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Highlights:

1 EEG slowing was evident idementia with Lewy bodies (DLBAndPar ki nson’ s di seas
(PDD) and less irAlzheime r * s d i gaiensscempéréddo)contrals
1 Dominant rhythm variability wakargerin AD but only correlated with cognitive fluctuations in DLB.

1 QEEGvariablesclassifiedDLB and AD patients with high sensitivity and specificity.
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Abstract

Objective: We investigated foguantitative EEGQEEG)d i f f er ences bet ween Al zhe
dementia with Lewy bodieD(B)and Par ki nson’s disease dementia (PD
for QEEG signatures of cognitive fluctuations (CFs) in DLB

Methods: We analyzed eyedosed, resting state EEGs from AB, 17 DLB and 17 PDDpatientswith
mild dementia and 21 agenatched controls. Measures included spectral power, dominant frequency (DF),
frequency prevalencéP), and temporal DF variability (DFV), withidefined EEG frequencybandsand
cortical regions.

Results: DLB and PID patients showed a leftward &hin the power spectrum and D&D patientsshowed
greater DFV compared to the other group®LB patientsonly, greater DFV and EEG slowing were correlated
with CFs, measured by the clinician assessment of fluctuati©fB)(scale. Thaliagnostic accuracy dhe
QEEG measuresas94% (90.4% - 97.9%) with 92.26% (80.4%- 100%)sensitivity and33.3% (73.6% 93%)
specificity.

Conclusion: Although greater DFV wa®only shown inthe AD group within the DLB groupa positive
DFV - CF correlation was foundQEEG measures coutdassifyDLB and AD patientswith high sensitivity
and specificity.

Significance: The findingsadd to building literature suggewj that EEG is a viable diagnostic and

symptom biomarker in dementia, particularly DLB.



1. Introduction

Dementia with Lewy bodies (DLB) isc o mmon type of dementia after Al

for approximately 1415% of cases at autop@yicKeith et al. 2001 DLB is associated witquality of life and

significant carer burderit is frequentlyunderdiagnosed and often misdiagnosed as AD, especially at early
stages where both disEs manifest with similar cognitive deficii§letzlerBaddeley, 2007)Estimates of
sensitivity and specificity for DLB diagnosising established clinical criterjiicKeith et al.,2017)have been

quite variable but have a common tendencyréatively highspecificity but lower sensitivity(Huang et al.,

2013) The fact that DLB patients are sensitive to neurolegiflckeith et al., 1992and demonstrate a faster

disease progression comparecbtber dementiagBallard et al., 2001)underpin the necessity thagnostic

accuracyfor this group ofpatients

Coghnitive fluctuations (CFs) are one of the core symptohi3B and refer to spontaneous alterations in
cognition, attention and arous@icKeith et al., 2017) CFs are of clinical importance as they have been
correlatedwith visual hallucinationgVaranese et al., 2010)mpairment in daily activities and care burden.
Moreover, CFs are an important diagnostic feature for DLB as their prevalence reaches 90% of cases, compared
to just 20% of AD and 29% of B#ad & aln2002yCFssaredilsos e a s e
gualitatively different between DLB and AD as in the former case they relate more to executpezcamdual
performance, while in the later they are primarily linked to memory impair(Zepancic et al., 2011)he
Clinician Assessment of Fluctuation (CAF) is a clinical scale devised for the psychometric assessment of CFs
(Walker et al., 2000)Although CAF is regarded as a fairly reliable measure ofifQksed by an experienced
clinician(Van Dyk et al., 2016Xhe high variability in fluctuation severity and duration of confusional episodes,
along with difficulties for informants in separating out what are true intrinsic fluctuations from what are simply

resporses to external stressors, impose a considerable limitation in CF identifi@&@oishaw et al., 2004)

Previous investigations have found electrophysiological correlations of CFs in DLB patients. Early work

using quantitativelectroencephalography (QEERgs showra correlation between epoebly-epoch DFV and



CFs in DLB patients comparedth healthy control§Walker et al., 2000)Later work also showed that DLB
patients with CFs had greater DFV compared to AD patients in postedor regionsand usedhe DFV
together with other QEEG measures to classify AD, RIK3, PDDwithout CFs and DLB patients and controls
(Bonanni et al., 2008More recently, a muktenter cohort analysis has verified these re¢Blimanni et al.,

2016)

Electroencephalography an emerging modality for differential diagnosis between dementia subtypes as it
is simple, coseffective, easily accessible and Aomasive compared to imaging approaches. The most
prominent QEEG finding in DLB and PDD is a shift of power and dontifraquency (DF) fronthe alpha
frequency range towards highetag described as “EEG sl owing’ . Thi
posteriorly(Briel et al., 1999pandalthough it isalso observed in AD patieng3ackson et al., 2008} is not as
prominent as in the Lewy body diseasd3LB and PDD. In studes quantifying differencelsetween DLB or
DLB/ PDD, or AD and controls, QEEG variablgsch asoherence§naedal et al., 20),2temporal dominant
frequency variability (DFV) Andersson et al., 2008)ower ratio between bands and statistical measures such
as Granger causalitgarn et al., 2017have all achieved high diagnostic sensitivity and specificity, reaching

100% in the latter study.

The aforementioned findings of QEEG signatures in DLB in addition to the fact tha@EteG measures
were shown to beorrelated with the clinical phenotype of Dlaid specificallywith CFs, suggest that the
QEEG could be utilised to investigdter aneurophysiologicatlivergencebetween DLB andther dementias
The QEEG investigationpeiformed so fahave not yet managed to identify differen{agedal et al., 2015;
Garn et al., @17)betweerDLB and PDD. @nerally, these Lewy body dementia (LBD) subtypes demonstrate
great similaritiesin neuropathological processes, syomtmanifestation and treatment. Howevet,B is
typically characterised by greater executive dysfunction, more psychiatric symptoms, poorer response to
levodopa (LDOPA) and greater amyloid burden compared to FBEdison et al., 2008 Moreover, the onset
of motor symptoms precedes that of dementia in PDDevitn DLB, dementia appears concurrently or before

motor symptomgMcKeith et al., 1992)These differencemayindicatedifferencesspatictemporal sequence



of pathology, with a predominant brastem starand rostral progression in PDdhd a cortical inception in
DLB (Beyer et al., 2007)Potential QEEG differences between PDD and i@ ofresearchnteres, as they

could provide insightor better understanding these LBD subtypes

Earlier QEEG studies focused in investigatitige capacityof suchmeasuresn aidng DLB differential
diagnosidn clinical settingsHence, thewtilizedmethods such assessment byisual observatior{Bonanni
et al, 2008) or attempted to develop an online method that performs analysis during araftegEEG
acquisition(Garn et al., 2017)Herewe took aless clinicallyorientated approach, as our primary goal was to
characterde and compargéherestingEEG rhythm inAD, DLB and PDD patients in relation to healthy controls
and to irvestigatdor DLB specific signatures of CF$hus, we performed extensive gmecessing analysis of
the EEG signal and a thorough analysis for differences in QEEG measures within diffepeendseranges
and brain regiond)etween diagnostic groupBased on the literature,eahypothesized thatementia patients
will exhibit a differentialpattern in the distribution of QEEG measures of power andvidiiin different
frequencyranges compared to healthy contr@edthat thes€QEEGmeasures in additioto DFvariability in
time (DFV) will also differ between the dementia groups. We also hypothesized that greater DFV will only
characterde LBDs andpossiby only DLB, and that greatddFV will correlate withmore CFs within these
groups. Finallyto assess the possikldility of thesemeasuresn the development in biomarkerthe QEEG

measures that were found todignificantlydifferent between groupsere used tpredictdementia diagnosis.



2. Material and methods
2.1. Diagnostic groups

Initially we pre-processed EEG data from 21 healthy controls, 19 AD, 20 DLB and 20 PDD participants
(Table 1 forthe demographic data of the final groug®atients were individuals who were referred to local old
age psychiatry and neurology services and diagnosidetasmined by two independent experienced clinicians
(Alan J. Thomas and Jofaul Taylor) Controls were agenatched volunteer®atients with DLB fulfilled the
2005 and 2017 revised criteria for probable OMEKeith et al., 2017, 20059nd patients with PDD fulfilled
the criteria for probable PDEmre et al., 2007)individuals with AD met the revised criteria of the National
Institute of Neurologal and Communicative Diseases and Stroke/AD and Related Disorders Association for
probable AD(McKhann et al., 2011)fhe CAF score was assessed by the clinicians and CFs were defined on
the basis that they were typical of those seen in DLB and internally driven rather than a resporesmab ext
environmental factorsHealthy participants demonstrated no evidence of dementia as determined by the
Cambridge Cognitive Examination (CAMCOG) score ( > 80) and from clinical history. Exclusion criteria for
all participants included significant hisyo of neurological or psychiatric conditions. Prescriptions of
acetytholinesterase inhibitors (AChEIs), memantine and dopamic medications were alloweéthical
approval was provided by the Northumberland Tyne and Wear NHS Trdstlewcastle Universi ethics

committee.

2.2. EEG recordings

High-density, eyeglosed restingtate recordings were obtained using 128 channel ANT Waveguard caps
(ANT Neuro, Netherlands) with an Ag/AgCI electrode montage set according to-@@ dl@cement system
(Oostenveld and Praamstra, 2Q@lectrodeémpedancavith kept below 5 R. A referenceslectrode (Fz) was
used no filters were applied during acquisition and the sampling frequency was set at 1024 Hz. The patients
that received medication had normally taken AChEIs at least 4 hours beforehetitee of the last Levodopa

dose was B hous prior to the EEG session.



2.3. Pre-processing

Preprocessing of the EEG recordings was performedlimdéf after acquisition on the MATLAB
environment MATLAB 8.5, The MathWorks Inc., Natick, MA, 20),5using the EEGLAB toolbox version 13
(Delorme and Makeig, 2004The EEG signal was filteraslith a 4 Hz highpass and a 46 Hz lepass filter.

Lower frequencies were filtered out as they imposed noise on the higher frequencies that were of more interest,
and because the EEG generally has a limited accuracy in estimating very low and vengdugmdies
(NiedermeyeiandLopes da Silva, 2004A notch filter was applied at 50 Hz. Recordings from all electrodes
were visually inspected in the powtime domain and rejected if they had a kurtosis value over 3, or if they
contained clear and consistent artifacts such as electrooculogram (EOG) andthgtagiaon (EMG) artifacts.

The number of channels removed was kept to the minimum possible (mean = 17.7 + 6.7, min.= 0, max.= 33).

Independent component analysis (ICA) was used to accurately estimate and remove the presence of
additional ocular, muscularnd other neuronal activit§Kropotov and Kropotov, 2009)ndividual recordings
were reduced to 30 principal components and then decomposed usintetidied RUNICA algorithniBell
and Sejnowski, 1995; Delorme and Makeig, 20@Hmponents representing existing templates for muscular,
ocular, and electrical (50Hz line noise) artefddteng et al., 2000\ ere rejected (mean =5.2 + 1.6, min. = 0,
max.= 9) and the remaining ICs remixed. The recordings were then segmented Int@y2pochs and were
inspected for any remaining artefacts. Epochs containing large artifaotsremoved across channels, in a
conservative manner. Finally, the removed channels were replaced using spherical spline intefpelsimn

2006) As a final stepthe EEG montage was changed teeaiagereference.

2.4, Variable extraction

The power spectralahsity (PSD) for eacBsepoch was estimated usiBga r t method(Bartlett, 1950)
with a 0.25 Hz frequency resolutiaising ad-s FFT (fast Fourier transforngize and a Hammingindow, for
each electrodeTo compensate for the between subject variability in factors such as brain neurophysiology,
anatomy and ptgjcal tissue properties, the data were transformed to rejadiwer spectral densityRSD;

Equation 1;Rodriguez et al., 1999)he rPSD was ewdcted for each time point of each epgshmpling
8



frequency = 1024 Hzgand for each electrod&hen, br each epoch of a recording, thewerwas averaged
across electrodes for each of four regions: frontal, central, posterior and lateral (Figurerd sugects were
rejected from further analysis due to an insufficient number of clean datafoths)For the remaining 73
subjectg21 healthy controls, 18 AD, 17 DLB and BDD; Table 1) only the first 47 epochs edtractedpower

per regionvereutilised (total length of 94s).

0Q 5 (1)

Equation 1: Calculation of the relative PSD/poweiQ across the power spectrum48 Hz). At each point in
the frequency spectrum the amplitud@™Q) is divided by the sum of all amplitudes across the frequency

spectrum B "Q"Q) (Kropotov and Kropotov, 2009)

The mean power distributed each ofthreefrequency bands: theta (47.75 Hz), alpha (8 13.75 Hz),
beta (14- 20.75 Hz), was extracted as a percentage of the total powleat rangeacross epochs per region
(Table 2 Figure 2. Higher frequencies were excludasd they ar@rone tocontamination by electromyogram
rhythms(Whitham et al., 2007)The DF- the frequency with the highest powsgtween 4Hz and 20.75Hz
was extracted for each epoch to calculate the mean DF and DF variability (DFV; SD from tHeRhaaross
epochsfor the slowtheta (4- 5.5 Hz), fastheta (5.5~ 7.75 Hz; defined by others as fakpha;Bonanni et al.
2008) theta, alpha and theta/alpha (8.75 Hz) frequency rangéBable 3 Figure 3. Since the DF was limited
within the thetaalpharange, betdandactivity was excludedThe thetaalpha DF was used to calculate the
Frequency Prevalence (FP) distribution, which is the percentage of epochs having a DF falling within-the slow
theta, fastheta and alpha frequency ran@&able 3 Figure 2) These measures were calculated for each patient,

for each diagnostic gup and for each band and regmombination.



2.5.  Statistical analysis

The mean power, thedpha DF and theta, alpha and thaeligha DFV were statistically compared using
repeated measures ANOVA, for region as the withibjects factor and diagnosis as the betvgedajects
factor. When a significant interaction was found we followed up by univariate ANOVA anth@osinalysis
with a Bonferonni correction. The DFYfor all frequency rangesand the thetalpha DF valueswere
logarithmically transformed to achieve homogeneity of variance/homoscedasticity. Heteroscedasticity could not
be solved for the theta and al pha DF and hHowetle we |
test. To statistically compare thestitibution of the FP in the slotheta, fastheta and alpha frequency ranges
we performed KruskalVallis H testfollowed by posthoc analysis P e a r s o-monent gorretation and

Spearman’s rank correlati on wetween thescevatiableatibkGAF e st i g
score the MMSE score anthe levodopa equivalent dose (LEE); each diagnostic grouplanual orrection
for multiple comparisons by appropriating the leveloosignificance ¢/N) was performed for the nen

parametric wtistical analyses and for the correlation analyses, where Bonferonni correction was not available

by the statisticasoftware.

In order to assess the capacity of the QEEG variddgtsvere significantly different between the AD and
DLB, and the DLB andDD groupgo predict diagnosis, theegeralised estimating equations (GpE)cedure
were used. This methaallows the analysis of repeated measurements wittheuaissumption fonormal
distribution(Carr and Chi, 1992)The QEEG variables that introduce multicollinearity to the model (variance
inflation factor > 5) were excladl from this analysidRegion was defined as the withsubjects variable,
diagnosis as the betwesnbjects variable and the QEEG variables and the CAF score asfdwtars. The
variables that significantly predicted diagnosis were then used to taltwareceiver operating characteristic
(ROC) curve, and obtain the area under the curve (AUC), sensitivity and specificity with asymptotic confidence

intervals. The sensitivity/specificity cofff was determined usingouden's index

10



3. Results

3.1. Data and Demographics

Datafrom a total of 73 individuals2(l healthy controls, 18 AD, 17 DLB, 17 PDDable 1) were further
analyzedafterdata extractionParticipants were well matched for age at diagnosis and age at the time of the
recording (p > 0.05), as wadls MMSE score (p > 0.05). The PDD and DLB groups had significantly higher
CAF scores than AD patients (p < 0.01; p < 0.05 respectively), with the PDD group also having a higher CAF
score than the DLB group (p < 0.01). Lastly, the neuropsychiatric inyentgr NP1 ) t ot al and Uni
disease rating scale (UPDRS) scores were higher in the DLB/PDD subjects compared to the other groups, and

in the DD compared to the DLB group 0.01).

3.2 EEG slowing

We found a significant effect of diagnosis on theam power in the thet& (3, 69) =3948, p < 0.01,
alpha:F (3, 69) =14.49 p < 0.01andbeta:F (3, 69) = 22.825 p < 0.01ranges (Table Zigure3). In all
regions,PDD and DLB groups had higher theta power thABnpatients and healthy controls € 0.0J). In the
alpha and beta ranges the opposite pattern was observed. Specifically, in the alpha band, controls had
significantly higher power than PDD patients in all regigns 0.01), and compared to DLB patients frontally,
posteriorly and laterallyp( < 0.01). Moreover, AD patients had greater alpha power than PDD patients
posteriorly and laterallyp(< 0.07), and also to DLB patients frontallp & 0.05, posteriorly and laterallyp(<
0.01. In the beta range, DLB patients had lower power tharpatiznts and controls in all regions< 0.0J).
PDD patients had lower power thaealthycontrols frontally and centrally (p < 0.01) and posteyi@hd

laterally (p < 0.05), anthan AD patients frontally, posteriorlp & 0.095 andcentrally p < 0.01).

We also found a significant effect of diagnosis in the second measure of interest, the mesdphthdd&
(F (3, 69) = 36.78, p < 0.01which was significantly higher in all cortical regions in controls andpafents
compared to the other patiggroups Table 3 Figure3). The mean theta DF was significantly higher in controls

compared to the PDD group frontally, to the AD, DLB and PDD groups centrally and postenmatlio the

11



DLB and PDD groups laterally. Significant differences were alsoddigtween groups in the alpha D all
regions Specifically, the DLB group had significantly lower alpha DF than the control and AD group in all
regions. The PPD group had higher alpha DF than the DLB group frontally, the AD group centrally and
posterigly and the control group laterallfFigure4). A trend for a greater alpha DF in the AD compared to the

control group was observed, but was not verified by the statistical analysis.

For measures of frequency prevalence (FP; the percentage distrifudiBrin time in the slowheta, fast
theta and alpha frequency rangebg mean alpha FR&ble 3,Figure5) was significantly higher in controls
compared to all disease groups<0.01), and in AD patients compared to DLB and PDD patignts (.00,
in all regions. In the fagheta range the opposite pattern was observed, with controls exhibitieg FP
compared to AD patients frontallp € 0.01), and to DLBandPDD patients in all regiong (< 0.01). Finally,
in the slowtheta range controls haignificantly lower FP than AD patients frontally € 0.0J), centrally and
posteriorly f < 0.05, and to DLB and PDD patients in all regions € 0.0)). AD patients also hee

significantly lower slowtheta FP than PDD patients frontally and centradly 0.05).

3.3. Dominant Frequency Variability

Comparisons of the DFV between groups for different band and region combinations revealed a significant
effect of diagnosis in the theta/alpta(B, 69) = 2.7, p<0.05andalpha(F (3, 69) =6.29 p<0.0]) rangeshut
not in the theta rand&igure6). In the thetaalpha band, the AD group had a significantly higher DFV compared
to the control, DLB and PDD groups in the frontal, central and posterior regions, and only to the DLB group
laterally. In the alpha band ,DApatients significantly higher DFV compared to the DLB group centrally, and to
DLB and controls posteriorly.o further validate this finding we have includesh@rt analysis on the etfieof

each electrode on the DR AD and DLB patienty(Supplementary material 1).
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3.4, Correlations

We assessed correlations between CFs as measured by CAF and DFV measures similarly to previous studies
(Walker et al. 200Q)and with QEEG measures of slowing for all the different diagnostic groups and each band
and region. This analysis revealed that within the DLB group only, there was a strong corbelatieen the
CAF score andhe theta DFV in the central € 0.789, p <0.000, posterior { = 0.652, p < 0.00% and lateral
regions { = 0.805, p < 0.00]. A positive, DLB specific correlation with CAF was also found with stbeta
FP in the frontaln{= 0.679, p = 0.003, central ( = 0.747, p = 0.00}, posterior { = 0.792, p < 0.0Q) and
lateral ¢ = 0.794, p = 0.00]1 regions. A correlation between the CARd MMSE score was only found in the
PDD group (= -0.671, p < 0.0% while no significant correlation was found for any variable and the E&D,

any groupandregion.

3.5.  Exploratory GEE and ROC curve analysis

GEE analysis was performed fibre variables tat were significantly different between the AD and DLB
diagnostic group$theta power, alpha power, thetpha DFV, alpha DFV, alpha DF and féséta FP. The
alphatheta DF and alpha FP were rejected from this analysis as they introduced maltieallinearity. The
QEEG variableghat besprediced diagnosisverethetheta power (%) (Wald ctiquare =15.74, df = 1, p <
0.01), thefasttheta FP (Wald chsquare =8.1, df = 1, p < 0.@) and the thetalpha SD (Wald chsquare =
7.549, df = 1, p< 0.01) ROC analysigFigure?7) yielded AUC =94% (90.4% - 97 9%), sensitivity =92.26%
(Cl =80.26—100%) and specifigit=83.3% (Cl = 73.6% - 93%). Since nacsignificant differencesvere found
betweenthe PDD and DLBgroups for any of the QEEG vables in the variance analysedl the QEEG
variables were includeid the GEE analysid his analysigleviatedfrom the analysis protocaind is therefore

included inthe supplementarynaterial(Supplementary Materid), without drawing furtheconclusions.
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4. Discussion

Our analysis has revealed several novel findings, including greaterathta DFV in AD patients
compared to controls, DLB and PDD patients. Moreover, we did not identify any differences in the DFV
between the DLB group compared to controls, as wasquslyi reportedBonanni et al., 201&008; Walker
et al., 2000) However, we found a significant, DLB specific positive correlation between the CAF score and
the theta DFV, and the CAF score and stbeta FP. Our findings confirm the widely reported shift of EEG
power and dominant rhythmfrom the alpha towards thheta frequency range in the DLB and PDD groups
compared to healthy controls and AD patigi@gel et al. 1999; Barber et al. 2000; Bonanni et al. 2088)
subtlerslowing of the EEG was also observed in AD patients cordp@reontrols. Finally, a preliminary
analysis investigating the possible diagnostic value of QEEG variables showed tha¢¢l@EEG variables
describing the extent of EEG slowing and DfNeta power, fastheta FPand thetaalpha DF\j could predict

aDLB versus an AD diagnosis witligh sensitivity and specificity.

A more marked EEG slowing in DLB/PDD groups comparelealthy controls andD patients has been
extensively reported itheliterature, mostly in posterior derivatio(®riel et al. 1999; Barber et al. 2000; Roks
et al. 2008. In our analysis we looked within four different cortical regions compared to threasgmeviously
reportedBonanni et al., 2016, 200&nd analyzed three measures of EEG spectral distribution, the FP, DF and
power, all of which indicated a greater EEG slowing in DLB/PDD patients compared to AD patients and

controls.

In AD patients EEG slowingof a lesser extenwas observed, that was evident by a shift of FP from the
alpha to the fadsthetaand slowthetaranges compared to healthy controlBhis findingindicatesthat a higher
percentage of measurements of thetaalpha DFin time fell in thethetabandthan in the alph&andin AD
patients compared to controlis alteredDF distributiontowards lower frequenciégsADwa s “ maithk e d ”
thecalculaton ofthe mearthetaalphaDF, as this measure does not accdanvariability. The DF in the AD

group is highly variable and cdake values towards the higher edge of the alpha band thus influencing the

14



mean DF. This is evidebly the significantly greatehétaalpha DFV and the tresdor greater alpha DFénd

alpha DFinthe AD group

A cholinergic deficit may partly account for the EEG slowing in LBDs and AD, as the administration of
AChEIs can reverse the EEG slowing in both dise@seler et al., 2004; Babiloni et al., 2013; Bosboom et al.
2009) However, thdoss of cholinergic neurons projecting to the cortegréater and has a faster progression
in DLB and PDD compared to AQLippa et al., 1999)vherethe cholinergic deficit is not yet severe at mild
stages of the diseagBohnen and Albin, 2011Pathological protehnelated synatic dysfunction that occurs
before neuronal degeneration has also been associated with cognitive decline in AD and is thought to be even
greater in DLB(SchulzSchaeffer, 2010; Selkoe, 200Zhus, a more advanced cholinergic deficit and synaptic
dysfunction in the LBD groups could account for the greater extent of EEG slowing observed compared to the
AD group, particularly given the relativelgarly disease stage/cognitive impairmerdttbur participants

evidenced.

Our anaysis also revealed novel findings regarding temporal variability in the dominant rhythm as
measured by DFV. Previous studies have shown a significant DFV increase in DLB patients compared to
healthy controls, that correlated with CFs measured by @dhanni et al., 2008; Walker et al., 2000)
Although we did not find an increase in the DFV of DLB patients comgaredntrols we did finda positive
correlation between theta DFV and the CAF score within the DLB dBaipanni et al., 2015Y his correlation
was only significant in the theta frequency range, likely due to the shift of the DF towards these frequencies. A
positive correlation was also found between stbeta FPand the CAF score in DLB patients. Both these

correlations were only seen in the DLB group and not in the PDD or AD groups

Given the neuropathological similarities between PDD and DLB and the absence of other QEEG differences
between these groups, the lack of a correlation between CAF and our QEEG measures in PDD was unexpected.
Previous studies have reported that PDD patierits high CF scores show an EE®wing (Bonanni ¢ al.,

2008)and have more DL#ike symptoms such as visual hallucinations, while patients with lower CF scores

15



resemble POQVaranese et al., 2010This PDD heterogeneity may have affected our capacity to identify a
correlation between the EEG measures and CAF score in this fforgover, DLB patients with parkinsonism

have more impaired reaction times and vigilance measures that relate to CFs, compared to patients without
motor symptoms, implying a connection between CFs and dopaminergic impa(Badatd et al., 2002)

Since PDD is characterised by greater dopaminergic impairment than DLB, this additional pathology could
have a more dominant aetiological rolehe CFs seen in PDD as coanpd to DLB and thus be less contingent

on factors (e.g. cholinergione which might drive a QEEG change that associates with CFs. Furthermore,
fluctuations are likely to have at least two dimensions (arousal and attéibeise et al. 2012yhich are not
discriminatel by the CAF but which may be differentially expressed in our DLB and PDD groups given
arousal/sleepiness is strongly influenced by doparminergic medications. Another factor may be the amyloid
burden as this is significantly greater in DLB compared to FiDdhaghy et al., 201%)nd the ortical amyloid

[3 deposition relates more to dementia severity, visual hallucinations and delusion in DLB th&ku&{dith

et al., 2004)DLB is also characterised by a greater amyloid loatérputameriHepp et al., 2016which is
involved in attentional networks and in DLB has altered functional connectivity that correlates with CAF

(Peraza et al., 2014mproved quantification scales of fluctuations may help unpick these challenges.

Previous studies have also shown that DLB patients had a significantly highec@#ared to AD
patients, which did not differ significantly from controls, and that a higher DFV was an accurate indicator of
DLB versus AD diagnosiBonanni et al., 2008A QEEG analysis on the same patient cohasis this study,
but with less spatial detail, also suggested a greaterdal@iaDFV in AD patients compared to the DLB/PDD
groups, posteriorly (Peraza et al., 2017, under review). Here, we found thaztidbts had a significantly
higher thetaalpha DFV compared to the other groups in most regions while DLB patients were notasigjgific
different than PPD patients or contrdisthe current study tuking within smaller frequency bands in the theta
alpha range we also identified a greater alpha DFV inpabentscompared to controls and DLB patients
posteriorly, and to DLB patientdone centrally. These findings could be part of the pathology or alternatively,
the result o compensation mechanism that may occur at early stages @ftA&xt, early stage AD patients

may have increased activity and functional connectivity in ngstitate networks which correlate with a lower
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MMSE score (Peraza 20[l8However, at more advanced stages activity and connectivity decrease to levels
lower than those seen in contr@fsgosta et al. 2012)Therefore, increases in DFV may be associated with a

compensation mechanism in eastageAD.

A number ofotherfactors may account for the discrepancies between our findings and those of previous
studies. The lack of a greater DFV in DLB patients congémecontrols maype attributed to the fact that the
majority of our DLB patients were on AChElIs, although we would argue that this adds to the clinical relevance
of our findings, particulayl from a diagnostic perspective;is likely that any use of thEEG will be when
patients are beginning or have already hie@rated on treatment.rl DLB patients, CFs have been shown to
correlate with cholinergic imbalances in networks involved in the resting BeliePizzi et al., 2015)AChEIs
restore this imbalance and improve both the cognitive symptoms of DLB and the electrophysiological markers,
including the EEG spectrum and connecti{i@nofrj et al., 2003)That said, it is importartb acknowledge
tha more AD(94.4%)than DLB (88.2%)patients were on AChEIls our study groupand the former group
showed greater DFV. Howeveas outlined abovesholinergic deficits are greater and occur earlier in DLB
compared to AQTiraboschi et al., 2002while the brainstem cholinergic innervations of the thalamus are
relatively spared in AMesulam, 2004but not in DLB (Taylor et al., 2017)Hence,at the stage of mild
dementia AChEIs could have a differential efiedDLB and AD. Although AChEIs may have normalized the
DFV in DLB patients in relation to healthy individuals, the CAF/D&Mrelation was still maintained within
the DLB group. In previous studies, ndiiéalker et al., 200Q)r only a small proportiofBonanni et al., 2008)
of the patients were on AChElIs. Differences in the participant cohorts, as well as methodological differences in
the analysis of the recordings must also be considered. Spegifisallused a different pqgrocessing and
spatial analysis approach, as well as a different way to estimate DFV; here DFV was defined as the standard
deviation from the mean DF across epochs, in an epgepoch basis, while in Bonanni et al. (2008; 2016)

DFV was defined using a visual rating of DF range on sequential EEG segments.

Finally, we proceeded with a preliminaanalysis to investigate the capacitytbé QEEG variables to

correctly differentiate betweedD and DLB patients with mild dementi®he theta powerfasttheta FPand
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thetaalphaDFV yielded accuracyf %4% (Cl =90.4%- 97.9%), sensitivily of 92.26%(Cl = 80.4%- 100%
andspecificity of 83.3% (73.6%- 93%). The high predictive accuracy of this modeiridine with previous
classificatios using QEEG variableslthoughdifferent EEG preprocessing and analysisethods were used

(Andersson et al., 2008; Garn et al., 2017)

A few issues relating to this study need to be considered and an important next step would be the
confirmation of our findings in independent prospective cohorts, especially regarding the ROC analysis. We
excluded the delta frequencies and hence, we might have missed changes in the QEEG variables within that
range. In addition, the recordings were al@tays continuous as we focused on discarding as much of the noise
as possible and preferred to occasionally reject epaaiess all channelddoreover the patients did not
undergo posiortem immunohistological examination and thus we did not accauninixed AD-DLB
pathology that has been shown to relate to greater cognitive impairment in DLB f@mmniserts et al., 2012)
and which may alter the QEEG patteHowever, our clinicalliagnosticapproaches werrobust enough to
enhance the specificity of our group selectidsdencefor thisincludeDaT scanshatwere available for 9 of
the DLB patients and were all positive, andhalti-modal MRI/EEG analysien data from all the patientisat
were recruitedn the same cohort as the patients included in this stwbdgreAD and DLB patientsvere

classifiedwith 90% accuracyColloby et al., 2016)
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5. Conclusions

Our findings confirm the wekstablished slowing of the EEG in the Lelwgdy dementia groups compared
to healthy controls and AD patients. Although we did not find higher DFV in DLB patients compared to controls
as expected, theta DFV and shtiveta FP were positively correlated with CFs as measured by CAF. This DLB
specificcorrelation suggests that a slower and more temporally variable DF specifically relates to the CFs seen
in DLB, and could reveal differential mechanisms underlying CFs in dementia subtypes. Another novel finding
was a significantly higher DFV in AD patientompared to the other groups. Exploratory analysis showed that
QEEG measures coufafedict a DLB versus an AD diagnosis with high accuraepsitivityand specificity
In conclusion, this study supports tigpothesighat QEEG analysis can be a valwatdol for identifying CFs
in DLB and for differential diagnosis between dementia subtypes, m@pdieated with low density EEG
currently used in standard clinical practice afterfdasibility and coseffectiveness of these methodologies

has been inveigated
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Figure legends

Figure 1: Placement of the 128 electrodes according to th20llacement system. The signal recorded from
the electrodes indicated with black coleas selected out as it was deemed too noisy. The colors indicate the

grouping of the electrodes into four regions: blue = frontal, green = central, purple = posterior, yellow = lateral.

Figure 2: Schematic diagram illustrating thpgrocess of extracting each of the four main quantitative EEG
variables used in this study, for one participant in the posterior region. The filterguippessed EEG signal

on each of the electrodes in posterior derivations (N = 35) is windowed in [Bregepochs. The signal
undergoesfagfEour i er transform (FFT) and using Bartlett’'s
is calculated for each epoch, for each electrode. The relative PSD (rPSD) is then calculated to normalize the
signal. Thanean rPSD is obtained across posterior electrodes, for each epoch (up to 47 epochs) of the recording,
and the percentage of the total power in the 3-B@.75 Hz range allocated to the theta-[#&75 Hz), alpha (8

—13.75 Hz) and beta (14 20.75 Hz) frguency ranges is calculated. The frequency with the highest power
within the slowtheta (4— 5.5 Hz), fasttheta (5.5~ 7.75 Hz), alpha and thetdpha (4— 13.75 Hz) frequency

ranges was identified within each epoch, and that value corresponded to tharddmnequency (DF). The

mean DF and the standard deviation of the mean DF (DF variability; DFV) across epochs were then calculated.
Finally, the DF within each epoch was assessed and was characterised to be initheta)dastheta or alpha

range. he epochs that were characterised by a DF within each of these ranges are shown as a percentage of the
total number of epochs. These percentages were thdlsktay fastheta and alpha frequency prevalence (FP).

The same procedure was followed for tHeeotthree cortical regions.

Figure 3: The mean percentage distribution of the total relative powréefrequency bands (Hz): theta{4
7.75), alpha (8 13.5)andbeta (14- 30.75), for each ofour diagnostic groups: healthy controls (N = 21),

Al zhei mer’'s disease (AD; N = 18), dementia with Ley
(PDD; N = 17) patients, for the posterior region. Similar observations were made in the frontal, as@htr

lateral regions but are not shown. Error bards indicate the standard deviation.
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Figure 4: The mean dominant frequency (DF) in the thedtiha (4- 13.75Hz), alpha (8- 13.75 Hz) and theta
(4 - 7.75 Hz)frequencyrangesfor each offourdi agnosti c groups: healthy col
di sease (AD; N = 18), dementia with Lewy bodies (D
= 17) patients, in the frontal, central, posterior and lateral regions. Error bards indécatartdard deviation

(SD),~ = p<0.05,+ = p<0.01.

Figure 5: The mean frequency prevalence (FP; percentage distribution of the mean dominant frequency (DF)

in each frequency point in the thetfpha frequency range with 0.25 Hz resolution) for eadlowfdiagnostic
groups: healthy controls (N = 21), Al zheimer’'s dis
17) and Parkinson’s disease dementia (PDD; N = 17)

lateral regions.

Figure 6: The mean dominant frequency variability (DFV) in thalpha (8 13.5 Hz)and b)thetaalpha (4-

13.75 Hz)frequency ranges, for eachfoird i agnosti ¢ groups: heal thy contr
(AD; N = 18), dementia with Lewy bodies (DB ; N = 17) and Parkinson’'s dis
patients, in the frontal, central, posterior and lateral regions. Error bards indicate the standard deviation (SD),

= p<0.05;+ = p<0.01.

Figure 7: Receivemperating curves (ROC) for a model composed oftfasta frequency prevalence (FP),
theta powerand thetaalpha dominant frequency variabilig9FVv),f or di f f erenti ating bet

disease (AD; N =8) and dementia with Lewy bodies (DLB; N = A¥ith mild dementia.
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Table Legends

Tablel:Demogr aphics table for the healt hN=18)pdermentia | ( N
with Lewybodi es ( DLB; N = 17) and Parkinson’s disease
our analysis. EDOPA = levedopa, LED = EDOPA equivalent dose, AChEls = acetylcholinesterase inhibitors,
MMSE=Mi ni ment al st at e e ssesanemntaftflicmations SCaAFUPBRSG IUnifred c i a
Parkinson’s disease rating scale, NPI = Neuropsych

table, 1 PDD patient (5.9%) was on memantine.

Table 2: The mean percentage of the total powistributed in each afhreefrequency bands: theta {(4.75
Hz), alpha (8 13.5Hz), beta (14 30.75Hz), in each region: frontal, central, posterior, lateral, for each disease
group: healthy control s ;(NN18), d@rkitigvith Rewy Hodieis (BEBR; Ns  di s e

17) and Parkinson’'s disease dementia (PDD; N = 17)

Table 3: The mean dominant frequency (DF) £ DFV (mean SD of thg DFV + SDand frequency prevalence
(FP)x SDfor the theta (4 7.75Hz), slowtheta (4- 5.5Hz), fasttheta (5.75 7Hz), alpha (8- 13.75 Hz) and
thetaalpha (4— 13.75Hz) frequency ranges in each region: frontal, central, posterior, lateral, for each group:
healthy control s dase{ADLN=18), Admenticewitmleewy bedies (DIsB; N=17) and

Parkinson’s disease dementia (PDD; N=17) patients.
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Figure 2

Posterior Pre-processed EEG signal Extraction rPSD per electrode,
electrodes of rPSD per epoch
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Calculation of the percentage of total powerin 4 -
20.75 Hz that is allocated in the theta, alpha and
beta frequency ranges.

Calculation of the mean dominant frequency (DF)
and standard deviation of the mean DF (DF
variability; DFV) across the 47 epochs, for each
frequency range.
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Average rPSD across
electrodes for epoch 1.

Average rPSD across
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Tables

Table 1
c(:l‘\’lnfzolli (NA:DlS) DLB (N = 17) PDD (N = 17)
Age in yrs + SD 76.19 £ 5.32 76.06 + 7.81 75.71+ 5.34 75.44+ 4.66
Males (%) 66.7 % 88.9% 88.2% 100%
L-DOPA - 0% 52.9% 100%
LED . 0% 348.94 423.42
AChEIs i 94.4% 88.2% 76.5%
Age at diagnosis ; 74.64 +7.63 73+5.11 74.07+ 6.29
(yrszSD)
Diagnosis duration ; 1.5+0.9 1.08+0.70 0.94+0.73
(yrszSD)
MMSE 29.19+ 0.87 23.67 + 1.68 25+ 2.89 23.94+ 2.59
CAF - 0.47 + 0.87 276+ 378 6.50+ 429
NPI total - 7.29+7.61 8+5.27 20.35+ 12.9
UPDRS 114 +1.42 1.67+1.61 13.82+ 5.32 27.06+ 11.44
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Table 2

Regions Controls AD DLB PDD
Frontal 20.19+5.22 2457 +6.26 37.63 +6.36 35.890 +7.46
Theta Central 19.18+ 496 23.02 +6.13 36.90 + 7.05 35.33+6.37
Posterior 19.79 £ 5.77 23.51 £6.63 39.62 + 7.53 39.10 + 7.63
Lateral 19.32£5.29 24.39+ 6.53 36.96 + 6.07 35.35+7.30
Frontal 35.12+ 5.66 32.11+431 28.96 +5.10 27.42+ 2.57
Central 34.74 +5.11 32.61 +4.47 29.84 + 491 29.04 +2.28
Alpha Posterior 38.91 +6.04 35.49 £5.81 29.26 +5.75 23.91 +2.50
Lateral 35.41+5.10 33.43+4.00 28.57+4.98 26.75+2.34
Frontal 44.69+ 7.09 43.32 +7.03 33.40+3.74 36.69 + 7.52
Central 46.07 £ 6.75 44.37 +6.71 33.26+ 3.85 35.65+6.20
Beta Posterior 41.30 £ 7.09 40.99 +8.38 31.11 +5.36 31.72 +7.67
Lateral 4527 +7.71 42.17+ 6.59 34.47 +5.52 37.90+ 7.80
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Table 3

Regions Variables Controls AD DLB PDD
DF +SD 6.93+0.4 657+ 0.54 649+ 060 626+ 0.31
Frontal DFV + SD 0.93 +0.25 098+ 0.24 073+ 0.24 0.80+0.19
FP+ SD 19.55+22.14  44.92+2454  82.48+21.00 91.36+ 8.29
DF +SD 7.11+0.33 6.67+0.59 6.65+ 052 6.51+ 035
Central DFV + SD 0.81+ 0.28 0.86 + 0.29 0.63+0.22 0.67+0.16
o FP+ SD 18.84+24.96  41.02+26.07  80.60+21.02 90.49+9.22
DF +SD 7.17+0.35 671+ 0.60 657+ 0.6 6.3+ 0.2
Posterior  DFV + SD 0.78 + 0.33 0.85+0.31 0.60+0.21 0.72+0.18
FP+ SD 16.72+23.49  34.99+2445 83.35+23.68 94.99+6.25
DF +SD 7.18 +0.31 6.80+ 0.54 6.65+ 053 651+ 0.3
Lateral DFV + SD 0.80 % 0.30 0.83+0.33 0.64+0.26 0.72+0.18
FP+ SD 17.53+22.06 39.24+26.68 83.35+18.76 89.36 15.10
DF +SD 4.88+0.15 4.93+017 501+0.15 5.02+ 0.14
Frontal DFV + SD 055+ 0.06 052+ 007 049+ 0.08 0.50 + 0.08
FP+ SD 2.23+4.28 10.52+13.29  1627+21.06 1877+ 1156
DF +SD 4.95+0.17 4.98 +0.18 5.16 + 0.14 5.14+0.13
B Central DFV + SD 0.52 + 0.06 0.49 + 0.06 0.42+ 010 0.43+0.10
: FP+ SD 1.21+3.05 9.46 + 12.37 951+ 14 11.4+12.28
2 DF +SD 4.91+0.14 4.94 +0.18 511+0.13 511+0.15
Posterior  DFV + SD 0.54 + 0.06 051+ 0.06 0.45 + 007 0.45+0.10
FP+ SD 1.11 +3.34 6.97 + 9.25 1377+23.03 1615+ 1175
DF +SD 4.86+0.18 4.94 +0.16 500+ 0.15 509+ 0.5
Lateral DFV + SD 0.56 + 0.05 0.51+0.08 0.44+0.1 0.46 + 009
FP+ SD 0.51+1.15 544+6.74  1076+17.41 1176+ 1199
DF +SD 7.20+0.27 698+ 0.32 674+ 0.4l 6.5+ 0.2
Frontal DFV + SD 0.59 + 0.14 062+0.11 0.53+0.12 0.5+ 0.09
FP+ SD 17.32+21.02  344+17.95 6621+20.86 72.59+ 10.45
DF +SD 7.31+0.22 7.02+0.31 679+ 0.43 6.60 + 0.24
B Central DFV + SD 0.53+0.16 0.60+0.14 0.50+0.11 0.5+ 0.07
: FP+ SD 17.62+2430 31.56+20.68  7109+20.34 79.35+11.86
DF +SD 7.35+0.21 7.06+ 0.36 6.76+ 0.47 6.54 + 0.20
Posterior ~ DFV + SD 0.52 + 0.17 0.58+ 0.16 048+0.11 0.52+ 009
FP+ SD 15.60+ 2251  28.01+19.35  6959+27.37 78.85+11.86
DF +SD 7.36+0.19 7.09+ 030 6.81+ 041 6.70+ 0.2
Lateral DFV + SD 0.50 + 0.15 0.58+0.18 049+ 0.13 0.52+0.08
FP+ SD 17.02+21.95 33.81+2426  72.59+21.64 77.60+ 15.63
DF +SD 9.13% 0.57 940+ 088 8.64+ 0.2 9.01% 0.4
B Frontal DFV + SD 0.88 + 0.40 1.07+0.43 0.85+0.2 1.19+0.27
S FP + SD 80.45+22.14  55.08+ 24.54 17.52+ 21 8.64+ 8.29
N DF + SD 9.13+0.65 9.42 +0.90 848+ 0.17 8.70+ 039
DFV + SD 0.82 +0.41 1.04+ 0.40 0.60+0.17  0.87+0.37
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Theta-alpha

FP+ SD 81.16+24.96 58.98+2607 194042102 9.51+9.22
DF +SD 9.03+ 0.63 1.06+ 0.96 849+ 018 8.72+0.3
Posterior  DFV  SD 0.64 +0.35 0.86 +0.45 062+ 0.5 093+ 0.37
FP + SD 83.28+23.49  6501+24.45 16.65£23.68  5.01+6.25
DF + SD 9.12+0.71 0.92 +0.82 8.48+ 018 8.61+ 0.41
Lateral DFV + SD 0.82 +0.37 0.82 + 0.40 0.65+ 0.2 0.84+ 0.3
FP + SD 82.47+22.06  60.76+26.68  1665+18.76  10.64 + 15.10
- DF + SD 8.79% 0.75 8.24% 1.29 6.75% 080 645% 0.63
DFV + SD 1.07+ 0.46 129+ 0.59 091+027 098 +0.33
contral DF +SD 8.81+ 0.82 8.36+ 1.30 6.8+ 071 668+ 0.76
DFV + SD 0.92 +0.47 130+ 0.60 0.80+ 0.5 0.82+0.5
Sosterior DF + SD 8.82+ 0.79 8.65+ 1.21 6.78+ 0.8 641+ 0.58
DFV + SD 0.78 +0.38 121+ 0.75 073+ 0.23 0.84+ 027
DF + SD 8.88+ 0.81 8.42+ 1.13 6.0+ 071 6.74+ 0.81
Lateral DFV + SD 0.93+0.41 113+ 0.51 0.79+031 088+ 0.3
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Supplementary Material

Supplementary Material 1

In order tofurther validate our findings regarding the dominant frequency variability (DFV) afehtonstrate

that the approach of averaging the quantitative EEG variables across electrodes generally represents the single
electrode level, we investigated the effect of posterior electrodes on thalfftedBFV,i n Al zhei mer ' s
(AD; n=18) and dmentia with Lewy body (DLB; n=17) patients. Repeated measures ANOVA was carried out
where the 35 posterior electrodes were classified as the sgithjects variable, and diagnosis as the between
subjects variable. The test of withénbjects effect with aduyhnFeldt correction due to violation of the
assumption of sphericity, showed a rgignificant effect of electrodd-((10.927) = 2.469, p = 0.006~hen

corrected for multiple comparisonst & 0.001). The betweesubjects variable (diagnosis) was highly
significant F (1) = 21.769, p < 0.0001 This finding agrees with our main statistical analysis using the DFV
averaged across all posterior electrodes (Now Figure 6). The lack of significance for the effect of electrode and
the clear effect of diagnogsiemonstrates that using the average of this quantitative EEG variable across regional
electrodes does not mask or favor any meaningful effects. The DFV was chosen for this analysis as it is a product
of the mean DF and is used to calculate the frequereyalgnce (FP). Hence we can extrapolate that the

average for these QEEGs across electrodes is also representative of the detedtdte level.
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Supplementary figure: Barchart representation of the thetipha (4— 13.75 Hz) dominant frequency
varabi l ity (DFV) <calcul ated for each posterior elec
dementia with Lewy bodies (n = 17) diagnostic groups. The error bars show the variability in DFV between
subjects with a 95% confidence interval. Thecgode order represented by the bars is corresponding between

diagnostic groups from lefo-right

43



Supplementary material 2

No significant differences were found between the DLB and PDD patients and therefore, all QEEG variables
were used for thianalysis (theta power, alpha power, alpha DF, theta DF-dfgta DF, slowtheta FP, fast

theta FP, alpha FP, theta DFV, alpha DFV, tladdna DFV). The thetalpha DFVtheta DF, slowtheta FP

and alpha FP were removed from the analysis due to hidicatlihearity (VIF > 5). The remaining variables
underwent GEE analysis and the best predictors of diagnosis were ttieefadtP (Wald chéquare = 7.551

df =1, p<0.01), thetalpha DF (Wald chsquare = 6.312 df = 1, p < 0.05), alpha DF (Waldsgoiare = 6.094

df = 1, p < 0.05) and thef@ower(Wald chisquare = 4.383 df = 1, p < 0.0ROC analysis showed that this
model could predict and DLB versus a PDD diagnosis with 78% accuracy, 70.6% sensitivity and 66.2%

specificity.
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