRS III score and the regional (frontal, central, parietal, occipital, and temporal) and global rsEEG theta, alpha 2, and alpha 3 source activities in PD(MCI+D) and DLB(MCI+D) groups. To include as many patients as possible, we pulled together the experimental and the cross-validation cohorts. Only for the PD(MCI+D) group (N = 104) statistically significant positive correlations were observed between the regional and global rsEEG theta source activities and the UPDRS III score with a Pearson’s r ranging between 0.19-0.30 (p < 0.05; Figure SM10). 
Figure SM11
[image: ]
Figure SM11. Plots of the correlation analysis between theta rsEEG source activities and motor impairment as revealed by UPDRS III in PD(MCI+D) participants. Statistically significant effects are highlighted in red. Legend: PD(MCI+D) = Parkinson’s Disease Mild Cognitive Impairment or Dementia; UPDRS III = Unified Parkinson Disease Rating Scale-II).

No statistically significant correlations were observed for the DLB group (N = 83; p > 0.05; Figure SM11). 
Figure SM12
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Figure SM12. Plots of the correlation analysis between theta rsEEG source activities and motor impairment as revealed by UPDRS III in DLB(MCI+D) participants. Statistically significant effects are highlighted in red. Legend: DLB(MCI+D) = Mild Cognitive Impairment or Dementia due to Lewy Body disease; UPDRS III = Unified Parkinson Disease Rating Scale-III.

Concerning rsEEG alpha 2 and alpha 3 source activities, no statistically significant correlations were observed for PD(MCI+D) and DLB(MCI+D), as reported in Table SM5 and Table SM6, respectively.
Table SM5
	CORRELATIONS BETWEEN rsEEG ALPHA AND UPDRS III IN PD(MCI+D)

	
	rsEEG Alpha 2
	rsEEG Alpha 3

	F 
	r = 0.15, p = n.s.
	r = 0.10, p = n.s.

	C
	r = -0.01, p = n.s.
	r = -0.06, p = n.s.

	P 
	r = -0.07, p = n.s.
	r = -0.12, p = n.s.

	O
	r = -0.11, p = n.s.
	r = -0.10, p = n.s.

	T
	r = 0.11, p = n.s.
	r = 0.08, p = n.s.

	Global
	r = -0.02, p = n.s.
	r = -0.02, p = n.s.


[bookmark: _Hlk166851121]Table SM5. Results of the correlation analysis between alpha 2 and rsEEG alpha 3 source activities and motor impairment as revealed by UPDRS III in PD(MCI+D) participants. The main and cross-validation cohorts were pulled together. The Pearson’s r and the relative p-value are reported for each pair of variables. Legend: PD(MCI+D) = Parkinson’s Disease with Mild Cognitive Impairment or Dementia; UPDRS III = Unified Parkinson Disease Rating Scale-III; n.s. = not significant (p > 0.05).

Table SM6
	CORRELATIONS BETWEEN rsEEG ALPHA AND UPDRS III IN DLB(MCI+D)

	
	rsEEG Alpha 2
	rsEEG Alpha 3

	F 
	r = 0.02, p = n.s.
	r = 0.05, p = n.s.

	C
	r = -0.12, p = n.s.
	r = -0.13, p = n.s.

	P 
	r = 0.05, p = n.s.
	r = -0.03, p = n.s.

	O
	r = 0.22, p = n.s.
	r = 0.16, p = n.s.

	T
	r = 0.07, p = n.s.
	r = 0.04, p = n.s.

	Global
	r = 0.08, p = n.s.
	r = 0.03, p = n.s.


Table SM6. Results of the correlation analysis between rsEEG alpha 2 and alpha 3 source activities and motor impairment as revealed by UPDRS III in PD(MCI+D) participants. The main and cross-validation cohorts were pulled together. The Pearson’s r and the relative p-value are reported for each pair of variables. Legend: DLB(MCI+D) = Mild Cognitive Impairment or Dementia due to Lewy Body disease; UPDRS III = Unified Parkinson Disease Rating Scale-III; n.s. = not significant (p > 0.05).
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0.8

& Edu-
- Edu+

euiwed
zeiq
rejeq
seudie
zeudie
reudie
elou
eliop

euiwed
zeiq
rejeq
seudie
zeudie
reudie

euiwed
zeig
Lejeq
seudie
zeudie

elou}
elep

euiwed
zeig
Leleq
seudie
zeudie
reudie
elau
elep

euiwed
zeig

1eleq
seudie
zeudie
leydie
elau

elop




image5.png
Topographic and frequency distribution of rsEEG source activities in DLB group
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