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Abstract

Objective. Here we tested if cortical sources of resting state electroencephalographic (rsEEG)
rhythms may differ in sub-groups of patients with prodromal and overt dementia with Lewy bodies
(DLB) as a function of relevant clinical symptoms. Methods. We extracted clinical, demographic and
rsEEG datasets in matched DLB patients (N=60) and control Alzheimer’s disease (AD, N=60) and
healthy elderly (Nold, N=60) seniors were taken from our international database. The eLORETA
freeware was used to estimate cortical rsEEG sources. Results. As compared to the Nold group, the
DLB and AD groups generally exhibited greater spatially distributed delta source activities (DLB >
AD) and lower alpha source activities posteriorly (AD > DLB). As compared to the DLB “controls”, the
DLB patients with 1) rapid eye movement (REM) sleep behavior disorders showed lower central
alpha source activities (p < 0.005); 2) greater cognitive deficits exhibited higher parietal and central
theta source activities as well as higher central, parietal, and occipital alpha source activities (p <
0.01); 3) visual hallucinations pointed to greater parietal delta source activities (p < 0.005).
Conclusions. Relevant clinical features were associated with abnormalities in spatial and frequency
features of rsEEG source activities in DLB patients. Significance. Those features may be used as
neurophysiological surrogate endpoints of clinical symptoms in DLB patients in future cross-

validation prospective studies.
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Highlights

1. Patients with prodromal-overt dementia with Lewy bodies (DLB) and visual hallucinations show
highest parietal delta rhythms.

2. DLB patients with the greatest cognitive deficits show highest posterior alpha rhythms.

3. EEG rhythms are related to clinical manifestations in DLB patients.



1. Introduction

Patients with Lewy body dementia (LBD) are characterized by progressive neurodegeneration
of cortical and sub-cortical reticular neural systems due to accumulation of intracellular Lewy bodies
and neurofibrillary tangles (Weisman et al., 2007). Of consequence, clinical phenotype of LBD
includes motor, behavioral and psychiatric dysfunctions as visual hallucinations (> 80%, McKeith et
al., 2017), fluctuation of cognitive disorders, and disturbances of rapid eye movement (REM) sleep
(McKeith et al., 1996; 2017; Donaghy and McKeith 2014).

A reliable diagnosis is allowed only in the late stage of the disease as these mentioned clinical
manifestations in part overlap with those of dementia due to Parkinson’s disease (PDD) and
Alzheimer’s disease (ADD).

The diagnostic process may imply the clinical and instrumental re-evaluation of ADD, PDD, and
LBD patients over time every 6 or 12 months.

rsEEG markers were tested in several LBD studies as indexes of brainstem-thalamus-cortical
neural synchronization mechanisms underpinning the regulation of vigilance in quiet wakefulness
(Finfgeld, 1995; Bosboom et al., 2009, 2006; Bonanni et al., 2008; Serizawa et al., 2008; Kamei et
al., 2010; Pugnetti et al., 2010; et al., 2014; Caviness et al., 2016).

Main results showed slower rsEEG activity at delta and theta frequencies (respectively < 4 and
4-7 Hz) and a reduction at alpha frequencies (8-12 Hz) in LBD patients respect to normal healthy
elderly (Nold) individuals (Bonanni et al., 2008; Jackson et al., 2008).

Here we used a methodological approach described in a previous article of our Consortium
(Babiloni et al., 2020b). That description is reported between quotation markers in the following:
“(1) the estimation of rsEEG cortical sources by the popular exact low-resolution brain
electromagnetic tomography (eLORETA) freeware (Pascual-Marqui, 2007) and (2) the definition of
delta, theta, and alpha frequency bands on individual basis using the so-called individual alpha
frequency (IAF) peak as a reference in the rsEEG power density spectrum averaged across all
electrodes” (Babiloni et al., 2020b). Main results of this approach can be summarized as follows:
compared to Nold subjects, LBD showed lower activation in occipital, parietal, and temporal cortical
sources of alpha rhythms around the IAF, associated with an increase in topographically widespread
delta source activities (Babiloni et al., 2017ab, 2018abc). Such abnormalities in the delta and alpha
source activities were intermediate between those observed in ADD and PDD patients, where PDD

and ADD showed maximum abnormalities in delta and alpha, respectively. Similar results were
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observed in those patients even at the prodromal stage of mild cognitive impairment. From a
neurophysiological point of view, that abnormal reduction in alpha source activities may reflect a
background cortical overexcitation in quiet wakefulness (Pfurtscheller and Lopes da Silva, 1999).
Furthermore, those abnormalities in both delta and alpha source activities in resting state
conditions may reflect alterations in the neurophysiological oscillatory systems regulating vigilance
in quiet wakefulness. To support this tentative explanation, previous studies investigating rsEEG
rhythms have reported that sleep deprivation induces an increase in posterior cortical delta rhythms
and a reduction in widespread alpha rhythms recorded in healthy adults resting in quiet
wakefulness, while the acute administration of a pharmacological agent enhancing the vigilance
(i.e., Modafinil) partially recovers these effects (Chapotot et al., 2003; James et al., 2011;
Bodenmann et al., 2009; Saletu et al., 2004, 2007). The relationship between cortical delta and alpha
rhythms in the resting state condition and the neurophysiological regulation of quiet vigilance
makes these rsEEG markers extremely interesting for investigating the clinical neurophysiology of
fluctuations of cognitive functions, visual hallucinations, and rapid eye movement (REM) sleep
behavior disorders in LBD patients.

In the present retrospective and explorative study, we used the mentioned methodological
approach on an international database to test the hypothesis that in DLB patients, cortical sources
of rsEEG rhythms frequencies may show differences in relation to relevant clinical features such as
fluctuation of cognitive deficits, REM behavioral disorders, and visual hallucinations. Delta and alpha
source activities were the main variables of interest based on our previous field studies (Babiloni et
al., 2017ab, 2018abc), while theta, beta, and gamma source activities were used for other purposes.
On the one hand, they were used to control the specificity of the effects at delta and alpha source
activities. On the other hand, temporal and frontal beta and gamma source activities showing
relatively low and decreasing values as a function of frequencies represent an important benchmark
of the quality of rsEEG recording, preliminary data analysis, and source estimation in subjects
without major muscle tensions in eyes-closed resting state conditions.

In the experimental design of the present study, cortical sources of rsEEG rhythms were
compared between matched sub-groups of patients with prodromal and overt dementia with Lewy
Bodies (DLB) stratifying them based on relevant clinical features, namely those having high vs. low
global cognitive status, the presence or absence of visual hallucinations, and the presence or
absence of REM sleep behavior disorders. In this design, Nold and AD seniors were used as control

groups to address the specificity of the effects.



2. Materials and Methods

2.1 Subjects

In the present retrospective and observational study, clinical and rsEEG data were extracted
from an international archive formed by the Clinical Units and E-DLB Consortia. Specifically, the DLB
group (N = 60) was formed by 42 patients with dementia and 18 patients with its prodromal stage,
namely the condition of mild cognitive impairment (MCI) as defined in the following section. As
mentioned above, the DLB group was matched for age, gender, and education with groups of AD
patients (N = 60; 20 patients with dementia, ADD, and 40 patients with mild cognitive impairment,
ADMCI) and Nold subjects (N = 60), whose data were extracted from the same database for control
purposes. All DLB and AD patients performed the rsEEG recording within one year from the clinical
diagnosis. Only DLB and AD patients whose diagnosis has been confirmed at almost one visit of
follow up have been considered for this study. DLB group was further divided in 3 pairs sub-groups
according to clinical criteria for statistical comparison. Specifically, DLB group was divided in DLB
VH+ and DLB VH- according to the presence or not of visual hallucination; same logic was applied to
extract DLB RBD+ and DLB RBD- subgroups respectively with and without REM sleep behavior
disorders; the median value of MMSE defined DLB sub-groups with lowest (DLB MMSE-) and highest
(DLB MMSE+) global cognitive deficits. Each pair of DLB sub-groups was matched for age, gender,
and education. UPDRS Il motor score and pharmacological therapies (i.e., levodopa,
acetylcholinesterase inhibitors -AChEls, and antipsychotics drugs) were also considered to avoid any
confounding effects.

Local institutional Ethics Committee approved the present observational study. All
experiments were performed with the informed and overt consent of each participant or caregiver,
in line with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the
standards established by the local Institutional Review Board.

Table 1 summarizes demographic (i.e., age, gender, and education) and clinical (i.e., mini
mental state evaluation, MMSE score; visual hallucinations, VH; Unified Parkinson Disease Rating
Scale-Ill, UPDRS Ill score) data of those Nold, AD, DLB groups and pharmacological therapies of DLB
sub-groups. To test the presence or absence of statistically significant differences (p < 0.05) among
demographic and clinical variables of the Nold, AD and DLB groups or DLB subgroups the following

test were used: ANOVA for age and education; Freeman-Halton for gender and Kruskal-Wallis for
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MMSE score, Fisher’s test for visual hallucinations and t-test for UPDRS score. Fisher’s test was also
used to evaluate the statistical difference between pairs of the DLB-subgroups in the assumption of

levodopa, AChEls, and antipsychotics drugs.

DEMOGRAPHIC AND CLINICAL CHARACTERISTICS
Gender . MMSE score
Group/N Age (F/M) Education (Nold > AD, DLB) UPDRS Il VH
Nold (60) 74.4 (£0.7SE) | 32/28 | 9.4 (+0.5SE) | 28.4 (+ 0.1 SE) - -
AD
+ + + - -
(60; 20 ADD, 40 ADMCI) 75.2 (£0.5SE) | 35/25 | 9.6 (0.6 SE) | 22.6 (+ 0.5 SE)
DLB
+ + + +
(60; 42 DLB, 18 DLBMCI) 76.2 (£ 0.7 SE) | 27/33 | 8.5(+ 0.6 SE) | 20.8 (+ 0.6 SE) | 20.5 (+ 1.6 SE) | 40
DLB VH+
+ + + +
(40; 29 DLB, 11 DLBMCI) 75.5(+0.9SE) | 18/22 | 8.7 (0.7 SE) | 20.3 (+0.7 SE) | 20.8 (+2.0SE) | 40
DLB VH- 77.5 (+ 1.3 SE) 8/9 7.6(+1.0SE) | 21.6 (+1.1SE) {20.9(+3.4SE)| O
(17; 6 DLB, 11 DLBMCI) R R R T
AD
+ + + - -
(25; 15 ADD, 10 ADMCI) 76.7 (£t 0.8 SE) | 15/10 | 9.9(+0.9 SE) | 19.3 (+ 0.7 SE)
DLB MMSE+
+ + + +
(26; 24 DLB, 2 DLBMCI) 76.5(+1.0SE)| 13/13 | 7.4(+0.8SE) | 16.9(+ 0.6 SE) |23.6 (£2.7SE) | 19
DLB MMSE-
+ + + +
(26; 15 DLB, 11 DLBMCI) 75.7 (+1.0SE) | 9/17 | 9.4(+0.8SE) | 24.7 (+0.4 SE) | 19.0 (+2.3SE)| 15
DLB RBD+
+ + + +
(42; 28 DLB, 14 DLBMCI) 76.1(+0.8SE) | 15/27 | 8.6 (+0.8SE) | 21.5(+0.7SE) |19.4 (+1.9SE) | 26
DLB RBD-
+ + + +
(14; 12 DLB, 2 DLBM(CI) 76.5(+1.6SE)| 9/5 8.7(+0.6 SE) | 19.4 (+ 0.9SE) | 22.9(+3.4SE) | 10
PHARMACOLOGICAL THERAPIES
Levodopa AChEI Psychoactive drugs
DLB VH+ 48% 45% 45%
DLB VH- 59% 29% 35%
DLB MMSE+ 50% 42% 46%
DLB MMSE- 62% 35% 23%
DLB RBD+ 62% 26% 29%*
DLB RBD- 29% 64% 71%*

Table 1. Mean values (+ standard error of the mean, SE) of the demographic and clinical data of the groups of healthy
elderly seniors (Nold), Alzheimer’s disease patients (AD), patients with prodromal and overt dementia with Lewy bodies
(DLB), and AD and DLB sub-groups of patients (DLB VH+ and DLB VH-; DLB MMSE+ and DLB MMSE-; DLB RBD+ and DLB
RBD-). In the lower part of the table are also indicated the pharmacological therapies of 3-pairs DLB sub-groups.
*Significant Fisher’s test (p < 0.001). Legend: MMSE = Mini Mental State Evaluation; MMSE+ and MMSE- = sub-groups
of DLB patients with greater and lesser cognitive deficits, respectively; UPDRS Il = Unified Parkinson Disease Rating
Scale-lll; VH = visual hallucinations; VH+ and VH- = sub-groups of DLB patients with and without visual hallucinations,
respectively; RBD = Rapid eye movement sleep behavior disorder; RBD+ and RBD- = sub-groups of DLB patients with
and without rapid eye movement sleep behavior disorder, respectively.



2.2 Diagnostic criteria

The diagnosis of the probable DLB was carried out according to the consensus guidelines
(McKeith IG et al. 2005; 2017). Twenty-six out of 60 DLB patients performed DaTSCAN to confirm
the diagnosis of probable DLB. The clinical features of DLB were detected as follows:
the Neuropsychiatric Inventory (NPI) item-2 tested the occurrence frequency and the severity of
hallucinations (Cummings JL et al., 1994); the severity of the frontal dysfunction was investigated by
Frontal Assessment Battery (FAB) (Dubois et al., 2000); the presence and severity of the cognitive
fluctuations by Clinician Assessment of Fluctuations (Walker et al., 2000a; 200b); extrapyramidal
signs were evaluated by Unified Parkinson Disease Rating Scale-1ll (UPDRS-III) (Fahn et al., 1987);
minimal International Classification of Sleep Disorders criteria (1992) were used to determinate the
presence and/or absence of rapid eye movement (REM) sleep behavior disorder (RBD).

DLBMCI subjects underwent further different neuropsychological tests to evaluate the status of MCl
(Donaghy et al., 2018).

The diagnosis of ADD and ADMCI has been described in a previous reference article of our
Consortium (Babiloni et al., 2020b). That description is reported between quotation marks in the
following paragraph: “The ADD and ADMCI were diagnosed according to the DSM-IV-TR and the
National Institute of Neurological Disorders and Stroke-Alzheimer Disease and Related Disorders
(NINCDS-ADRDA) working group (McKhann et al., 1984). Exclusion criteria for the ADMCI 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” (Babiloni et al., 2020b).

All Nold subjects underwent physical, cognitive (i.e., MMSE, 15-item Geriatric Depression
Scale-GDS, Brown and Schinka, 2005) and neurological examinations to exclude previous or present
neurological or psychiatric disease. Further exclusion criteria were the presence of depression
(detected with a GDS score higher than 5), use of chronic psychoactive drugs, and chronic systemic

illnesses (e.g. diabetes mellitus).

2.3 RsEEG recordings and preliminary data analysis



EEG recordings were performed in the late morning to minimize drowsiness. Instructions
kindly asked subjects to have a moderate breakfast and refrain from the assumption of psychoactive
drugs (e.g., antidepressant, benzodiazepine) and other psychostimulants (e.g., coffee, tea) in the
morning of the rsEEG recording. Furthermore, subjects were kindly asked to inform experimenters
about the quality of sleep the night before the EEG recording and any other event possibly
perturbing physical and mental status in a way incompatible with the experiment.

Instructions also dealt with subjects’ behavioral state during the rsEEG recording. All subjects
were kindly asked to remain in a standard resting state condition. In this condition, they had to keep
muscle relaxation without movements/talking and maintain their mind awake and freely wandering
without systematic goal-oriented mentalization.

On-going rsEEG activity was recorded in a quiet and dimly lighted room for at least 5 minutes
while subjects seated on a comfortable half reclined armchair with eyes closed in the mentioned
standard resting state condition. All digital EEG recording systems were certified for clinical use in
hospitals such as EBNeuro, Micromed, Brain vision, etc. The procedures for the EEG recording and
preliminary data analysis were described in a previous reference article of our Consortium (Babiloni
et al., 2019). That description is reported between quotation marks in the following paragraphs:

“The rsEEG data were recorded with a sampling frequency of 256-1,024 Hz and related
antialiasing bandpass between 0.01 Hz and 100 Hz. Nineteen scalp electrodes positioned according
to the 10-20 System (i.e. Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and
02) were used with respect to a cephalic ground (i.e., frontal) and an extracephalic electrode
reference (i.e., linked auricular or mastoid). Electrodes impedances were kept below 5 KOhm. Bipolar
vertical and horizontal electrooculographic (EOG), and one-channel electrocardiographic signals
were also acquired (256-1,024 Hz) for artifact detection and off-line correction (when possible)”
(Babiloni et al. 2019). During the EEG recording, the experimenters did control subject’s behavioral
condition and on-going rsEEG traces, to help subject to keep the adequate level of vigilance (i.e.,
avoiding drowsiness and sleep onset).

“The recorded rsEEG data were divided into epochs of 2 seconds and analyzed off-line. The
epochs affected by any physiological (ocular/blinking, muscular, head movements) or non-
physiological (bad contact electrode-scalp) artifacts were preliminarily identified by an automatic
computerized procedure (Moretti et al., 2003). Furthermore, two independent experimenters

manually checked and (dis)confirmed the artifact-free rsEEG epochs, before successive analyses.
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Specifically, they controlled for the presence of ocular and blinking artifacts based on EOG signals,
while muscular and head artifacts were recognized by analyzing EEG signals. Moreover, head
artifacts were detected by a sudden and great increase in amplitude of slow EEG waves in all scalp
electrodes. Finally, muscle artifacts were recognized observing the effects of several frequency
bandpass filters in different ranges and by the inspection of EEG power density spectra. Indeed,
muscle tension is related to unusually high and stable values of EEG power density from 30 to 100-
150 Hz, which contrast with the typical declining trend of EEG power density from 25 Hz onward”
(Babiloni et al., 2019).

Artifact-free rsEEG epochs were off-line frequency-band passed at 0.1-45 Hz and down
sampled, when appropriate, to make the sampling rate of all rsEEG datasets in patients and control
seniors equal to 128 Hz. For sake of harmonization of the datasets, all recorded rsEEG data were

re-referenced to the common average reference.

2.4 Spectral analysis of the rsEEG epochs

The procedures for the EEG spectral analysis were described in a previous reference article of
our Consortium (Babiloni et al., 2019). That description is reported between quotation marks in the
following paragraphs:

“A standard digital FFT-based power spectrum analysis (Welch technique, Hanning
windowing function, no phase shift) computed the power density of scalp rsEEG rhythms with 0.5 Hz
of frequency resolution.

According to a previous study of our group (Moretti et al., 2004), the frequency bands of
interest were individually identified based on the following frequency landmarks, namely the
transition frequency (TF) and the individual alpha frequency peak (IAF). In the EEG power density
spectrum, the TF marks the transition frequency between the theta and alpha bands, defined as the
minimum of the rsEEG power density between 3 and 8 Hz (between the delta and the alpha power
peak). The IAF is defined as the maximum power density peak between 6 and 14 Hz. These frequency
landmarks were previously well described by Dr Wolfgang Klimesch (Klimesch, 1999, 1996, Klimesch
etal., 1998).

The TF and IAF were individually computed for each subject involved in the present study.
Based on the TF and IAF, we estimated the frequency band range for each subject as follows: delta
from TF -4 Hz to TF -2 Hz, theta from TF -2 Hz to TF, low-frequency alpha band (alpha 1 and alpha 2)
from TF to IAF, and high-frequency alpha band (or alpha 3) from IAF to IAF+2 Hz. The other bands
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were defined based on standard fixed frequency ranges, namely beta 1 from 14 to 20 Hz, beta 2 from
20 to 30 Hz, and gamma from 30 to 40 Hz. The alpha 1 and alpha 2 bands were computed for each
subject as follows: alpha 1 from TF to the midpoint of the TF-IAF range and alpha 2 from this midpoint
to IAF” (Babiloni et al., 2019).

2.5 Cortical sources of rsEEG epochs as computed by eLORETA

The procedures for the EEG cortical source estimations were described in a previous reference
article of our Consortium (Babiloni et al., 2019). That description is reported between quotation
marks in the following paragraphs:

“We used the official freeware tool called exact LORETA (eLORETA) for the linear estimation
of the cortical source activity generating scalp-recorded rsEEG rhythms (Pascual-Marqui, 2007). The
present implementation of eLORETA uses a head volume conductor model composed of the scalp,
skull, and brain. In the scalp compartment, exploring electrodes can be virtually positioned to give
EEG data as an input to the source estimation (Pascual-Marqui, 2007). The brain model is based on
a realistic cerebral shape taken from a template typically used in the neuroimaging studies, namely
that of the Montreal Neurological Institute (MNI152 template). The eLORETA freeware solves the so-
called EEG inverse problem estimating “neural” current density values at any cortical voxel of the
mentioned head volume conductor model. The solutions are computed rsEEG frequency bin-by-
frequency bin.

The input for this estimation is the EEG spectral power density computed at 19 scalp
electrodes. The output is the electrical brain source space formed by 6,239 voxels with 5 mm
resolution, restricted to the cortical grey matter of the head volume conductor model. An equivalent
current dipole is located in each voxel. For each voxel, the eLORETA package provides the Talairach
coordinates, the lobe, and the Brodmann area (BA).

In line with the general low spatial resolution of the present EEG methodological approach
(i.e., 19 scalp electrodes), we performed a regional analysis of the eLORETA solutions. For this
purpose, we collapsed the eLORETA solutions within frontal, central, temporal, parietal, occipital,
and limbic macro-regions (ROIs) considered separately. Table 1 in Supplementary Materials reports
the list of the BAs used for the ROIs considered in the present study. Of note, the main advantage of
the regional analysis of eLORETA solutions was that we could disentangle the rsEEG source activity
in contiguous cortical areas. For example, the rsEEG source activity in the occipital ROl was

disentangled from that estimated in the parietal and temporal ROIs, etc. This was made possible by
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the fact that 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.

For the present eLORETA cortical source estimation, a frequency resolution of 0.5 Hz was
used, namely, the maximum frequency resolution allowed by the use of 2-s artifact-free EEG epochs”

(adapted from Babiloni et al., 2019).

2.6 Statistical analysis of the rsEEG source activity at the group level

The statistical analyses were performed by the commercial tool STATISTICA 10 (StatSoft Inc.,
www.statsoft.com) to test the control and working hypotheses. In all the statistical analyses, to limit
false positive findings, the procedure was based on four steps. In the first step, the regional
normalized rsEEG source solutions were Log-10 transformed to make them Gaussian before to be
used as inputs to the ANOVA designs as a dependent variable (p < 0.05). Of note, we did not use
non-parametric statistical analyses on untransformed rsEEG source solutions as the main
hypotheses of the present study required a factorial design with 3 ways (e.g., Group, Band, and ROI)
unsupported by those analyses. In the second step, we compared rsEEG source activity among the
groups of interest with an ANOVA design (p < 0.01). In the third step, if the ANOVA showed
significant effects, we performed planned post-hoc comparisons of rsEEG source activity among the
groups of interest (p < 0.01). In the fourth step, if the post-hoc tests showed significant differences
among the groups of interest, we controlled if the distribution of the rsEEG source variables showing
those differences were characterized by outliers, possibly explaining the effects. The outliers were
controlled within any group, separately, by the iterative (leave-one-out) Grubbs’ test (GraphPad
Software, Inc, California, USA) at the arbitrary conservative threshold of p < 0.001.

More specifically, the regional normalized rsEEG source solutions were Log-10 transformed
and used as inputs to the ANOVA designs as a dependent variable (p < 0.05). The Kolmogorov-
Smirnov test (null hypothesis of non-Gaussian distributions rejected at p < 0.05) was used to confirm
that those regional normalized eLORETA solutions approximated to Gaussian distributions. Duncan
test was used for post-hoc comparisons with a liberal statistical threshold chosen in line with the
exploratory nature of the present retrospective study (p < 0.01). The following control analysis

procedure has been recently described in a reference article of our Consortium (Babiloni et al.,
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2020b). That description has been adapted and reported between quotation marks in the following
paragraphs:

“To cross-validate the above rsEEG (eLORETA) source differences between DLB sub-groups,
we performed an independent component analysis (ICA) of scalp rsEEG rhythms at the group level.
Specifically, we orthogonalized the recorded rsEEG time series at the scalp electrodes. For this
analysis, we used the ICA toolbox of the eLORETA freeware platform (Pascual-Marqui, 2007;
Kovacevic and Mcintosh, 2007; Diaconescu et al., 2008). This toolbox computed the orthogonal
independent components from scalp rsEeG rhythms recorded in all DLB and Nold participants as a
whole group. Based on this procedure, each participant was associated with his/her respective
individual independent components, each component being represented by time series derived from
scalp recorded EEG rhythms.

Afterwards, for each participant, we computed the power density spectra from the time series
explaining > 80% of the total variance of scalp-recorded rsEEG rhythms in that participant. Those
spectral values were compared in the DLB patients’ sub-groups characterized by lowest vs. highest
global cognitive performance, the presence vs. the absence of visual hallucinations, and the presence
vs. absence of REM sleep behavior disorders. Specifically, the following procedure was performed for
each participant and independent component (i.e., considering the first five independent
components, which explained > 80% of the total variance).

1) The power density computed from the time series of a given component was normalized
averaging values across all frequencies (i.e., 0.5-45 Hz). The resulting mean value was used to
normalize the power density of those time series at any frequency bin from 0.5 to 45 Hz.

2) All values of the normalized power density within each frequency band of interest were
averaged to obtain the frequency band values (i.e., delta, theta, alpha 1, alpha 2, alpha 3, beta 1,
beta 2, and gamma).

3) The normalized power density values were Log-10 transformed to make them Gaussian
before subsequent parametric statistical analyses.

As a further step, fifteen ANOVAs (5 independent components for 3 clinical variables such as
cognitive status, the presence/absence of visual hallucinations, and the presence/absence of REM
sleep behavior disorders) were computed using the normalized (Log-10 transformed) power density
values of the independent components as a dependent variable (p < 0.05).

Concerning the global cognitive status (i.e., MMSE score), five ANOVAs (one for each

independent component) evaluated the hypothesis that the normalized power density of the
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independent components may differ as a function of that status in two sub-groups of DLB patients
(DLB-MMSE- vs. DLB-MMSE+) and the Nold group. The ANOVA factors were Group (Nold, DLB-
MMSE-, and DLB-MMSE+) and Band (from delta to gamma) (p < 0.001).

Concerning REM sleep behavior disorders, five ANOVAs (one for each independent component)
evaluated the hypothesis that the normalized rsEEG power density of the independent components
may differ as a function of those deficits in two sub-groups of DLB patients (DLB-RBD- vs. DLB-RBD+)
and the Nold group. The ANOVA factors were Group (Nold, DLB-RBD-, and DLB-RBD+) and Band
(from delta to gamma).

Concerning visual hallucinations, five ANOVAs (one for each independent component)
evaluated the hypothesis that the normalized rsEEG power density of the independent components
may be related to those symptoms in two sub-groups of DLB patients (DLB-VVH- vs. DLB-VH+) and the
Nold group. The ANOVA factors were Group (Nold, DLB-VH-, and DLB-VH+) and Band (from delta to
gamma)” (adapted from Babiloni et al., 2020b).

2.7 Analysis of significant rsEEG source activities at the individual level

The rsEEG source activities showing statistically significant differences (p < 0.01) between the
DLB sub-groups were used as an input to the present analysis performed at the individual level.
Again, the exploratory nature of the present study was reflected in the use of a liberal statistical
threshold (p < 0.05) to characterize the most interesting rsEEG source activities for future
prospective and longitudinal studies in DLB patients. This analysis was performed by the following
tests.

First, the nonparametric Spearman test (p < 0.05) was used to evaluate the correlation
between the MMSE score (i.e., a rank scale not usable with parametric tests) and rsEEG source
activities (i.e., regional normalized eLORETA solutions) showing statistically significant differences
(p <0.01) between the DLB MMSE- and DLB MMSE+ groups.

Second, the results of the Spearman test were cross validated by computing a Partial Least
Square (PLS) regression (Statistica 10). The PLS analysis tested the hypothesis that in the DLB
patients, those significant rsEEG source activities may be related to the MMSE score (p < 0.05). In
this respect, a principal component analysis (PCA) derived principal components from the significant
rsEEG source activities as predictors, while MMSE scores were used as a dependent variable (p <

0.05). The relevance of the principal components was expressed by two parameters, namely the
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“power” and the “independent variable importance”. The “power” was defined as 1) the proportion
of variability accounted for in the independent variables (i.e., EEG source activity) and 2) their
variable importance in the projection (VIP) on the PLS model. The “power” was calculated using to
the following formula:

SVj

Power=1-——es
SV0j

where SV; is the residual standard variation of the jth variable and SV 0j is its initial standard
deviation. In this frame, VIP is like the mentioned “power” but further weighted by the variability
accounted for by the computed principal components.

Third, the rsEEG source activities showing differences between DLB sub-groups were used as
an input for the classification of single individuals by the computation of the receiver operating
characteristic (ROC; DelLong et al., 1988) curves, implemented in GraphPad software (GraphPad
Software, Inc, California, USA). The following indexes measured the performance of the binary
classification in one of the two groups: 1) Sensitivity as the rate of DLB patients of one group (e.g.,
the first group in the above pairs) correctly classified in the discrimination with the individuals of
the other group (i.e., “true positive rate” in the signal detection theory); 2) Specificity as the rate of
DLB patients of the other group correctly classified (i.e., “true negative rate” in the signal detection
theory); 3) Accuracy as the weighted average of the sensitivity and specificity values; and 4) the Area
under the ROC (AUROC) curve, considered as a major reference index of the global classification

accuracy. ROC curve values > 0.7 were considered as promising in future cross-validation studies.

3. Results

3.1 Statistical comparison of the rsEEG source activities in the Nold, AD, and DLB groups

Table 2 reports the mean values of TF and IAF for the three groups (i.e., Nold, AD, and DLB),
together with the results of the statistical comparisons between the groups (ANOVA, p < 0.05). The
mean TF was greater (F = 26.7, p < 0.00001) in the Nold and AD than the DLB group (p < 0.0001); (2)
the mean IAF was greater (F =39.6, p <0.00001) in the Nold and AD than the DLB group (p < 0.0001).
These findings stress the importance to use the TF and IAF in the determination of the delta to alpha
frequency bands in the studies focused on AD and DLB patients.

Figure 1 shows the grand average of regional rsEEG source activities (i.e., regional

normalized eLORETA solutions logl0 transformed) relative to a statistically significant ANOVA
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interaction effect (F = 7.8; p < 0.00001) among the factors Group (Nold, AD, and DLB), Band (delta,

theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal, central, parietal,

occipital, temporal, and limbic). Compared to the Nold group, the AD and DLB groups showed a

substantial decrease of the eLORETA solutions in posterior (i.e. parietal and occipital) alpha 2 and

alpha 3 sources. This effect was higher in the AD than the DLB group. Furthermore, the AD and DLB

groups showed a substantial increase of the eLORETA solutions in central, parietal, occipital and

temporal delta sources. This effect was higher in the DLB than the AD group.

The Duncan planned post-hoc testing showed that the discriminant pattern Nold > DLB > AD

was fitted by parietal and occipital alpha 2 and alpha 3 (p < 0.00001). Furthermore, the discriminant

source pattern DLB > AD > Nold was fitted by central, parietal, occipital and temporal delta sources

and temporal theta sources (p < 0.00001). Of note, these findings were not due to outliers from

those individual eLORETA solutions, as shown by Grubbs' test with an arbitrary threshold of p <

0.0001 (see Figure 1 in Supplementary Materials).

MEAN VALUES (+ SE) OF TRANSITION FREQUENCY (TF) AND INDIVIDUAL ALPHA FREQUENCY PEAK (IAF)

Statistical analysis for TF

Statistical analysis for IAF

N TF IAF
(ANOVA) (ANOVA)
6.1 9.2
Nold 1601 ,015F) (+0.1 SE)
5.5 8.6
AD 60 F=26.7, p<0.00001 F=39.6, p < 0.00001
(+ 0.1 SE) (+ 0.1 SE)
(Nold > AD > DLB) (Nold > AD > DLB)
4.8 7.2
DLB 1 60| (1015 (£0.1 SE)
4.8 7.2
DLB VH+ | 40
(+ 0.1 SE) F=16.9, p < 0.0001 (+0.2 SE)
51 (Nold > AD, DLBVH-; Nold > AD > 4 F=25.3,p<0.0001
DLBVH- | 17|\, 05sE) | DLBVH+: DLBVH-=DLBVH+) | (z0.3sg) | (NOld AD>DLBVH+, DLBVH:)
AD (sub- | 5.4 8.2
group) (£ 0.2 SE) (+ 0.3 SE)
DLB - 4.7 F=17.7, p <0.00001 6.9 F = 25.6, p < 0.00001
MMSE+ (+ 0.1 SE) (Nold > AD > DLBMMSE-, (+ 0.2 SE) (Nold > AD > DLBMMSE->
49 DLBMMSE+) 76 DLBMMSE+)
DLB MMSE- | 26 (£0.2 SE) (£ 0.2 SE)
4.9 7.4
DLB RBD+ | 42
(+ 0.1 SE) F=16.2, p<0.0001 (+0.2 SE) F=26.1, p <0.0001
DLB RBD 14 4.8 (Nold > AD > DLB RBD-,DLB 6.7 (Nold, AD > DLB RBD+ > DLB
i (£ 0.3 SE) RBD+) (+ 0.3 SE) RBD-)
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Table 2. Mean values (+ SE) of transition frequency (TF) and individual alpha frequency peak (IAF) computed from power
density spectra of resting state eyes-closed electroencephalography (rsEEG) rhythms recorded in the healthy elderly
seniors (Nold), Alzheimer’s disease patients (AD), patients with prodromal and overt dementia with Lewy bodies (DLB),
and AD and DLB sub-groups of patients (DLB VH+, DLB VH-; DLB MMSE+, DLB MMSE-; DLB RBD+, DLB RBD). The table
also reports the p values of the statistical comparisons among the groups (p < 0.05). Legend: MMSE = Mini Mental State
Evaluation; MMSE+ and MMSE- = sub-groups of DLB patients with greater and lesser cognitive deficits, respectively; VH
= visual hallucinations; VH+ and VH- = sub-groups of DLB patients with and without visual hallucinations, respectively;
RBD = Rapid eye movement sleep behavior disorder; RBD+ and RBD- = sub-groups of DLB patients with and without
rapid eye movement sleep behavior disorder, respectively. See the “Materials and Methods” (2.4 Spectral analysis of
the rsEEG epochs) for the description of the procedure to determine TF and IAF.
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Figure 1. Regional normalized exact low-resolution brain electromagnetic tomography (eLORETA) solutions, logl10
transformed, of resting state eyes-closed electroencephalographic rhythms recorded in groups of healthy elderly
seniors (Nold), Alzheimer’s disease patients (AD), and patients with prodromal and overt dementia with Lewy bodies
(DLB). Those solutions refer to an interaction of the statistical analysis of variance (ANOVA) among the factors Group,
Band, and Region of interest. Legend: the rectangles indicate the cortical regions and frequency bands in which the
eLORETA solutions presented a statistically significant eLORETA pattern “Nold # AD # DLB” (p < 0.005).

3.2 Statistical comparison of rsEEG source activities in the Nold, AD, DLB VH-, and DLB VH+
sub-groups

Table 2 reports the mean values of TF and IAF for the four sub-groups (i.e., Nold, AD, DLB
VH-, and DLB VH+), together with the results of the statistical comparisons between them (ANOVA,
p < 0.05). The mean TF was greater (F = 16.9, p < 0.0001) in the Nold (p < 0.05) than the AD, DLB VH-
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and DLB VH+ sub-groups; the mean IAF was greater (F = 25.3, p < 0.0001) in the Nold and AD (p <
0.0001) than DLB VH- and DLB VH+ sub-groups.

Figure 2 shows the grand average of regional rsEEG source activities (i.e., regional
normalized eLORETA solutions logl0 transformed) relative to a statistically significant ANOVA
interaction effect (F = 5.4; p < 0.00001) among the factors Group (Nold, AD, and DLB VH-, and DLB
VH+), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal,
central, parietal, occipital, temporal, and limbic). Compared to the Nold group, the AD, DLB VH-, and
DLB VH+ sub-groups showed a substantial decrease of the eLORETA solutions in posterior alpha 2
and alpha 3 sources and a substantial increase of the eLORETA solutions in widespread delta
sources. The decrease of the alpha eLORETA solutions was higher in the AD than the DLB VH- and
DLB VH+ sub-groups, whereas the increase of the delta eLORETA solutions was higher in the DLB
VH+ than the DLB VH- and AD sub-groups.

The Duncan planned post-hoc testing showed that the discriminant source pattern DLB VH+
> DLB VH- was fitted by parietal delta (p < 0.005). Of note, these findings were not due to outliers
from those individual eLORETA solutions, as shown by Grubbs' test with an arbitrary threshold of p

< 0.0001 (see Figure 2 in Supplementary Materials).

STATISTICAL ANOVA INTERACTION AMONG GROUP, BAND AND ROI

Regional normalized eLORETA current density
(log10 transformed)
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Figure 2. Regional normalized exact low-resolution brain electromagnetic tomography (eLORETA) solutions, log10
transformed, of the resting state eyes-closed electroencephalographic rhythms recorded in groups of healthy elderly
seniors (Nold), Alzheimer’s disease patients (AD), and patients with prodromal and overt dementia with Lewy bodies
(DLB). Those solutions refer to an interaction of the statistical analysis of variance (ANOVA) among the factors Group,
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Band, and Region of interest. Legend: the rectangles indicate the cortical regions and frequency bands in which the
eLORETA solutions presented a statistically significant eLORETA pattern “DLB VH- # DLB VH+” (p < 0.005). Legend: VH =
visual hallucinations; VH+ and VH- = sub-groups of DLB patients with and without visual hallucinations, respectively.

3.3 Statistical comparison of the rsEEG source activities in the Nold, AD, DLB MMSE+, and DLB MMSE-
sub-groups

Table 2 reports the mean values of TF and IAF for the four sub-groups (i.e., Nold, AD, and
DLB MMSE-, and DLB MMSE+), together with the results of the statistical comparisons between the
sub-groups (ANOVA, p <0.05). The mean TF was greater ( F=17.7, p < 0.00001) in the Nold (p < 0.05)
than in AD, DLB MMSE- and DLB MMSE+ sub-group; (2) the mean IAF was greater (F = 25.6, p <
0.00001) in the Nold (p < 0.005) than AD, DLB MMSE- and DLB MMSE+ sub-groups.

Figure 3 shows the grand average of regional rsEEG source activities (i.e., regional
normalized eLORETA solutions logl0 transformed) relative to a statistically significant ANOVA
interaction effect (F = 5.85; p < 0.00001) among the factors Group (Nold, AD, and DLB MMSE-, and
DLB MMSE+), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI
(frontal, central, parietal, occipital, temporal, and limbic). Compared to the Nold group, the AD, DLB
MMSE-, and DLB MMSE+ sub-groups showed a substantial decrease of the eLORETA solutions in
posterior alpha 2 and alpha 3 sources and a substantial increase of the eLORETA solutions in
widespread delta sources. The decrease of the alpha eLORETA solutions was higher in the DLB
MMSE- than in DLB MMSE+ sub-group, whereas the increase of the delta eLORETA solutions was
higher in the DLB MMSE+ than DLB MMSE- sub-group.

The Duncan planned post-hoc testing showed that the discriminant source pattern DLB
MMSE+ > DLB MMSE- was fitted by parietal and occipital theta (p < 0.01) as well as parietal, and
occipital alphal ( p < 0.01) and central and parietal alpha2 (from p < 0.005 to p < 0.01). Of note,
these findings were not due to outliers from those individual eLORETA solutions, as shown by

Grubbs' test with an arbitrary threshold of p < 0.0001 (see Figure 3 in Supplementary Materials).
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Figure 3. Regional normalized eLORETA solutions, logl0 transformed, of the resting state eyes-closed
electroencephalographic rhythms recorded in groups of healthy elderly seniors (Nold), Alzheimer’s disease patients
(AD), and patients with prodromal and overt dementia with Lewy bodies (DLB). Those solutions refer to an interaction
of the statistical analysis of variance (ANOVA) among the factors Group, Band, and ROI. Legend: the rectangles indicate
the cortical regions and frequency bands in which the eLORETA solutions presented a statistically significant eLORETA
pattern “DLB MMSE- # DLB MMSE+” (p < 0.01). Legend: MMSE = Mini Mental State Evaluation; MMSE+ and MMSE- =
sub-groups of DLB patients with greater and lesser cognitive deficits, respectively.

3.4 Statistical comparison of the rsEEG source activities in the Nold, AD, and DLB RBD- and DLB RBD+

sub-groups

Table 2 reports the mean values of TF and IAF for the four sub-groups (i.e., Nold, AD, DLB
RBD- and DLB RBD+), together with the results of the statistical comparisons between the sub-
groups (ANOVA, p < 0.05). The mean TF was greater (F = 16.2, p < 0.0001) in the Nold and AD (p <
0.005) than the DLB RBD- and DLB RBD+ sub-groups. Furthermore, the mean IAF was greater (F =
26.1, p <0.0001) in the Nold and the AD (p < 0.005) than in DLB RBD-, and DLB RBD+ sub-groups.

Figure 4 shows the grand average of regional rsEEG source activities (i.e., regional
normalized eLORETA solutions logl0 transformed) relative to a statistically significant ANOVA
interaction effect (F = 5.2; p < 0.00001) among the factors Group (Nold, AD, and DLB RBD-, and DLB
RBD+), Band (delta, theta, alpha 1, alpha 2, alpha 3, beta 1, beta 2, and gamma), and ROI (frontal,
central, parietal, occipital, temporal, and limbic). Compared to the Nold group, the AD, DLB RBD-,

and DLB RBD+ sub-groups showed a substantial increase of the eLORETA solutions in widespread
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delta sources. Remarkably, the DLB RBD- sub-group shows an increment of posterior alpha source
activity as well as occipital and temporal delta and theta sources compared to AD and DLB RBD+
sub-groups.

The Duncan planned post-hoc testing showed that the discriminant source pattern DLB RBD-
> DLB RBD+ was fitted by central alpha2 (p < 0.005). Of note, these findings were not due to outliers
from those individual eLORETA solutions, as shown by Grubbs' test with an arbitrary threshold of p

< 0.0001 (see Figure 4 in Supplementary Materials).

STATISTICAL ANOVA INTERACTION AMONG GROUP, BAND AND ROI
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Figure 4. Regional normalized eLORETA solutions, logl0 transformed, of the resting state eyes-closed
electroencephalographic rhythms recorded in groups of healthy elderly seniors (Nold), Alzheimer’s disease patients
(AD), and patients with prodromal and overt dementia with Lewy bodies (DLB). Those solutions refer to an interaction
of the statistical analysis of variance (ANOVA) among the factors Group, Band, and ROI. Legend: the rectangles indicate
the cortical regions and frequency bands in which the eLORETA solutions presented a statistically significant eLORETA
pattern “DLB RBD- # DLB RBD+" (p < 0.005). Legend: RBD = Rapid eye movement sleep behavior disorder; RBD+ and
RBD- = sub-groups of DLB patients with and without rapid eye movement sleep behavior disorder, respectively.

3.5 Control analysis at the group level

Table 3 reports statistical results of the ANOVAs performed on the normalized power density
of the five independent components of scalp rsEEG rhythms calculated in all DLB and Nold

participants as a whole group.
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Concerning the global cognitive status (i.e., MMSE score), the five ANOVAs (one for each
independent component) showed a statistically significant interaction effect (p < 0.01) between the
two factors Group (Nold, DLB-MMSE-, and DLB-MMSE+) and Band (from delta to gamma). The
Duncan planned post-hoc testing showed the following significant differences between DLB-MMSE+
and DLB-MMSE-: (1) The normalized power density of all five independent components was greater
in the DLB-MMSE+ (more cognitive deficits) than the DLB-MMSE- sub-group at the theta band (p <
0.005); (2) The normalized power density of the first four independent components (i.e. from IC1 to
IC4) was greater in the DLB-MMSE+ than the DLB-MMSE- sub-group at the alpha 1 band (p < 0.005);
and (3) The normalized power density of the independent components 1-3-4 (i.e. IC1-IC3-IC4) was
greater in the DLB-MMSE+ than the DLB-MMSE- sub-group at the alpha 2 band (p < 0.001).

Concerning REM sleep behavior disorders, the five ANOVAs showed an effect only for the
normalized power density of the independent component-4 (i.e. IC4), which was lower in the DLB-
RBD+ (presence of sleep disorders) than the DLB-RBD- subgroup at the alpha 2 (p < 0.01) band.

Concerning visual hallucinations, the five ANOVAs (one for each independent component)
showed a statistically significant interaction effect between the two factors Group (Nold, DLB-VH-,
and DLB-VH+) and Band (from delta to gamma) (p < 0.01). The Duncan planned post-hoc testing (p
< 0.01) unveiled that the normalized power density of all five independent components was greater

in the DLB-VH+ (presence of visual hallucination) than the DLB-VH- sub-group at the delta band (p <

0.01).
rsEEG Independent component analysis (ICA)
Nold vs DLB VH+ vs DLB VH-
ICA Components Interaction F and p values Duncan post hoc
F=8.7 DLB VH+ > DLB VH-:
- 0, ’
ICA-4(7.1%) | GroupXBand | 60001 delta ( p <0.01)

Nold vs DLB MMSE- vs DLB MMSE+
ICA Components Interaction F and p values Duncan post hoc
ICA-1(55.92%) | GroupXBand | 55.36201 the'i;,Ba'T’;';/'ale”fan?;z ?STZF&) .
ICA-2 (9.31%) Group X Band ) <F(;(ZOZ),01 DtLhBe,t\g,N;?rE;az I?rl)_B<|\CgI.IC\)/|OSSE)_:
ICA-3(8.39%) | GroupXBand | 55.36%01 the'i;,Ba'T’;';/'ale”fan?;z ?STZF&) .
s | oy | (o | S
ICA-5 (5.0%) Group X Band ; f; 56201 DLB ':’L'\:tsaE*(“p:Dé%(';/S“;/lSE-:
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Nold vs DLB RBD- vs DLB RBD+

ICA Components Interaction F and p values Duncan post hoc

F=7.7, DLB RBD- > DLB RBD+:
p < 0.000001 alpha2 (p < 0.01)

ICA-4 (7.1%) Group X Band

Table 3. Results of the statistical control analyses of variance (ANOVAs) of normalized power density values computed
from time series relative to the first five orthogonal independent components (ICs) derived from resting state eyes-
closed electroencephalography (rsEEG) rhythms recorded in all healthy elderly (Nold) seniors and patients with
prodromal and overt dementia with Lewy bodies (DLB) considered as a whole group (p < 0.01).

3.6 Control analyses at the individual level

The Spearman test (p < 0.05) evaluated the correlation between the MMSE score and rsEEG
source activities showing statistically significant differences between the DLB MMSE- and DLB
MMSE+ groups (i.e., occipital and parietal theta, parietal alpha 1, and central and parietal alpha 2
source activities). A statistically significant negative correlation was found between the MMSE score
vs. parietal and occipital theta and alphal eLORETA solutions in all DLB subjects (r = -0.39 to -0.33,
p < 0.05). The higher delta and theta source activities, the lower the MMSE score (the greater the
global cognitive deficits), see Table 4.

The rsEEG source activities showing statistically significant differences between the DLB
MMSE- and DLB MMSE+ groups were also used as an input to the PLS regression on the MMSE score.
The PCA extracted 2 principal components (latent variables) explaining 7.7% of the sum of squares
in the dependent variables. Only the first principal component was statistically significant (p < 0.05),
explaining 79.2% of the variability in the predictors and 6.2% of the variability in the dependent
variable (i.e., the “response”). Furthermore, the best predictor was the occipital theta source
activity, with a VIP of 0.47 (Spearman’s test, p < 0.05).

To compute the classification accuracy of rsEEG source activities in DLB patients, the
discriminant variables were those showing statistically significant differences (p < 0.01) between the
DLB MMSE+ and DLB MMSE- sub-groups and between the DLB VH+ vs DLB VH- sub-groups. Indeed,
no rsEEG source activity showed significant differences between the DLB RBD+ vs DLB RBD- sub-
groups (p > 0.01).

For the comparison between the DLB MMSE+ vs DLB MMSE- sub-groups, the significant

discriminant values were those of the central alpha 2, parietal theta, parietal alpha 1, parietal alpha
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2, occipital theta, and occipital alpha 1 source activities (p > 0.01). The values of these variables were
averaged as a theta-alpha composite score used as an input to the ROC curve analysis.

For the comparison between DLB VH+ vs DLB VH- groups, the significant discriminant values
were those of the parietal delta source activities (p > 0.01), used as an input to the ROC analysis.

Overall, the discriminant accuracy was computed between individuals of the following pairs
of groups: (1) DLB VH+ vs AD by parietal delta, (2) DLB VH+ vs Nold by parietal delta, (3) DLB VH+ vs
DLB VH- by parietal delta, (4) DLB MMSE+ vs AD by the theta-alpha composite index, (5) DLB MMSE+
vs Nold by the theta-alpha composite index, (6) DLB MMSE- vs DLB MMSE+ by the theta-alpha
composite index, (7) DLB VH- vs AD by parietal delta, (8) DLB VH- vs Nold by parietal delta, (9) DLB
MMSE- vs AD by the theta-alpha composite index, and (10) DLB MMSE- vs Nold by the theta-alpha
composite index.

Results showed that the best discriminant accuracies (AUROC curve) were reached in the
discrimination between the DLB VH+ vs. Nold seniors by parietal delta source activity (0.85), the DLB
VH- vs. Nold seniors by parietal delta source activity (0.77), the DLB MMSE+ vs. AD seniors by the
theta-alpha composite score (0.74), and the DLB MMSE+ vs. Nold seniors by the theta-alpha

composite score (0.70). All results were reported in Table 5.

Correlation between (eLORETA) source activity of
the rsEEG rhythms and MMSE score

Spearman R p
Parietal theta -0,33 0,017
Occipital theta -0,39 0,005
Parietal alphal -0,36 0,009
Occipital alphal -0,38 0,005

Table 4. Results of the correlation analysis (Spearman test, p < 0.05) performed between the MMSE score and cortical
sources of resting state eyes-closed electroencephalography (rsEEG) rhythms at delta, theta, and alpha 1 bands in DLB
MMSE- and DLB MMSE+ patients considered as a whole group. In particular, these results include Spearman’s
correlation coefficient (R) and the associated level of significance (p). Legend: DLB = prodromal and overt dementia with
Lewy bodies; MMSE = Mini Mental State Evaluation; MMSE+ and MIMSE- = sub-groups of DLB patients with greater and
lesser cognitive deficits, respectively.
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Sensitivity% Specificity% Accuracy% AUROC curve
DLB VH+ vs AD by parietal 75 65 69 0.69
delta
DLBt VH+ vs Nold by 75 85 81 0.85
parietal delta
DLB VH+ s DLB VH- by 70 70.6 70.2 0.69
parietal delta
DLB MMSE+ vs AD by
theta-alpha composite 76.7 68 72.7 0.74
score
DLB MMSE+ vs Nold by
theta-alpha composite 76.7 61.7 66.7 0.70
score
DLB MMSE- vs DLB MMSE+
by theta-alpha composite 76.7 50 63.3 0.61
score
DLB VH- vs AD by parietal 706 56.7 59.7 0.58
delta
DLB VH- vs Nold by parietal 94.1 56.7 64.9 0.77
delta
DLB MMSE- vs' AD by theta- 66.7 63 67.3 0.68
alpha composite score
DLB MMSE- vs Nold by
theta-alpha composite 93.3 38.3 56.7 0.62
score

Table 5. Discriminant accuracy of patients with prodromal and overt dementia with Lewy bodies (DLB) computed
between the following pairs of groups: (1) DLB VH+ vs Alzheimer’s disease (AD) by parietal delta, (2) DLB VH+ vs normal
elderly (Nold) by parietal delta, (3) DLB VH+ vs DLB VH- by parietal delta, (4) DLB MMSE+ vs AD by the theta-alpha
composite index, (5) DLB MMSE+ vs Nold by the theta-alpha composite index, (6) DLB MMSE- vs DLB MMSE+ by the
theta-alpha composite index, (7) DLB VH- vs AD by parietal delta, (8) DLB VH- vs Nold by parietal delta, (9) DLB MMSE-
vs AD by the theta-alpha composite index, and (10) DLB MMSE- vs Nold by the theta-alpha composite index. Legend:
MMSE = Mini Mental State Evaluation; MMSE+ and MMSE- = sub-groups of DLB patients with greater and lesser
cognitive deficits, respectively; VH = visual hallucinations; VH+ and VH- = sub-groups of DLB patients with and without
visual hallucinations, respectively.

4, Discussion

In the present retrospective and exploratory rsEEG study, we hypothesized that the
topography of cortical delta and alpha source activities may differ in sub-groups of demographically
matched DLB patients as a function of characterizing disease symptoms such as cognitive deficits,
REM sleep behavior disorders, and visual hallucinations. The exploratory nature was reflected by
liberal statistical thresholds (p < 0.05-0.01) that might produce potential false positive discoveries.
Overall, the present study aimed to provide preliminary evidence that some rsEEG source activities
may be related to relevant clinical features in DLB patients and may be considered as candidate

neurophysiological markers of those features to be cross validated in future prospective and
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longitudinal studies. Specifically, these neurophysiological markers may probe oscillatory neural
synchronization mechanisms in brainstem-cortical, forebrain-cortical, and thalamus-cortical circuits
regulating the brain arousal and vigilance in quiet wakefulness, as one of the neurophysiological

bases of higher functions in humans.

4.1 Increase in delta and reduction in alpha rsEEG source activities in DLB patients

In the present study, an initial analysis of rsEEG rhythms contrasted delta and alpha source
activities in the whole DLB group compared with the control Nold and AD subjects. In relation to the
Nold group, the AD and DLB groups were characterized by greater delta source activities in
widespread cortical regions and lower alpha source activities in posterior cortical lobes. The
abnormalities in delta source activities were greater in the DLB than the AD group, while those in
alpha source activities were prominent in the AD than the DLB group. Overall, these findings
replicated previous rsEeG evidence observed in AD and DLB patients (Bonanni et al., 2008, 2015;
Babiloni et al., 2017a,b).

According to the neurophysiological animal model by Cardiff group (Hughes and Crunelli,
2005; and Lorincz et al., 2008, 2009), the present abnormalities in cortical alpha source activities
might reflect an alteration in the interplay of cholinergic projections from basal forebrain to the
following oscillating neural networks involving glutamatergic high-threshold and relay-mode
thalamocortical neurons, GABA interneurons, and cortical pyramidal neurons. From a translational
point of view, a recent rsEEG study has reported abnormal alpha source activities in resting-state
brain neural networks in DLB patients (Aoki et al., 2019). In that study, occipital alpha source activity
was reduced in DLB patients over healthy controls in a visual neural network, this abnormality being
correlated with deficits in attention, visuospatial skills, and cognition possibly reflecting cholinergic
impairment (Aoki et al., 2019).

Concerning the present abnormalities in delta source activities observed in AD and DLB
patients, it may be generated by an abnormal synchronization of neurons of thalamus and cerebral
cortex, possibly related to an altered functional connectivity in parietal, temporal, and occipital

regions (Steriade and Llinas, 1988; Pfurtscheller and Lopez da Silva, 1999).

4.2 Increase in delta and alpha source activities in DLB patients with marked cognitive deficits and

visual hallucinations
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As novel findings of the present study, the DLB patients with greater cognitive deficits over
the DLB controls exhibited higher alpha source activity in posterior regions (e.g., central, occipital,
and parietal). Furthermore, the DLB patients with visual hallucinations over the DLB controls
displayed higher parietal delta source activities. It should be remarked that the above differences in
delta and alpha source activities were unrelated to basic confounding variables in the various
statistical contrasts (i.e., global motor and cognitive deficits, visual hallucinations, REM behavioral
disorders, disease duration, and psychoactive therapies with dopaminergic, anti-psychotic and
cholinergic).

Concerning the above abnormalities in delta source activities, the present results
complement previous rseEG findings derived from the comparison of scalp rsEEG markers between
DLB patients and subjects belonging to Nold, DLB, PDD, and ADD groups (Walker et al., 2000a,b; Kai
et al., 2005; Andersson et al., 2008; Bonanni et al., 2008; Babiloni et al., 2017a). Summarizing, those
previous findings showed the following effects. Compared with Nold and ADD groups, DLB patients
exhibited greater delta and theta rhythms (Andersson et al., 2008; Kai et al., 2005; Stylianou et al.,
2018). Previous findings showed that DLB patients with hallucinations have greater widespread
delta rhythms when compared to ADD patients with hallucinations (Dauwan et al., 2018). In this
framework, the present results demonstrated for the first time that DLB patients with greater
cognitive deficits, and visual hallucinations can be distinguished by different spatial patterns of delta
source activities. Therefore, future studies may test the association of this different symptoms-
related delta source topography with DLB neuropathological processes such as cortical a-
synucleinopathy and intracellular Lewy bodies (Caviness et al., 2018) as well as total phosphorylated
a-synuclein (Caviness et al.,, 2016), beyond the concept of “global delta rhythms” in quiet
wakefulness.

Concerning the above abnormalities in alpha source activities, the present results apparently
challenge previous rsEEG evidence derived from the comparison of rsEEG markers among Nold, DLB,
PDD, and ADD groups (Babiloni et al., 2017a; Dauwan et al., 2018; Aoki et al., 2019). Such previous
rsEEG evidence pointed to lower posterior alpha source activities in DLB patients compared with
Nold subjects (Babiloni et al., 2017a; Aoki et al., 2019). It also showed higher frontal-parietal
functional connectivity at scalp alpha rhythms in DLB patients with hallucinations compared with
ADD patients with similar hallucinations (Dauwan et al., 2018). At the present early stage of the

research, we can just speculate about this challenge, namely the present result of greater posterior
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alpha source activities in DLB patients with visual hallucinations over the DLB controls. Our
speculation is grounded on the following results of our recent rsEEG studies in PD patients with
cognitive deficits. In one study, we reported that (1) an acute dose of levodopa induced a decrease
in both widespread delta and alpha source activities in these PD patients and (2) alpha source
activities were greater in the PD patients with major cognitive deficits over the PD controls (Babiloni
et al., 2019). In another study, we reported that the PD patients with visual hallucinations over the
PD controls had greater alpha source activities, while those with greater motor deficits were
characterized by lower posterior alpha source activities with no effects on delta source activities
(Babiloni et al., 2020b). These previous results suggest that PD processes might affect the activity of
parallel dopaminergic sub-systems exerting opposite effects on the thalamus-cortical generation of
alpha rhythms in quiet wakefulness. On one hand, the PD-related decrease in nigrostriatal
dopaminergic neurotransmissions might induce a marked reduction in posterior alpha source
activities related to motor deficits, possibly reflecting a background tonic increase in resting state
cortical arousal. On the other hand, the PD-related decrease in mesolimbic and mesocortical
dopaminergic neurotransmissions might induce a slight increase in posterior alpha source activities
related to cognitive deficits and visual hallucinations. This reduction might be related to a tonic
decrease in the cortical arousal. Here we extend this speculation to the present DLB patients with
visual hallucinations. These patients might suffer from prevalent alterations in mesolimbic and
mesocortical dopaminergic neurotransmissions inducing a background tonic decrease in the cortical
arousal during the resting state condition and relatively higher posterior alpha source activities
estimated from rsEEG rhythms compared with the DLB controls. This effect might be hidden in the
comparison of rsEEG markers between DLB patients and the control groups including Nold subjects
or patients with ADD and PDD, thus emphasizing the importance of statistical comparisons of rsEEG
markers not only between DLB and other groups of Nold, AD, and PD patients but also between
matched DLB sub-groups with characteristic clinical features. Of course, the present alpha source
abnormalities in DLB sub-groups might not be only due to dysfunctions in the dopaminergic systems
and might be associated with alterations in ascending activating systems using other
neurotransmitters (e.g., noradrenergic, cholinergic, etc.). More research is needed before any final

conclusions.

4.3 Decrease in alpha source activities in DLB patients with REM sleep behavior disorders
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With the same methodological approach, here we contrasted delta and alpha source
activities in matched DLB sub-groups without vs. with REM sleep behavior disorders (i.e.,
parasomnia with vivid, often frightening dreams related to motor behaviors during REM sleep). The
DLB patients with REM sleep behavior disorders over the DLB controls were characterized by lower
alpha source activities in central cortical region. This effect was unrelated to the mentioned
confounding variables (global cognitive and motor deficits, visual hallucinations, etc.) and
complements previous evidence indicating abnormal spectral EEG features (i.e. frequency slowing
of rsEEG rhythms) and poor muscular atonia in DLB patients examined during REM sleep (Fantini et
al., 2003; Massicotte-Marquez et al., 2005; Iranzo et al., 2010; Inoue et al., 2015).

Unfortunately, we have no conclusive explanation why the present DLB patients with REM
sleep behavior disorders. Indeed, this effect is apparently in disagreement with the increase in delta
rhythms observed in previous rsEEG studies carried out in patients with DLB compared with Nold
and ADD subjects (Walker et al., 2000a,b; Kai et al., 2005; Andersson et al., 2008; Bonanni et al.,
2008; Babiloni et al., 2017a). Furthermore, it is partially in disagreement with previous rsEEG
findings showing that MCI patients with REM sleep behavior disorders have a higher parietal,
temporal and occipital theta rhythms, and lower occipital alpha rhythms, when compared to
subjects with REM sleep behavior disorders but no cognitive deficits (Rodrigues Brazete et al., 2013).
In a previous rsEEG study, subjects with REM sleep behavior disorders pointed to greater frontal,
temporal, and occipital theta rhythms and lower alpha rhythms in relation to Nold subjects (Fantini
et al., 2003; Iranzo et al., 2010).

As a tentative explanation of the present findings, we still refer to the mentioned results of
our recent rsEEG studies showing that PD patients with major cognitive deficits over PD controls
had greater delta and alpha source activities, while an acute dose of levodopa decreased both
widespread delta and alpha source activities (Babiloni et al., 2019). Keeping in mind the tentative
explanation given in the previous section on cognitive deficits and visual hallucinations, we
speculate that the present DLB patients with REM sleep behavior disorders might suffer from a
major impairment in nigrostriatal dopaminergic neurotransmissions inducing a background tonic
increase in the resting state cortical arousal, reflected by a desynchronization in alpha rhythms. Such
impairment might involve brainstem neural circuits using several neurotransmitters. See the basis
of this speculation in the following paragraphs.

In Lewy body diseases (e.g., PDD, DLB), poor muscle atonia and dream enactment behavior

during REM sleep might be partially due to poor noradrenergic projections that origin from locus

30



coeruleus and do target amygdala, thalamus, and cerebral cortex (Jones et al., 1977; Cash et al.,
1987; Zweig et al., 1993; Del Tredici and Braak, 2013). Those projections also target raphe
(serotoninergic) and substantia nigra (dopaminergic) nuclei of ascending activating systems
regulating the brain arousal and possibly rsEEG rhythms (Vermeiren and De Deyn, 2017). As a matter
of fact, DLB patients are characterized by significant neural losses in the locus coeruleus due to a-
synuclein pathology, although the relation with REM sleep behavior disorders is still under
discussion (Dugger et al., 2012; Del Tredici and Braak, 2013). Furthermore, lesions in the cat locus
coeruleus interfered with muscle atonia and ponto-geniculo-occipital waves in REM sleep stages
(Jones et al., 1977).

In the same line of speculation, REM sleep behavior disorders might be also related to poor
cholinergic projections from pedunculopontine tegmental nucleus (PPT) and Meynert nucleus of
cholinergic basal forebrain. As a matter of fact, DLB patients with REM sleep behavior disorders
suffer from significant neural loss in PPT due to a-synuclein pathology (Del Tredici and Braak, 2013).
Furthermore, DLB patients treated with acetylcholinesterase inhibitors showed a mitigation of REM
sleep behavior disorders (Massironi et al., 2003). Finally, recent optogenetic evidence in mice hints
that both PPT and cholinergic basal forebrain are directly (and diversely) involved in the modulation
of brain arousal to enhance information processing of salient stimuli and behavioral reactions
(Azzopardi et al., 2018; Aitta-Aho et al., 2018).In this speculative line, ascending pedunculopontine
cholinergic projections to midbrain dopaminergic nuclei (i.e., substantia nigra and ventral tegmental
area) might modulate reward-seeking and behavior (Yeomans, 2012), while parallel descending
cholinergic pedunculopontine projections to pons reticular formation might modulate
thalamocortical activity at alpha rhythms regulating cortical arousal in visual systems and relative
functions such as vigilance and visual (hypnagogic) imagery. The alteration of these functions in DLB
patients might be one of the neural bases of visual hallucinations and abnormalities in dreams and
REM sleep (Yeomans, 2012). Finally, Meynert nucleus of cholinergic basal forebrain may enhance
sensory information processing in the cerebral cortex via the regulation of parieto-occipital alpha

rhythms in wakefulness (Bentley et al., 2008; Janzen et al., 2012).

4.4. Methodological remarks

In this exploratory study, the interpretation of the results should be done considering some
significant methodological limitations.
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In seniors with cognitive deficits, the analysis of posterior dominant rsEEG rhythms should
consider not only rsEEG waveform shapes (e.g., EEG epileptiform activities, intermittent or
persistent EEG slow-frequency oscillations, etc.), topography, and power peak frequency but also
the reduction in amplitude of those rhythms possibly due to eyes opening, drowsiness, sleep onset,
and/or brain neuropathology (Babiloni et al., 2020a). In the present retrospective and exploratory
study, we carefully controlled the presence of behavioral and EEG signs of drowsiness or sleep onset
in the preliminary data analysis phase (see Methods). Furthermore, we took into account the typical
slowing in frequency of posterior dominant alpha rhythms in pathological aging using individual
frequency bands anchored on the IAF peak (Klimesch, 1999). However, a fine distinction between
posterior alpha rhythms slowed in power peak frequency vs. an abnormal increase in posterior theta
rhythms could not be systematically corroborated by the analysis of the reactivity in the posterior
dominant rhythms during eyes opening or the association with structural and/or metabolic
impairments in cortical (i.e. parietal, temporal, and occipital areas) and/or thalamic nuclei.
Unfortunately, the available database for the present study did not have those control data in the
majority of DLB patients (Figure 5 shows an example of the alpha power reactivity during eyes
opening in a DLB patient of the present study). Therefore, the present findings should be considered
as preliminary. Future multimodal prospective studies in DLB patients should include rsEEG
recordings in both eye-open and -closed conditions, structural MRIls, and metabolic FDG-PET
mapping to confirm those findings.

The traditional clinical 10-20 montage with 19 scalp exploring electrodes (e.g., 10-20 system)
used in the present study is not ideal for an optimal spatial sampling of rsEEG rhythms aimed at
estimating underlying cortical sources (Liu et al., 2018; Marino et al., 2016). Literature evidence
shows that EEG source estimates using few scalp exploring electrodes may lead to both blurring of
source estimates and incorrect punctual localizations (Michel and Koening, 2018), and that this
estimation problem may be fatal in the localization of sources of epileptiform activity from less than
~32 scalp exploring electrodes (Michel et al., 2004). Furthermore, the present study used the
standard eLORETA template brain model (i.e., MNI152 developed by Montreal Neurologic Institute)
rather than models derived from individual MRI scans taking into account of inter-subject variability
in the shape of cortical gyri and convolutions. To mitigate these methodological limitations, we
averaged eLORETA solutions within broad ROIs representing cortical lobes rather than focusing on
a punctual voxel-based analysis and source localization. The present source estimation at the

regional level is supposed to approximate the widespread generation of rsEEG cortical rhythms
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occurring in quiet wakefulness at eyes closed (Babiloni et al., 2020a), as eLORETA toolbox is
especially suitable to model spatially widespread source activations due to its smoothing regulation
procedures (Halder et al., 2019).

These widespread source activations are expected based on spatial features of rsEEG activity

(Lehmann et al., 1987; Michel and Koenig, 2018; Samogin et al., 2019; Jia et al., 2019).

Resting-state EEG signal and spectral power density in eyes open and closed on Pz channel
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Figure 5. Left. For illustrative purposes, the figure plots one example of resting state electroencephalographic rhythms
recorded in a patient with dementia with Lewy bodies (DLB) at a mid-parietal (Pz) scalp electrode in eyes-closed and -
open conditions (two rsEEG epochs lasting ten seconds each). Right. Log10-transformed power density spectra of the
above EEG epochs. In this example, the DLB patient shows a dominant EEG power density peak at 7 Hz, which is higher
in magnitude in the eyes-closed as compared to eyes-open condition, thus suggesting a slowing in frequency of the
posterior alpha power density peak. Unfortunately, the present retrospective study did not have access to EEG
recordings in both eyes-closed and -open conditions in the majority of the DLB patients, so we could not use
systematically this test of EEG power density reactivity during eyes-open over -closed condition to disentangle posterior
alpha rhythms slowed in frequency vs. an abnormal increase in posterior theta rhythms due to neuropathological
reasons.

5. Conclusions

In the present retrospective and exploratory study, we tested the hypothesis that cortical
sources of resting state delta and alpha rhythms may differ as a function of different clinical
symptoms in matched sub-groups of DLB patients. Results showed that as compared to AD patients,
DLB patients exhibited greater spatially distributed delta source activities and lower alpha source
activities posteriorly, while the comparisons between matched DLB sub-groups unveiled a different

spatial pattern of delta and alpha source activities as a function of clinical manifestations.
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Specifically, (1) the DLB sub-group with the greatest REM sleep behavior disorders showed lower
alpha source activities in the central cortical region; (2) those with the greatest cognitive deficits
mainly showed higher theta and alpha source activities posteriorly; and (3) those with visual
hallucinations pointed to greater parietal delta source activity. These results suggest that cortical
neural synchronization mechanisms generating peculiar topographical abnormalities in delta and
alpha source activities in quiet wakefulness are related to relevant DLB patients’ clinical features at
the group level. These preliminary findings encourage future cross-validation studies in DLB patients
using a significantly higher number of scalp exploring electrodes (> 48-64) and head models derived
from individual MRI scans to estimate rsEEG source activities. Ideally, they should test the
hypothesis that those neural synchronization mechanisms are directly affected by parallel DLB
neuropathological processes and may explain at least in part different clinical manifestations and

trajectories in DLB patients.
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Supplementary Table and Figures

BRODMANN AREAS INTO THE REGIONS OF INTEREST (ROIs)

Frontal 8,9, 10, 11, 44, 45, 46, 47

Central 1,2,3,4,6

Parietal 5,7, 30, 39, 40, 43
Temporal 20,21, 22,37,38,41,42
Occipital 17, 18,19

Limbic 31, 32,33, 34,35,36

Frontal 8,9, 10, 11, 44, 45, 46, 47

Table 1. Brodmann areas (BAs) corresponding to the regions of interest (ROls) where we averaged
the solutions of the exact low-resolution brain electromagnetic tomography (eLORETA) freeware to

estimate cortical source of eyes-closed resting state electroencephalographic (rsEEG) rhythms in the
quiet wakefulness.
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INDIVIDUAL VALUES OF eLORETA CURRENT DENSITY
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Figure 1. Individual values of the regional normalized eLORETA solutions logl0 transformed of the rsEEG rhythms
showing statistically significant (p < 0.05) differences among the Nold, AD, and DLB groups (i.e., central, parietal,
occipital and temporal delta; temporal theta; parietal and occipital alpha 2 and alpha 3). Noteworthy, the Grubbs' test
showed no outliers from those individual values of the eLORETA solutions (arbitrary threshold of p < 0.0001).
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Figure 2. Individual values of the regional normalized eLORETA solutions log10 transformed of the rsEEG rhythms
showing statistically significant (p < 0.05) differences between DLB VH- and DLB VH+ sub-groups (i.e., parietal delta).
Noteworthy, the Grubbs' test showed no outliers from those individual values of the eLORETA solutions (arbitrary
threshold of p < 0.0001).
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Figure 3. Individual values of the regional normalized eLORETA solutions logl0 transformed of the rsEEG rhythms

showing statistically significant (p < 0.05) differences between DLB MMSE- and DLB MMSE+ sub-groups (i.e., parietal,

occipital theta and alphal, central and parietal alpha2). Noteworthy, the Grubbs' test showed no outliers from those
individual values of the eLORETA solutions (arbitrary threshold of p < 0.0001).
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Figure 4. Individual values of the regional normalized eLORETA solutions logl0 transformed of the rsEEG rhythms

showing statistically significant (p < 0.05) differences between DLB RBD- and DLB RBD+ sub-groups (i.e., central alpha2).

Noteworthy, the Grubbs' test showed no outliers from those individual values of the eLORETA solutions (arbitrary

threshold of p < 0.0001).
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