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Thesis summary (in English)

Major depressive disorder (MDDjs a heterogeneous disorder with potentially diverse
pathophysiological mechanisms. This diversity may account for the observation that far from all
patients benefit from the same tmaant. Consequently, identification of MDD subgroups would
allow for treatment stratification which could improve clinical trial outcomes and lead to a
precision medicine strategy in patients. Howevprevious studies examining whether
electroencephalogray (EEG)can predict the effect of antidepressant treatment have included

low sample sizeandindependent replicatioare needed to confirm these findings

The purpose of this PhD work was to a) examine therégsst reliability of an EEG battery in
healthy males who were given different antidepressab)sto validate EEG candidate
biomarkers that have previously shown some predictive \aloar own cohort of unmedicated
patients with moderate to severe MDODeuroPharm Trial)c) explore the effect olEEG
measures after 8 weeks of selective serotonin reuptake inhibitor/ serotonin noradrenalin reuptake

inhibitor (SSRI/SNRI) treatment.

Il n study , W e -retest vekabkilityiofgpan EESdoatternie 32 thealshy males who

were givenfour different antidepressanégimens We compared baseline EEG recordings from

the four interventiondo assess whether EEG/ERP (eveatated potentialsjvere stable over

time. We found that middle frequency bandst{andb) of continuous EEG were highly reliabl

while evoked power of tastelatedpotentialswas less stable. Furthermore, though the reliability

of ERP measures in general was lower compared to power measures, large components such as
P300 and Pe still exhibited fair to excellent reliability. Owguits support that these EEG/ERP

parameters are reliable over a thveeek interval.



| n st wedaymed to replicate previously reported EEG predictive biomarkers for treatment
outcome by usingn independent cohort &1 antidepressafftee outpatients and 35 healthy
controls We found that only 2 out of 6 chosen biomarkers could bgaprvalidated both of

which involvedalpha asymmetry. The results indicate that measurement of alpha asymmetry

carries information that improves prediction of treatment efficacy.

| n s t,wskyg EEG data from the NeuroPharm data to determine tdectpre value of
vigilance regulationwe found that patients with MDD showed a hyperstable B#&efulness
regulation compared to healthy controls, replicating prior work. Treatment responders showed
faster decline in vigilance regulation in comparison nonrespondersat pretreatment
Furthermore, patients with good treatment response after 8 weeks of SSRI/SNRI treatment had

their EEGwakefulness regulation patterns reverted to look more like that of controls.

These findings support that EEG vigilanceasires adds value diagnostically as well as in
predicting treatment outcome in patients with MODerall,the low cost of and methodological
simplicity of EEGmakes it a good tool for theptimization of patient stratification in future

clinical trials aml may even have value when choosing drug treatment for MDD patients



Thesis summary (in Danish)

Depression er erklinisk heterogensygdom som sandsynligvis forasages af forskellige
sygdomsmekanismeng tilgrundliggende forstyrrelserDenne heterogenitekan muligvis
forklare, hvorfor langt fra alle patienter har effekt af den saramedepressivebehandling.
Sdremt man an dentificere undegrupperaf depression viman dels kunne marettéremtidige
kliniske forsa bedreog dermedpasigt fa en preecisbonsmedicinsk tilgandil behandling af
depressionTidligere studier der har undersat omelektroencefalogfi (EEG) kan forudsige
effekten af antidepressiv behandling har imidlertid kun inklud&patienter og der er behov

for uafheengige studier tiltdekraefte disse fund.

Formdet med dette PhD projekt var aj undersaje testetest reliabiliteten af EE@a hos
raske maendder modtogforskelligetyper antidepressiv medicin, b)en nykohorte af patienter
med en moderat til sveer depressi(NeuroPlarm Trial) at validere EEG biomarkaer, der
tidligere er p&ist at forudsige effekten adntidepressiv medicinog c) undersae effekten af 8
ugers farmakologisk behandling med sdléve serotonin reuptake inhibitors / serotonin

noradrenalin reuptake inhibit (SSRI/SNRI).

| Studie | undersayte vi tesetest reliabiliteten af et EEG batteri i 32 raske maend, som fik fire
forskellige typer af antidepressiv medicin. Vi sammenholdt baseline fEgiGger fra de fire
interventioner for at estimere, hvorvidt EEG BRP (eventelated potentials) mdingerne var
stabile over tid. Vi fandt at midtekvensbéd ¢, U og b) for kontinuerlig EEG havde hg
reliabilitet mens evokeret power fra talsseredgotentialervar mindre stabil. Endvidere fandt
vi at selvom ERP ma generelt havde lavere reliabilitet s@mholdt med EEG power ma, sa
havde store ERP komponentsom P300 og Pe moderat til hg reliabilitddisse EEG/ERP

maingerer altsérobusteover et treugers interval.
1



| Studie IIsate vi at bekreeftetidligere fund af udvalgte EEG biomarkger som prediktorer for
behandlingsresponisen uafheengig kohorte &1 medicinfri patienter med depression og 35
raske forsgyspersoner. Vi fandt at 2 ud af dedientielle EEG biomarkaer delvistkunne
bekreeftes;begge markger involverede alpha asymmetri. Disse resultatier paat fund af

alpha asgnmetrikanforudsigebehandlingseffekten antidepressivnedicin.

| studie Illundersayte vi i NeuroPharm kohortenEEG ma for regulering afvigilance(grad af
v@enhed) for detgprediktive veerdi af antidepresshehandling | tr@ med tidligere fund fandt

vi, at patiener med depression udvist&erstabil regulering afvigilance i forhold til raske
kontroller. Patientemed god effekt af den medicinskeehandling havde et hurtigere fald i
vigilancereguleringend dem, der ikke havd&ndvidere savi, at EEG vd@enhedsyaleringen
normaliseredesosde patienterder udviste god symptomlindrirgfter 8 ugers behandling med
SSRI/SNRI .

Tilsammen understdter disse fund at EEk&n bidrage med diagnostisk ogagtiktiv veerdi i
behandlingen af patienter med depi@s og har EE5 et godt potentiale til at underinddele
patienter med depression i fremtidige behandlingsforsay. Endvidere kan EEG md&ke i fremtiden

anvendes til at guide den medicinske behandling af patienter med depression.
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Introduction

Major depressive disorder (MDD) is a heterogeneous disease which convpideegnging
biological cause<urrently, it often takekng time to settle the right treatment, given their trial
anderror method and as a resydatients often experience a protracted disease c({i@askaran,
Milev, & Mcintyre, 2012) They are thudar from satisfactory especially for patients witl
history ofprevious treatment failur@.he treatmenapproaches we have available todagiude
different chsses ofantidepressants, psychotherapy, electroconvulsive treatment (ECT) and
repetitive transcranial magnetic stimulation (rTM&g urgently neediomarkers toclassify
depressed patientnd determinethe besttreatmentapproach foreach patientbasedon their
specific profile.Biomarkers are used to stratify patients into clinically meaningful subgroups
based on biological characteristiasg. neurophysiological patternshe idea is that patients
who share similar profiles will also respond similaidythe same treatment, allowing clinicians

to optimizetreatment selectiobased on previous experience with other patients from the same

subgroup

During the past decades, researchers have attempted to use different neuroimagirtg tools
identify biomarlers that could facilitate the treatment selection in MOBese tools include
such as positron emission tomograptBET, McGrath et al., 2013)functional magnetic
resonance imaginGMRI, Miller et al., 2013) as well as genetic analygiBansey et al., 2012)
Unfortunately, none of these measuresehlbbeen adoptedor clinical use due tdhe lack of
validation, insufficient predictive valyand implementation difficultf{Baskaran et al., 2012;
Widge et al., 2018)Meanwhile neurophysiologicameasureshave served as biomarkeirs
various disorders, includingooddisorders(Lemere, 1936xs early ashe first half of the 20.
Among them, kectroencephalography (EEG), a monitoring technique for damdtongoing

neural activity, has great potential work as a biomarker in a clinical environment due to its
1



low-costs, high temporal resolution of directly assessed-me&g®nal activity and itselatively

ea® ofimplemenation

Researchers recently have identifieeieral EEG biomarkers to be associated with treatment
outcome in MDD(Arns et al., 2016; Olbrich et al., 2016; Pizzagalli et al., 2018; Pizzagalli et al.,
2001; Spronk et al., 2011; Wade & losifescu, 20¥@hile the appication of EEG as pedictive
biomarkers seems promisirtyjs applicatiorfaces similar obstacles asith other imaging tools:

low effect sizes, small samples, a lack of independent replication of the results in other study
cohorts and research groufts,usageof differentresponse criteria and the neglect of negative
results(Widge et al., 2018)To address the different parameters in MDD prediction studies, the

current studyroposes to do the following three parts:

a) To examine the prentervention testetest reliabilityof an EEG battery in healthy males who
were given different antidepressants.

b) To assessusing our own dataset (NeuroPharm trighe effectiveness of EEG candidate
biomarkers that havereviouslyshown predictivgpower.

c) To explore the drug effecon EEG measures after 8 weeks of selective serotonin reuptake

inhibitor/ serotonin noradrenalin reuptake inhibitor (SSRI/SNRI) treatment.

Major DepressiveDisorder

Major Depressive Disorder (MDD) is a medical conditmith which the patients shows a
depressed mood and reduced interest in daily activi(sesethe DSM- ma n Anaelican
Psychological Association (APA), 2013} has been ranked by WHO as the world leading
causes of disabilityWorld Health Organisation, 2017yith a lifetime prevalence o#.7%
(Ferrari et al., 2013)Women are more vulnerable the disease andith higher prevalence

(World Health Organisation, 2017or mostpatients, MDD is a chronic episodic disorder and
2



the recurrent course of MDD often require lelegn clinical care(Fava & Kendler, 200Q)
Therefore, thdoss of work capacitys a result oMDD and theconsequenhealthcare costs
constitutea tremendous socidlurden, which is made even more seVeretreatmentesistant

patients.

To be diagnosed withDD, patients displag change of mood and le®f interest opleasure in

any activities, often accompanied by psychophysiological changes including a loss of appetite,
disturbed sleep impaired psychmotor speed and attention, fatigue, feelisgof guilt,
contemplation, and stidal thoughts.However, given the heterogeneity in MDDJepressed
patientsoften display wide variation in clinical symptonfsava & Kendler, 200Q0)which may

be whynot all patients benefit from the same treatn(&mronk et al., 2011 According to the
International Study to Predict Optimised Treatmenh Depression (iISPOD), one of the
largest multisite studies gredictive biomarkers in MDDonly 62% patients responded to the
first-line drug and 46% of patients reached full remissiSaveanu et al., 2015)The large
heterogeneity in MDDnay explain whynot all patients benefit from the same treatn{Spironk

et al., 2011)andundoubtedlyyet morechallenges tothe currenttreatment

The current treatment strategy requires a lengthy observational peoimanpnlysix to eight
weeks) after whichnonrespondersreshifted to augmented treatmenttorother interventions,
which also takes dong waiting period. The treatment cydke repeated until the successful
treatmentis found if any, or until the patient spontaneously remigorse stil| patientswho
experienceearly treatmentfailure are les likely to achieve remission ang@ould have higher
relapse rategRush et al., 2006 Biomarkershave become a possible solution to the impasse
since theycould help tailor more accuratieeatmentsfor depressed patients with sjfec
profiles Biomarkers have thus been studied by recent researches that mioneasing the

efficacy of antidepressanfieviewed byOlbrich & Arns, 2013)



I nstruments for criteria in treatment response

Depression rating scales were introducegbsgchopharmacologin the 1960sand have been
used for assessingthe treatment responséfhe common instruments includelamilton
Depressive scaldHDRS) (Hamilton, 1967) Montgomery Asberg Rating Scal@MDRS)
(Montgomery & Asberg, 1979)selfrating Beck Depression Inventor{BDI) (Beck, Ward,
Mendelson, Mock, & Erbaugh, 196apd Clinical Global Impression scaleGl) (Guy, 1976)
The HDRS and MDRS are widely used in quantifying depressed seveiitly substantial
similarity (Kearns et al., 1982¥hile BDI is the mostommonlyused seklrating scale with less
agreement for core depressive symptamsipared to MDR$Svanborg & Asberg, 2001CGlI
was designed to provide global impressmna depressed patieand has clinical advantage
when illustrating the total score comparedHibRS and MDRSLeucht et al., 2017)Although
translatiors between depressive scaka® available(Leucht, Fennema, Engddasperslanssen,
& Szegedi, 2018; Riedel et al., 201@e use of different criteria and eoffs by researchers
limits the ability to generalize results between studiést example a patient could be
categorized as sespondein one study but aa non-respondein a studythat appliedifferent
response criteal In addition, specific depressive symptoms might be neglected on the sum score
on the depressive scaleStudy has shown thahe total score of HDRSloes not provide
sufficient discriminabilty to qualify a drug as an antidepressastitis unableto differentiate
betweenreatmentaindplacebo(Bech, Kajdasz, & Porsdal, 200@his implies that the treatment
response may be overlooked by the gross sé@such, it could be that a subscale of HDRS as
HDRSs could provide bettesensitivityfor capturing treatment changesmpared to HDRS for
HDRS focuses on the symptoms of sleep, aryxiahd appetite(Bech et al., 2010, 2006;
@stergaard, Bech, & Miskowiak, 2016)hese rough epression rating scaleould in turn
hindered the process of biomarker development. As identified biomarkers rely amtbeases

from e.g. the HDR& could be less sensitivesinsee can 6t be sure of what
4



the patients being response #Amotherrelatedissue is the cubff value of treatment response.
Respondersare often defined as a 50% reduction from ddase to endpoint though being
guestioned of how it became the golden stan@@eshdelow, 2006)the cutoff value has been
established as agfficient standard for HDRS, MADRS and B{Ueucht et al., 2018; Riedel et
al., 2010) From clinical experience, patients who were classified as responiiensned by the
golden standardtill suffering fromresidual symptom@ennard et al., 2006 he development
of clinical biomarkers relies hedy on these instrumentshdse inconsistent practices
undoubtedly limit the possibilities for the biomarkers to be in clinical liseemains unclear

how the biomarkers relate to the specific depressive symptoms.

Pathophysiology
Many theories have beenrgposed to explain the pathophysiology of MDD including

monoaminedeficiency hypothesis, neurotrophic dysregulation, hypothataitudary-adrenal
(HPA) disruption, genetics, altered glutamatergic neurotransmission afuthdiyon in specific
brain structureqfor a review see Belmaker & Agam, 2008)However, despite thgrowing
understanding of neurobiolmgl mechanism in MDD pathophysiology, none of ti®posed
mechanism casatisfactorily explairall aspectoof MDD aetiology. In the following section, |
focus on threeof the most dominant theories: monoamideficiency hypothesis, neurotrophic

dysregulation and HPA disruption.

Monoaminei deficiency hypothesis

The monoaminiedeficiency hypothesigasproposed in 1950 based on clinical observatiand
animal sudies (Freis, 1954) Patients who received reserpine, an antihypertensive agent that
cause depletion in monoamine neurotransmitters, would develop depressive symptoms
(Schildkraut, 1965)The induced symptoms could be reversed by the cessation of reserpine

treatment(Carlsson, Shore, & Brodie, 195Moreover, treating patients with iproniazid, an
5



agent that produced increased levels of monoamine neurotransmitters, would improvement
depressed mooCrane, 1956)The hypothesis therefolcamethat theras a deficiencyof the
monoamine neurotransmitters norepinephrine (NBEhydroxytryptamine (84T), and/or
dopamine (DA) in the depressed brgi@oppen Alec, Shaw, Herzberg, & Maggs, 1967;
Schildkraut, 1965)Based on the depletion theoriietfirst serotonirfbased compounds tricyclic
antidepressants (TCAs) and monoamine oxidase inhibitors (MA@Is)developed to increase

the concentrations of monoamine neurotransmitters in vivo and were used effectively to treat
depression(Kuhn, 1958; Zeller, Ramachander, & Zeller, 196Nvertheless, the depletion
theory cannot expia why drugs like buspirone and gepirone also work as antidepressants.
These dugs actby decreamg 5-HT release in the braiypet still improve depresge symptoms
(Hirschfeld, 2000) It was further challenged by the delbgtween administration of drugs and
antidepressant effect3ypically, improvement of depress symptoms takes days to weeks
while the neurotransmitter concentrati@eincreasedvithin hours after the intak@Hirschfeld,

2000) ). To account for thse discrepanciesd monoaminedeficiencytheory hascontinually
beenmodified over decadeqGoldberg, Bell, & Polled, 2014; Kafka, 2003)it undoubtedly
providesan importantbiological basidor the aetiology of depression and is stilentralin the

development of pharmacological drugs.

Neurotrophin dysregulation

Neurotrophins constitutes four growth factors ihg nerve growth factor, braiterived
neurotrophic factor (BDNF), neurotroph&hand neurotrophid. In particular, downregulated
BDNF has been associated with the genesis of depression and suicidal beflaviman,
Heninger, & Nestler, 1997; Dwivedi, 2009tudes have demonstrated that patients with MDD
had lower BDNF levels in comparison to healthy cont(etee metanalysisMolendijk et al.,

2014; Sen, Duman, & Sanacora, 200BDNF levelshavealso beercorrelated to depressive



symptomseveity; the lower BDNF levels the more sevéhe depressive sympton{&arege et

al., 2002)which might reflect failure of neuronal plasticity in depress{@onul et al., 2005)
Furthermore, a number of findings have indicated that antidepressants and electroconvulsive
therapy (ECT) can increase serum BDNF in depressed pati&mes, Dowlatshahi, MacQueen,
Wang, & Young, 2001; Gonul et al., 2005;0Nya, Morinobu, & Duman, 1995; Shimizu et al.,
2003) One postmortem study with MDDpatients showedncreased BDNF expression
hippocampis in patients treated with antidepressaf@sen et al., 2001)Although the role of

BDNF pathophysiology has bedebated Egeland, Zunszain, & Pariante, 2015; Ernest Lyons et

al., 1999) the implication of BDNF theory in neural plasticity and depressoencouraging

(Brunoni, Boggio, & Fregni, 2008; Tao et al., 2020)

Hypothalamici Pituitary i Adrenal axis dysfunction

Alteratiors to thehypothalami¢pituitaryi adrenal (HPA) axi©ravebeenfound instressrelated
disorder, particularly depressigiPariante & Lightman, 2008)A hyperactive HPA axisn
patientswith MDD was been first documented ithe 1950s (Board, Wadeson, & Persky,
1957)and evidence was accumulated late(MoKay & Zakzanis, 2010; Stetl& Miller, 2011).
Furthermore,a hyperactive HPA axis has been found to normalize after successful treatment
(Barden, Reul, & Holsboer, 1995; Hennings et al., 200%as been proposed that there is a
potential link between HPA axis and the sermrgic hypothesis of depressigmafet &
Bernardini, 2003)and targetindhe abnormalitie®f HPA axis is considered to be a promising

strategy(Bosker et al., 2004)

Current treatment approach and its effectiveness

Based on th@roposedyenesis of depressiovarious treatment approaches are available such as

different classesof pharmacological drugs, psychotheraand therapiesncluding ECT and
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ITMS. The goal ofa successfutreatment isto reduce depressive symptoms and preferably
achieve remission as well as avoid later relapséidepressants are facitgo major challenges
thedelayed onset of action and low response r@esker et al., 2004 A substantial proportion

of patientsdoes not response to the antidepressants tfiest receive. According to the
Sequenced Treatment Alternatives to Relieve Depression (STARtRJy, remission and

response ratee first-line antidepressant drugs dosver than 30% and 50%, respectivéRush
etal,20099These chall enges strongly af fwhichiswipyat i ent
we fae heightenecdheed forclinically reliable biomarker and shift from the current diagnostic

approach t@ prognosticapproacho the prognostic approa¢®Ilbrich & Conradi, 2016)

Pharmacological drugs

The first antidepressantsCAs and MAOIs acty increasng the concentration of NE and-BT

in vivo; with these drugs havesome success in alleviating depressive symptdiey
unfortunatelyalso have a series of undesirable side effé€sighner & Cohn, 1985; Owens,
2004) The resulting side effects aoaused by th&8 CAs and MAOIs aghg on nonspecific
neurotransmitter receptaites such asNE, serotonin reuptake, adrenergic and muscarinic
receptorgBerkert, Grinder, & Wetzel, 1997)Overdose of TCA®ven carry theisk of death.
Therefore, theexxond wave of antidepressarB§RE and SNR$, were developed to have more
specific targetprofile (often with a single monoamine system) and tfewer side #ects
Althoughresults froma metaanalysis did not demonstraaebetter drug efficacy SSRiwer the
Aol do ant i deipshosvedghatrpatients WHo Avere treated with TCAs withdrew more
due to the significant side effeqtdacGillivray et al., 2003)Since thenmany different types of
antidepressantave been imbducedbased on thgariousmodes of actionsn neurotransmitter
levels and can be categorized :agCA, tetracyclic antidepressants, SSRI, norepinephrine

reuptake inhibitors (NRIs), SNRI, MAOIs and other antidepressémts (pharmacotherapeutic



armamerdrium please refer t@auer et al.,, 2013)According to theWorld Federation of
Societies of Biological PsychiatrWWFSBP) guidelines (Bauer et al., 2013)the firstline
treatmentbptionsin treating depressioimclude SSR| followed by mirtazapineSNRI and other
isecond d@astidepressaniiheseypes ofmedicine havehe advantages ddwer side
effeds and higher tolerabilitycompared to other pharmacological drug€A and MAOIs are

considered to be secomat third-line treatmentlue totheir safety issues.

Psychotherapy

There are seven major types of psychotherapy in treating depression, inatodinigve
behaviour therapy, nondirective supportive treatment, behavioural activation treatment,
psychodynamic treatment, problesulving therapy, interpersonal psychotherapy, and social
skills training (Cuijpers, van Straten, Andersson, & van Oppen, 2008)se different
psychological treatmentsre equally effiient (see a metanalysis, Cuijpers, van Straten,
Andersson, & van Oppen0@8) Moreover, stutks have shown that depressed patients who
received interpersonal psychotherapy (IPT) perform significant better on social functioning with
or without pharmacological interventiq@uijpers et al., 2011Hollon et al., 2005; Weissman,
Klerman, Prusoff, Sholomskas, & Padian, 19&1¥so0, IPT improves depressive symptoms in a

large scale and was suggested to include in the treatment guid€lingers et al., 2011)

ECT

ECT is a medicaprocedurenvhere the brain iglectricaly stimulated while the patient isinder
anaesthesialt is used mainly when pharmacological drugs fail to treat severe depression
(Kellner et al., 2012; Lisanby, 20QHut t canalsobe thefirst-line treatment choice faeverdy
depressedpatients with psychotic features or psychomotor retardation, treatmssmtant
depression(TRD) and some patients who require a rapid relief from depreqSWFSBP

guidelines Bauer et al., 2013Although ECTis a bluntprocedure, it has better clinicalitcome
9



thanother antidepressan(Ragnin, De Queiroz, Pini, & Cassano, 2004 )metaanalytic study
comparedeffecs of ECT to othertreatmens including simulated ECT, placebo, and various
antidepressantsdemanstrating that ECT is clearly more effective thaall other treatments
(Pagnin et al., 2004Moreover, @tients who received ECare found to have a remissicate as
high as 75%(Husain et al., 2004}t was suggested that EGMproves depressive symptoms by
alten ng p ablogeal ¢énfitiss in many asped@ahlund & von Rosen, 2003uch asan
increaseglasma BDNHHaghighi et al., 2013)n general, ECT is a highly effective treatment
especially for TRD patientgven it requires anaesthesia amavolves arisk of cognitive

impairment(Mathew et al., 2019)

rTMS

rITMS is afocal andnoninvasive technology that indue@ a t i @ecttical pulsse through a
TMS colil on the scalp Without involving a surgical operain, it is an alternativestimulation
techniqueo treat aboardrange ofpsychiatric disordersespecially depressidivicNamara, Ray,
Arthurs, & Boniface, 2001; Slotema, Blom, Hoek, & Sommer, 20A@)increasing amunt of
evidence has demonstrated thakeating patients with prefrontalrTMS could induce
antidepressive effeg{George et al., 2014; George, Taylor, & Short, 2013; Padberg et al., 2002)
Previous studies have investigated the therapeutic effect of @pylted todifferent stimulate
regions of prefrontal cades (Downar & Daskalakis, 2013nd the right lateral orbitofrontal
cortex (OFC)(Feffer et al., 2018)The techniques ofTMS havebeen steadily improved via
dosing augmentatiorextension oftreatment coursesand designingoersonéized stimulation
frequenciesfor patients,etc. (see reviewDownar & Daskalakis, 2013)As such,pat i ent 0s
remission ad response rate can be comparablihnése adoptinggharmacological interventions
(Downar & Daskalakis, 2013)n general practice, rTM8 typically prescribedor patients who

are taking adjunctive pharmacological medic{@arpenter, Laney, & Mezulis, 2012) study
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showed thathere exists an interaction between concurrent medicatiortherd@MS therapy,
indicating thatthe combinationof rTMS and psychostimulantssuch as antpetamine and
armodafinilmay result in improvedalinical outcome(Hunter et al.2019) FurthermorefTMS

was approved bthe US Food and Drug Administration (FDi#)October 200&satreatment of
depressiorand has since then becoma promising newsolution for treatingdepression(see

metaanalysisSlotema et al., 2010)

EEG

Electroencephalography is a monitoring technique for dioexgoing masseuronal activies. It
acquires informatiorthrough theelectrodesplaced on the scalp.When cortical tissues are
activatedjt produce electriccurrens flowing from different tissues to the braiwhich also pass
the scalp into the skin. If electrodes are applied to theatkihat time the currergd only tiny
fractions of theflowed currentd can bedetected and recorded by the applied electredea
potential distribution.The recorded voltage idirectly reflective of neural oscillations in the
cortex.In general, the recorded signal can be quantified in the dimensiomaeyfdpaceand
frequency.The dimension of time most diréctreflectsthe oscillating neuronal activitylhe
EEG signal isn the time framef tens to hundreds of milliseconds to a few secontisremost
of the cognitive processexccur EEG hastherefae beenused asa neurofeedback technique
(Groen et al., 200&s well asn ERP studiegHillyard, Luck, & Mangun, 1994)With a Fourier
transform, EEG signal can be parsed intdhe frequency domain,which have three
characteristics: frequency, power (the strength) and the phase (timg torhithe frequency
activity). EEG data coul dwith itsdoocalizaidndmretbagls fort h e
instancesinstead of relying on the twdimensional EEG electrode array, tlosv-resolution

electromagnetic tomography (LORETAJ)ovides thedistribution of thecurrent source density
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(CSD) throughout the full brain volumé@ascuaMarqui, Michel, & Lehmann, 1994; Pascual
Marqui et al., 1999) With neurophysiological rooted hypothesethis multidimensional
informationallows us to examine the bratpehaviour relationship.

The first report of human EEG dates 1829 when a German physician Hans Berger first
demonstrated that rhythmic braiactivities could be observed on human scalp without
craniotomyand he alsopioneeed Fourier transform to quantify the EEGle described the
observed oscillations of the electrical cursssn the scalp as two wave typese larger withhe
characteristis of slower time course armwhe shorter with more rapid on@a Vaque, 1999)
Berger later identified them as alpha andetawaves which, he found, appear alternatively
depending on changingrousal levelsMoreover,Berger used EEG as a tool to examine the
neuropathologypharmacological effects, sleep and some psychiatry disqliceigaque, 1999)
Ber ger 0s arch &3 lhi a solel Joandation for EEG studies. Tod&8EG ha been
intensively used in exploring the cognitive processes laslalso been commonly useth
clinical environments to study different psychiatric disordBrassen & Adler, 2003; Loo et al.,

2003; Mulert et al., 2007)

The Physiological basis of EEG

EEGrepresents the postsynaptic potentidlghe activated cell§low from the summated activity
of excitatory postsynaptic potential (EPSP) and inhibitory postsynaptic potehB&BR)(with
similar geometric orientationF{gure 1). The action potentialbecause of its rapidly deceased
propagation from the source to the scalp and dhsting durationis less likelyto be detected
by scalp EEG(Brienza & Mecarelli, 2019)However, it can occun epileptic patients, where

many action potentials activat el HKoimesud0@8a neous
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Figurel Thescalp EEG recorded from the summation of EPSP (A) and IPSPs (B) at postsynaptic sitelfgamumbers of
pyramid cells with ensembled orientation. The figure is adaptedFeyissa & Tatunf2019)

Scalp EEGsignals are generated by tlaege population of neurordominatel by the activity of
pyramidal cellswith assembled orientatiomn the cortical beneath the placed electrode
(Murakami & Okada, 2006)Thus, the location and the geometric orientation of the generator
play a critical role inshapingEEG signad. Field potentials with radial orientation generated
from cortical surfaceconstitute most to the EEG sipls while dipoles (generators) with
tangential orientatiorand dipoles in the sulcare less likely to be recorded by scalp EEG.
Therefore, sources from deep brain structures like thalamus, basal ganglia, hippocampus, and
brainstem(Holmes & Khazipov, 2007are difficult to be captured by the electrqdacedon the
scalp. Another related issue is volume conduction. Volume conduigtiorainly caused by
cerebrospinal fluid (CSFwhich results ina tangential spreadf electrical fields(Van Den
Broek, Reinders, Donderwinkel, & Peters, 19983 such,a placed electrode would record
ripple signas from the neuronal activityjust beneath another electrodénesefactorschallenge

the accuracy of thé i nv er s e 6 alcoldtdshe astinvated sourcesom the observed

activities
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The periodic activityobserved inraw EEG, alsacalled oscillations, can be considered the

result of the interactiobetween excitatory and inhibitory neurons. Ackog to the excitatory
inhibitory feedback loop synchronization mechanism, an oscillatory cycle begins with the
excitation of a population of neuromgich thengenerates further excitation, until the inhibitory
networks within these population are alsdvated to bring down the population activity. The
activity of the interneurons then decreases, allowing the excitation to recover and generate the
nextd wa xandwga n i cycte.6Ths reciprocal behavioupetween EPSPs and IPSBtsduces

theoscillatory pocesyWang, 2010)

EEG electrode positioning

The physiological characteristics of the scBRG signal hasimplied the importance of the
electrode positios In order to provide a standardized measurement from the anatomical
electrical current distribution on the skull, the -P® International electrode system was
establishedJasper, 1958Yesulting ina standardizedsystemfor clinical EEG(Klem, Liders,
Jasper, & Elger, 1999)The 1020 International electrode system means thatjntakhe
circumferential line as an exampl€7 is 1@ distance of the whole linfom T9, C3 is 20 %
from T7, and 20 %or CzC3, C4Cz, T8C4 and lastly, 10% for T208 (Figure2, more details
please refer td&lem et al.,(1999) It also provides a naming system to the electrode positions
which makes the communicati@trossEEG studiesavailable(Seeck et al., 2017) ater, the
extended 10% and higltensty array of 5% were developed, providing electrode numbers up to
345(0ostenveld & Praamstra, 2008 high-density EEG (EEG) arrayf 256 channels shown

in Figure 2. Suchan electrode cap is mainly used ifee&trical source imaging for presurgical
evaluation,especially when estimating the sourcesepfleptic activityis in focus(Seeck et al.,
2017) However, he nomenclature of scafgectroden the HD EEG arrayis in strong needs for

standardizatioffHeine, Dobrota, Schomer, Wigton, & Herman, 2020)
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Figure 2 EEG electrodesystemfrom different position montages. The left panel referghi standardized International-20
electrode system while the right panel demonstridtesighdensityscalp EEG array frontHydroCel Sensor Net system (EGI,
Inc., Eugene, OR)

Limitations of EEG

Low spatial informatiorand EEG artefastare consideredhe major limitatios of EEG. As
mentionedearlier, die to the nature ovolume conductionn the brain EEG hasa limited
capacity inexplaining activiles coming from deep brain sourcesd separating thd r ai n6 s
functional activities from other sourcas. Moreover,the accuracy of EEG signals may also be
affected by the number of electrodes applied to the scalp. This number ranges from a basic array
containing 25 electrodes tadHD EEGarrangement of up to 256 electrodEgyure2)d and even

the latter number may not be sufficie(@eeck et al., 2017)Electrical activites between
applicable electrodes could only be estidatesing the spline interpolation method from
neighbouringelectrodes(Perrin, Pernier, Bertrand, & Echallier, 1989)herefore, he signal
projeced to topographical presentation may not reflect the true siggaherated bythe

particular aresof the cortices The exactocation of the neuronal generatoai$ectedby factors
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such as the different conductivity of brain tissues,-nomogeneity properties ofie skull, and
different geometric orientation of cortical sourqd®plan, 2002) Although there are several
proposed methogdsuchas dipole fitting, adaptive and nonadaptive distribtgedrce maging
methodt o address the O6inversed problem, the acclt
magnitudeof the signalsould still be difficult.

Artefacs in EEG signad aredefined as unwantieand nomeurophysiological signal@andle &
Jog, 2015) The mostcommonartefacs contaminang EEG signas arethose generateby eye
movemend, saccades analinks, muscularmovemerns, electrocardiogranperspirationand other
addictive random noise arising fromstrumentalnoise and other physiological generat(Romo
V&quez et al., 2012)Study on epilepsyhave demonstrated that the contamination from muscle
artefacts have hindered tigentification of epileptic tissue@Ren, Gliske, Brang, & Stacey, 2019)

These artefasipose challenges to the analysis and priation otthe EEG signal.

PharmacoEEG

PharmaceEEG provides a nonrinvasive tool for CNS intoxicationsby monitoring
neurophysiological signals taid treatment selectionln psychiatic and industrialsettings,
PharmaceEEG often measures restisgte EEG and is quantified by the spectral powehas
two main implications monitoing druginduced EEG alterati@nand predicting clinical
response to a pharmacological medicigee reviewby Mucci, Volpe, Merlotti, Bucci, &
Galderisi, 2006) PharmaceEEG has been intensively used studying the diagnos and
treatment followups including immediatglinuma, Tamahashi, Otomo, Onuma, & Takamatsu,
1978) and longterm drug effed (Mikati, Trevathan, Krishnamoorthy, & Lombroso, 1991)
epilepsy patientfMeador et al., 2016; Puspita, Soemarno, Jaya, & Soewono, 2017; Smith,
2005) In areview of Hdler, Helmstaedter, & Lehnert{2018) most of the antiepileptiagents
function by supressing th@aroxysmal epileptic fornof discharges andhrough an oveall
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attenuation of powerThe most frequently observerhtiepileptic effectsnvolves the slowing
down of EEG signalsncluding an increaskepower of low frequenciedi@ndd) anda decrease

in higher frequenciegHdler et al.,, 2018) These EEG changes were also observed in the
medicationtreatment oschizophrenigKoenig, Hernandez, & Rieger, 2018ecently the focus
has been drawn tihe study ofdepression and antidepressainéviewed byAlhaj, Wisniewski,

& McAllister-Williams, 2011) A number of studiesevealed an increase in td@ndadecrease

in Ubandon drugfree MDD patientswho wereadministered with buspirone, an agonist of 5
HT1a receptor(Anderer, Saletu, & Pascullarqui, 2000; McAllistefWilliams & Massey, 2003;
Hamish McAllisterWilliams, Massey, & Fairchild, 2007Moreover, in a fouway crossover
study onthe effects of desipramine and two regimens of duloxetingeafthy male compad to
placebo, results showed that duloxetine prolonged the atsety ofrapid eye movemersieep
(Chalon et al., 2005)This provides direct evidence through EEG that the sleep distudiance
MDD patientscan be improved by antidepressants.

According to Mucci et al., (2006) EEG changesafter medicationis even a better clinical
manifestation than serum levels because the drug remnanirsizsitseven aftet he pati ent
serum concentratiodrops to zeroHowever,the EEG measuresndexing drug activity have not
been established Traditional pharmaceEEG indices such agpower analysismight not be
sufficient to capture the highly compléxteractions betweeneuromodulatory systems in the
brain. The use of more sophistichtend sensitive measures is requilfeat. instancegcombining
absoluteand relative powerstopographic parameterand sources localizatiprthe Vigilance
Algorithm Leipzig (VIGALL) has been developed to identify amaantify different functional
brain sates during wakefulnegdJlrich Hegerl, Wilk, Olbrich, Schoenknecht, & Sander, 2012,
Olbrich et al., 2015)Several studiehave documented thahis theoretical frameworkhas
predictive valudor the treatment efficacy @SRI antidepressant®lbrich et al., 2016; Schmidt

et al., 2017)Overall,a mechanism measuring changekk(G responseto druguse is yet to be
17



establishedefore it can be usedr aiding treatmentselection andor assessinglrug efficacy

and sifety.

EEG and the Serotonergic system

The ®rotorergic systemplays a role in various biological functions includingod, appete,
sleepwake regulationand cognition(Bravo et al., 2013)Using EEG, peclinical studies have
found evidences showinthe effect of serotonergimodulation of the cholinergic neurons on
cortical activity(Fumoto et al., 20105erotonin medication produced a ddspendent increase

of the low frequency) activity while decreasethe high frequency activity in the cortical EEG
(Bronzino, Brusseau, Morgane, & Stern, 1972; Cape & Jones,.1BfB)ary auditory cortices
were found tchavethe richest concentration of serotonin levels as well as the highest synthesis
rates (Hegerl, Gallinat, & Juckel, 2001)As such,loudness dependene# auditory evoked
potential (LDAEP) has been suggested teflect the serotonin levels in vivqGallinat,
Bottlender, Juckel, & Stotz, 2000; U. Hegerl et al., 2001i)animal studies, LDAEFhas been
consistently showro beinversely linked to théorain serotonin levels, with a higher LDAEP
reflectinga lower level of serotoniand vice versg@Juckel, Hegerl, Moln&, Csée, & Karmos,
1999; Juckel, Moln&, Hegerl, Csépe, & Karmos, 199 However,in human studies there was
less agreemerit Nat han, Segrave, Phan, OO6Neill, & Crof
In a recent multimodal study combining EEG andTREsults,albeit conductedn a small
sample (n = 23), demonstrated a correlation between LDAEP and serbfoaind serotonin
transporter in the temporal cortéRillai et al., 2020) A number of studies have also reported
serotonin dysfunction using LDAE#S anindicatorsin patients with depressiofiPark, Lee, Kim,

& Bae, 2010) schizophrenigWyss et al., 2013)anxiety disorde(Park et al., 2010and OCD
(Stein, 2002) However IDAEP might also be modulated by other neuromodulatory systems

( O6 Nei | | .dntthe study of(Ca2rilotD8-Da-Pera et al., 200Q)researchers foundo
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difference inthe LDAEP of patientswith OCD compared to healthy controls. Moreover,
citalopram, an antidepressant that increasesth@unt ofserotonin with SSRI have shown no
alterations on LDAERGuille et al., 2008) Furthermore, due to the closennectionbetween
serotonergic system and arousal, alpha asymmetry hastwesideredo be associated with the
serotonergic syste through a right temporoparietal and subcortical pathiBayder et al., 2008;
Tenke et al.,, 2011)The increased dfa and alpha asymmetry in SSRI responders might be
explained by the low level of serotonin in raphe nuclei and cortical affg@nider et al., 2008)
However, direct evidencghowing a connectiobetween cortical alpha activity and serotonergic
is yet to befound Future studieswith multimodal comparison would be beneficial for

investigating ifthe EEG technique could serve as a surrogate of serotoninergic activity in vivo.

EEG diagnostic and predictivebiomarkersin MDD

Even with the same diagnosistignts with MDDmay displaywidely different symptomgFava

& Kendler, 2000) and the panacea for this heterogenes disease imot available yetThe
treatment of MDDis often a shared decisiomade bythe patient and thehysicianbased on
his/her subjecive experiencesAlthough many different treatment options are available for
MDD, the nonresponse rates to firBhe treatment remain higihis cdls for objective reliable

and accessiblenarkersto help stratify treatment decisionSo far, gstematic effortdave been
made to findsuchpredictivebiomarkersincluding EEG measures, in order to assess the efficacy
of antidepressant@lbrich & Arns, 2013; Spronk etl., 2011; Trivedi et al., 2016; Wade &
losifescu, 2016; Leanne M. Williams et al., 20IMhe followingsectionsummarzes findingsof
studies that measur¢he effectiveness using lectrophysiological profiles as predictive

biomarkes to assessdlifferert treatment$or MDD.
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Alpha power and alpha asymmetry

Inconsistent results were reported in previous studies wheraltbelute and relativalpha
powerswer e bei ng as dreatnerd cbsponse an adsponsgMuinsaz, Malik,
Yasin, & Xia, 2015; Ulrich, Renfordt, Zeller, & Frick, 1984}linically defined responderare

found to havdower &solute occipital alpha power compared to -nespondergUIrich et al.,

1984) However,the study ofBruder et al.(2008)indicatedthat fluoxetine respondershowed
greater pretreatment occipital absolute alpha power compared {esmondersand healthy
controls Also results from the same groupenke et al.,(2011) assessed th€SD and
demonstraédthat patients with less alpha CSD were less likely to respond to serotaheigsc

The hemispheric asymmetry of alpha powek nown as 0 al @midahasdbeey mmet r
consistently reported to have prognostic vdoeimproving treatment outcomentriguingly,

alpha asymmetry was found to be gersigecific. Evidence has demonstedt thaithe response

of female nonresponders to fluoxetine tended to be characterized by right hemisphere
hyperactivity (right alpha less than lefBruder et al., 2001)n the same study settinBruder et

al., (2008)foundthat responders showed greatetivation of theright alphathan the left while
nonrespondershowedan opposite asymmetry. Similarly, alpha asymmetry ak® reported

by (Arns et al., 2016as gendespecific biomarkerFemale responders with greater right frontal

alphatended to havéavourable clinicatesponséo SR treatmend (Arns et al., 2016)

Theta and other bands

By analysing the conventional power spectrurecckased relative delta, relative thetad both
absolute and relative beta powevsre associatedvith better treatment response to paroxetine
(V. Knott, Mahoney, Kennedy, & Evans, 2000n particular, patierst with decreased
pretreatment theta i@ beenreportedto have favourable treatment outc@Tn(€TMS: Arns,

Drinkenburg, Fitzgerald, & Kenemans, 2012; losifescu et al., 2009; V.ait,Krelner, Lapierre,

20



Browne, & Horn, 1996)thoughno thetadifferencesn clinical outcomesverereported(Cook et

al., 1999) Furthermore, treatment response MDD patiens has also been examined using
guantitativeEEG (QEEG) with LORETA. Studies that utilized qEEG with LORETA showed
that medication respondetended to have elevatdtieta power inrostral anterior cingulate
cortex (rACC)(Korb, Hunter, Cook, & Leuchter, 2009; Mulert et al., 2007; Pizzagalli et al.,
2018; Pizzagalli et al., 2008nd elevated medi@FCtheta powe(Korb et al., 2009rompared

to nonrespondersArns & Olbrich, 2014; Jaworska & Protzn€013) suggested thathese
seemingly contradioty findings on theta activ#gs (from scalp EEG and from source
localization) came from different signal sourcesdecreasedscalp theta (tonic theta) was
associated to treatmenon-responders while increased theta ACC (phasic theta) was linked to
responders to medicatigArns et al., 2015; Arns & Olbrich, 2014)owever in the largest EEG
study on MDD (n= 655) so far Arns et al.,(2015) reportedthat lower theta is an indicator for
venlafaxineXR responders, but nthose toSSRI treatmentt is hard to conclude the predictive
value of theta ACC sinceifterent interventions have been used in the studies of theta ACC

There might exist treatment specificity in theta actiyiyns et al., 2015)

VIGALL

Dysregulation okleep and wakefulness acore symptonof MDD (Nutt, Wilson, & Paterson,
2008; Seifritz, 2001) However, conventional EEG measures have focused on either state of
sleg or wakefulnessbut these measures anet sensitive to sleepwake dysregulatignan
important symptom oMDD. VIGALL is a powerful tool allowingesearcherso evaluate the
resting EEG and electrooculogram d&tam full wakefulness to sleep ondgllrich Hegerl et

al., 2012; Olbrich et al., 2015\ ccording tothe theoretical framework afIGALL, hyperstable
vigilance regulation witHess declines toward relaxation is foundpatients withMDD and

obsessiveeompulsive disorder QCD), while patients with mania anditention deficit
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hyperactivity disorde(ADHD) tended to shownstable wakefulness regulation wighrapid

drop of vigilarce levels (Ulrich Hegerl & Hensch, 2014; Ulrich Hegerl et al., 2012; Olbrich et

al., 2013; Olbrich, Sander, Jahn, et al., 20E2)thermoreOlbrich et al.,(2016)reported that

treatment responders had a faster decline of wakefulness 3dfilmidt et al.(2017) reported

that patients with a pronounced hyperstable wakefulness regulation were more likely to respond

to SSRI treatmentThese studies, however, usedfatent methods ofrecording time which

probably impactedon patensd0 wakef ul ness regul ation. It IS
conclusios from only two studieson the prognostic power of VIGALLon the treatment

outcome

ERP measures

Auditory ERP components such as P20@ LDAEP were promising candidatéer predictng
pati ent s Oantidepressanifiosifescu, 2011)P300 refers to a positivity 800 ms after
stimulus onseandit could be evked by odd, infrequent stimuli in an auditory oddball paradigm
Patients suffering from depression were found to tsawalleramplitude and prolonged latency
of P300 compared to healthy contrgldumtaz et al., 2015)With regard to the treatment
response on P300, prior remoshowed that mtients vith smaller pretreatment B@ amplitude
tended to be neresponders to bupropion and escitaloptaeatmentgJaworska & Protzner,
2013) Although there weresome inconsistencie®300 latency has also been reported to have
some value in treatment predictignl K i nt a K , Ak, Er dem, ¥z, & ¥
Protzner, 203). LDAEP, a means tomeasure the cortical activity arising frommn ea@dstory
cortex is acquired from the slope atiditory tones of increasing loudnekshas been reversely
linked to serotonergic system in viv@uckel et al., 1999, 1997)Patients with higher
pretreatmentLDAEP (lower serotonin levels) were more likely to be treatment responalers t

SSRI drugqGallinat et al., 2000; Juckel et al., 2007; Lee, Yu, Chen, & Tsai, 200B8¢ the
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ones withliower LDAEPtended to havbetter clinical outcome to SNRI medicati@luckel et al.,

2007)

Other measures

Other measures such agtidepressant treatment respon&&R) indexand heta cordncehave
alsobeenstudedas predictors f torantigepréssaets) tABRONSIstseos pon s e
prefrontal thetaand alpha power from baseline and 1 week after treatment. It was refmorted
havegood accuracy> .70 in predictirg response and remissi¢see reviewosifescu, 2011)

Theta cordances an EEG measw that combires absolute and relative poweResults
demonstrated that patients with glier thetacordancetend to respontb SSRI and venlafaxine

(Bares et al., @08; Cook, Hunter, Abrams, Siegman, & Leuchter, 206@wever, ATR and

theta cordancarebothiit r eat ment emer gent main EESrnmeasureshi c h
one week after the treatment and cannot be assessed at baseline, drey tlawve limitedvalue

in clinical use.More recently connectivitywas found to beassociated witlp a t i dimcals 6
response tantidepressanid.ee, Wu, Yu, Chen, & Chen, 201T)he latesfindingsin combing

EEG and deep learningapproachesave shown great promise predicing the effiacy of

antidepressan{®yulan et al., 2020; Wu et al., 2020)

The rationale ofthe NeuroPharm study

Patients diagnosed with MDD display adewvariety of ymptomsin clinical practice{Fava &

Kendler, 2000) and the heterogeneity in MDD thupoisesgreat challege for treanhg the
diseaseThe curqadatr 6t 6i Bt e at mfeomsatisiaptgrygioirg thatonlys f ar
less tharb0% of MDD patientsachieve sufficient remissiomdm depressive symptonfRush et

al., 2006) These challenges have motivatetny research team& develop biomarkers in
collaboration with psychiatry environmer{tssuchter et al., 2009; Trivedi et al., 2016; Williams
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et al., 2011)A number of biomarkers have beeroposedby these multicentre studies, whilst
the direct brain mechanisrbehind depressive symptoms, antidepressarnd serotonergic
systemas well as their interaction stilemains unclear. Therefore, NeuroPharm, asoweel
initiative, aimsto not juststudypatients on a relatively large scale but d@tsprovide insights on
depressioron the level of neurotransntter (Kdnler -Forsberg et al., 2020Adopting across
disciplinary design, NeuroPharm trial covers topics ranginfom neurdransmitter,
neuroimaging, cortical activation twognitive levels to provide opportuniées for crossmodal
comparisos and thus help understand theechanismbehind depressiorEEG, having been
provedbe a promising biomarkésee reviewOlbrich & Arns, 2013) hasbeen associated with
the serotonergic transmitter systeRillai et al., 202Q) Therefore,this thesis examinethe
effectiveness of pretreatmentEE& as abiomarker and its clinical utilityas a part of the

NeuroPharm Trial
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Aims and hypotheses

The overall aim of the studis to examine the effectiveness of EEG/ER®biomarkers for
predicting treatment outcome for MDD patient$e study consiss of threeparts 1. We first
evaluatedthe generareliability of EEG/ERP parameters on healthy controlsconstruct the
methodologcal basis of EEG parameter§he existing dataset (reference No. 15835A) was
designed for this purpos€. We collected a independent datas€NeuroPharm:Kdler -
Forsberg et al., ZD) to directy validate he efficacy of published QEEG biomarkershosen
from a recent metanalysis(Widge et al., 2018)The dataset consisteaf EEG dataof 91 MDD
patients and 35 healthy control3. We further examined the diagnostic value of vigilance
regulation andas an exploratory attemphe treatment effect on the parameters of vigilance

regulationin the same dataset

Aims and hypotheses of study

In study , we aimed at examining thestretest reliability of EEG/ERIPparameters on healthy
mades at four preintervention recording intervalkhe purpose of studywas to assess whether
the dru@ smpacton EEG measureentsrecedeafter a washout period (182 days). Blood
serum concentrationsere measuredo monitor the possible cangver effect of previous
pharmacological drugWe hypothesized that: 1. The testest reliability of EEG and ERP
measures willdemonstrateat least moderate scarecross four preintervention recording
intervals. 2. The power spectrumrestingEEG will exhibit hgher testretest reliability than the
traditional pealpicking ERP measures. 3. Amplitude measures will have higheretest

reliability compared to peak latency measures.
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Aims and hypotheses of study

Since a recent metanalysis (Widge et al., 2018)oints out thatdirect replication of the
publishedQEEG biomarkersis missing we validated those biomarkers with our own dataset
(NeuroPharm, Forsberg, 2020herefore, the aims of studywere to reptateprevious studies

as closyy as possible, in terms of the methodology, data analysis, criteria of treatment response
and the statistical approach. We hypothesized thaiotharkersare possible to bevalidated
whenutilizing the same response criterR) Biomarkers based on a large sampleisipessible

to bereplicatal in the current dataset.

Aims and hypotheses of study

Vigilance regulation was nanalysedn the metaanalysis(Widge et al., 2018and ithas been
deemed relevant for the diagnosis of MDD and has an impact on predicting the responses to
depression treatme(®lbrich et al., 2016; Schmidt et al., 201The aims of the study were

to usethe data fromthe NeuroPharm tria(Kdhler -Forsberg et al., 2020and 1) to replicatethe

findings of a hypestable EEG wakefulness regulation in MDD in comparison to healthy
controls 2) to replicatethe predictive properties of the VIGALL algorithm with respect to
treatment outcome for psychopharmacological interventions using SSRIs and &NR4s.
hypothesied that 1)MDD patientswill show more high vigilance stages and fewer declines
toward sleep stages in comparison to healthy controls and slzstsessed with the VIGALL

algorithm,remittersfesponders will show a less stable EEG wakefulness regutaterrtime.
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Methods

Study was based on an existing datamsdkt (werfe rle:
on the data from NeuroPharm triakegistration number: NCT02869035; Trial papkihler -
Forsberg et al.(2020). Details of the methodologis given in the paper;dbow is a brief

summary othe methods used in tlieree papers.

Study : -iRtenention test re-retest reliability of EEG/ERP

Participants

Thirty-two healthy male participan{snean age 33.% 6.8) wererecruitedin the studyWomen

were excluded to eliminate tlwnfounder effect omenstrual cycle. The inclusion criteffiar
participants werel8i 45 years of age, 18.30 kg/nf body mass index (BMI) and 5000 bpm

resting pulse. Exclusion criteria included use of psychoactive medication, drug or alcohol abuse,
severe drug allergy or hypersensitivity and history of any caédpsychiatric, and neurological
(such as immunological, cardiovascular, respiratory, metabolic neurological, or psychiatric)
diseaseWritten informed consent was obtained from each participant prior the gilidje

collected data were included aathlysed

Procedures

Study was an i ntervent iblmded, fourway arossovemand platebo d o u b |
controlled studyThreeinterventions 10 mg vortioxetine (A), 20 mg vortioxetine (B),

15 mg escitalopram (C) and dacebo (D)were included Each participant was randomly

allocated into a sequence group (ABDC, BCAD, CDBA or DACB) with a washout peried (20

22 days) between interventions, resulteight participants in each grouriure 3). Prior each
intervention, a bioanalysis was performed to monitor if there is leftover effect from the previous

intervention. EEG data was recorded at the beginning of each session, before the administration
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of intervention.ContinuouseEG, auditory steady state responseajitauy oddball and hybrid

flanker Go/Nogo tasks were included as an EEG battery.

Overall Study Design

Screening  Session 1 Session 2 Session 3 Session 4 Follow up
—IE— - >
Washout Washout Washout
period period period

Figure3 Overall study design f s tThreeynterventions 10 mg vortioxetine (A), 20 mg vortioxetine (B), 15 mg escitalopram
(C) and a placeb(D) were includedEach participant was randomly allocated to one session sequence including ABDC, BCAD,
CDBA and DACB.After each sessionhére was a washout period (ranging froZBdays) between each session, glagma

concentrationsvas assessed tnake sure a completely washed out from the previous intervention

EEG recording

EEG was recorded from 28 scalp sites using-a2delectrode system, with a sample rate of 400
Hz (Comet EEG system, Grass Technologies, West Warwick, RIl, USA). AFz senthd as

ground and POz served as the referektextrooculography (EOG) and electromyogram (EMG)
were recorded at bipolar channels for later artifact remoRasistance across all electrodes was

-

mai ntai ned at |l ess than 5 kY.

ContinuousEEG

Resting and vigdncecontrolled EEG wereach recorded for at least 3 mParticipants were
told to relax, keegheir eyes closed and stay awake in both conditions. They were instructed to
presstwo buttons using their thumiskiring the vigilancecontrolledrecording There would be

an alert sound the participant let go of the button.

Auditory steady state response (ASSR)
In order to assess gamma activitgricipants were presented with a 40 Hz impulse trains sound

at 89 dB binaurally through a headset (Sennheige281 Il pro). Each train was composed of
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20 biphasic 1 ms clicks over a 500 ms period followed by 700 ms of silEhese trains were

repeated for 5 min.

Auditory Oddball

The auditory oddball paradigm consisted of two acoustic stimuli with differequdreies
standard tones (500 Hz) and deviant tones (2000 Pajticipantswere asked to count the
deviant sounds. Each session consisted of on average of 35 deviants (randomized between 30
and 40) and 198 standards (randomized between 170 and 226)nt0ewis made up 15% of

the presentations. The sound level for each tone was 85 dB, with duration of 100 ms and
interstimulusinterval (ISI) of on average 1550 ms (randomized between 1200 and 1900 ms).

The test lasted approximately 7 min.

Hybrid Flanker GaNogo (Hybrid FT)

Stimuli consisted of one of the following letter strings (BBBBB, DDDDD, VVVVV, UUUUU,

BBDBB, DDBDD, UUVUU, or VVUVV) and were presented on a computer screen for 300 ms

in randomized order. Participants wenstructedto focus on the ceet letter and to press a

button whether it was a B or a U (Go condition), and to withhold a button\whessappearance

of a D or V (NoGo condition). Each condition consisted of 420 triakulting840 trialsin total

Strings with congruent letters madip 40% of presentations, while strings wilcongruent

letters were shown in 60% of all trialBhe presentation of the letter strimgs followed by 750

ms for stimulus onset asynchrony (SOA) and 500 ms for feedback in response to the participants'
pef or mance: Otrued (i.e. correct and in time),

ISI was 800 ms (randomized between 600 and 1000The)estlastedapproximately 45 min.

EEG data prepossessing an@nalysis
Details were described in par and wer e brhere Eye plinksandrotimea ocular e d

corrections were conducted by the ocldatefactreduction option of NeuroScan 4.1 software
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and then were processedthe following steps: 1Butterworth mtch filtering (50 Hz)with a

filter order of 6 2. Continuous EEGButterworth landpass(1i 80 Hz) filtering with a filter

order of 2 ERP: Butterworth banepass (0.030 Hz) filtering with a filter order of ;23)
Continuous EEG:e&referencing to the average electrode for continuous EEGdiegs.ERP:
re-referenced offline to the linked mastoids.

Time-frequency analysis of all dataA complex Morlet wavelet with a bandwidth of 10 Hz and a
center frequency of 1 Hz was applied. The wavelet frequencies rangingif8hHz with a 0.5

Hz betwenscale frequency intervaPower was acquired from the following standardized
bands:ti (1i 4 Hz), d (41 8 Hz), U(8i 12 Hz),b (12 30 Hz),o1 (30 45 Hz) ando2 (45 80 Hz).

The o band was divided into two bands to avoid muscle artef&qtscifically,absolde power

was calculated for the continuous EEG a&awbked power was calculated for ASSR, auditory
oddball and hybrid Flanker tasks, in which only the ercommissionwas examinedPower

from the three midline sites (Fz, Cz, Pz) were extracted for fughalysis. Logarithmwas
applied for the normalization purpose.

Grand average analysis of ERP datt EG data was segmented into epochs of 1000 ms and 600 ms
for auditory oddball and hybrid Flanker task respectively. All epochs include 200 ms pre
stimulus laseline. Epochs were rejected if the voltage in EOG channels, Fpl, Fp2 exceeded #75
e V. I n the auditory oddbal | t ask, the selec
windows for peak identification included: standard: N10Gi (8@ ms), P200 (14@70 ms);
deviant: N100 (80140 ms) and P300 (2v850 ms). Baseline to peak measures were determined
on three midline sites (Fz, Cz, Pz). In the hybrid Flanker task, ERA5(0ms) was analyzed at
sites in the fronteentral area (Fz, Cz) and Pe (18B0ms) wasnalyzed at sites in the centro

parietal area (Cz, PZyhe number of accepted epochs is shown in Table 1.

Table 1 The number of accepted epochs for different tasks.

Condition BL1 BL2 BL3 BL4 p values
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Task

Auditory ~ Stamard  18023(117212)°  169:37(101227)  1677(97-215) 174134(80-227)  F(3,92) = 1.884p=0.138

oddball Deviant 3145(22-38) 3047(16-40) 2946(12-38) 3047(15-40) F (3,92) = 1.270p = 0.289
Eé k:]rl'(‘ér Error 85435(28-180) 70228(8-133) 67436(8-183) 72431(3-141) F (3,92) = 3.981p=0.010

Notes.2Meanand standard deviation are reported. Minimum and maximum of epochs are provided in the brackets.

Study andStudy : EEG biomarkers from NeuroPharm tri

Study cohortand treatment

A hundred outpatients diagnosed with MDD were recruited in the NeuroPharm tri&ligsee

4 for a flowchart of the study)The incluson criteria included: 1865 years of age, with
moderate to severe, first or recurrent major depressive episode and with a minimum score of 18
on Hamilton Depression Rating Scale 17 items (HBREXxclusion criteria included clinically
significant psychosi, severe somatic gaoorbidity, current or previous psychiatric severe co
morbidity, acute suicidal ideation and more than 2 years of duration of the current depressive
episode. Thirty-five healthy controls were included as controls in the EEG analpdls
participants provided written informed consent prior to participation. Ethical approval was

obtained by the National Committee on Health Research Ethics (protedéD1¥713).
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1. Screening (n = 259)
1.1 Central referral site (CVD): all referrals for depression ( n= 228)

1.2 General practitioner (GP): all contacts (n = 31)

Exclusion (n=159 (CVDn= 144, GPn = 15))
[ Patient Enrollment ] - 2.1 Not meeting inclusion criteria (n = 103)
2.2 Declined to participate (n = 55)
2.3 Other reasons (n = 1)

3.1 Allocated to baseline intervention : escitalopram (n= 100)
Allocation 3.2 Received EEG baseline intervention (n= 92). Reasons: Technical errors and coordinate faults (5/100),
drop-out before study baseline ( 2/100) and pregnancy before study baseline (1 /100).

3.3 Data Exclusion for prediction analysis (n = 1). Reasons:  spontaneous remission .

4.1 Dr i after 4 weeks (n =
ropped out after 4 weeks (n = §) Early responders Early non-responders
4.2 Early responders after 4 weeks (n = 33)
AHDRS¢ = 50% at week 4 AHDRSg < 25% at week 4

4.3 Early non-responders after 4 weeks (n = 18)

4.4 Not-early responders/early non -responders (n = 32)
4.5 Patients shifted to duloxetine (n = 15)

Clinical Qutcome: l
NeuroPharm l l l l

Week 8 : Final status on treatment response Remitters Intermediate Non-responders
5.1 Droplped out after 8 weeks (n =12) Early responders and responder s Early non-responders
5.2 Remitters after 8 weeks (n = 21) <5 points on the and AHDRS < 50%

5.3 Non-responders after 8 weeks (n = 15) HDRS: at week 8 at week 8
) p a0l

5.4 Intermediate responder s (n = 43)

Figure4 The flowchart of the study design of Nefharm trial. The definition of treatment responses of NeuroPharm was

framed with dashed line. The treatmenpresn s es wer e def i ned a s>5%50%latlweew4dwereat i ent s wi t
considered early r es p& B5bbatrweek 4 Weee tcangderedsearly-iegpdtndecgHPBtiRrEs with

oH D R$50% at week 4, and <5 points on the HpB&le atweeB wer e considered remktters; Pat
25% at we ek 450% at deek@BH@rR Snsidered responders. Patients who were neither remitter nor non

responder criteria were classified as intermediate responders.

EEG recording was obtad at a pretreatment visit (before medication) and 40 of the patients
were recorded again 8 weeks after treatment administréiBG data were acquired prior
treatment in79 patients and 35 controls (please refeFigure4 for the exclusion reasonht 8

weeks followup, EEG data from 3patients wasicquired

Patients were first treated with tB&SRIescitalopram at flexible doses afZh mg/day adjusted
depending on effects and side effects by trained physiciasents with no response to

escitalopram after 4 weeksgere shifted tothe SSRISNRI duloxetine (n = 15). Compliance,
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sideeffects to antidepressant treatment, and depressive symptoms were monitored at each visit:

week 1, 2, 4, 8 and 12.

Clinical measues and treatment response

Changes in clinical symptoms were assessed by comparing the -tgdlosessions with
pretreatment depressive scordhe HDRS subscale was extracted from the HOR$%or
defining the treatment response in the NeuroPharm trialetail, the treatment responses were
defined as followP at i ent s #» 50% at gdelORvEere considered early responders;
Patients &< 25% at qpeeb R\Bere considered early -nesponders; Patients with
PHDR S 50% at week 4, and < 5 points the HDR$ scale at week 8 were considered
remitters; Patsi<e n2t5s% waitt hw egeHkb R450%a at dveekotH\WieReS
considered nomesponders. Patients who were neither remitter nosr@gponder criteria were

classified as intermediate responders.

EEG recording

Participants were instructed to remain still and relaxed, avoiblayes and movements and to
relax chin muscles during recording. Resting EEG was recorded duringfoargriods with a
counterbalanced order of OCOC (O for eyes operfpiCeyes closed) or COCO between
subjects. EEG data was recorded using a@&hnel HydroCel Sensor Net system (EGI, Inc.,
Eugene, OR) at 1000 Hz with 0100 Hz analog filtering where vertex electrode served as the

reference. Impedances of all electrodes r e kept bel ow 50 kq.

EEG data analysis

Study
Study intended to replicate pretreatment QI

identified to successfully differentiate treatment responses. We selected candidate biomarkers
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based on pretreatme@EEG biomarkers that were associated to medication and resting EEG
from the metaanalysis(Widge et al., 2018jor validation purposesT@ble 2). The study of
(Pizzagalli et al., 2018ayas also included since it was the largest multicenter randomized
placebo controlled clinad trial (Trivedi & al., 2016)and was published after the meataalysis

(Widge et al., 2018)Treatment emergent biomarkers such as theta cordance and antidepressant
treatment response index were not applicable in NeuroPharm trial and thus were excluded from
this analysis. Sulies with alert EEGCook et al., 2009; Dan V. losifescu et al., 2009; Korb et al.,

2009)were also esgluded due to different subject vigilance states were recorded
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Table2 The included candidate biomarkers for replication

Studies Sig. QEEG biomarkers %E?gtriglrrl]? R | NR Clinical evaluation Medication Response criteria
: : R: O 50% i
Greater FAA in R and . escitalopram, AR
Arnset al. better response to SSRI Two 2min (CO or 427 | 240 HDRSy7, Baseline, week 8 sertraline, HDRS. Remission:
(2016) in female 0C) venlafaxine score of
HRSD;;
. . R: AMuch i
Bruder et al.| Lessright alpha than left] Four 2min (COOC " . . ~
(2001) in female NR or OCCO) 34 | 19 CGl-I; Baseline, week 12 fluoxetine Avery much
on CGH
1. Greater occipital alph , R: AMuch i
Bruder etal.| R; 2. Greater right Four2min (COOC| 4, | CGl-l; Baseline, week 12 fluoxetine fivery much
(2008) . . : or OCCO)
hemispheric alpha in R. on CGH
Ten 3min
Pizzagalli et ng_h_er rACC theta (CoCcoCcococCco 9 9 BDI: Baseline, 4 months nortriptyline Median split of BDI
al. (2001) | activity, better response or scores
OCOCOCOCOC)
Pizzagalli et| Higher rACC theta Four 2min (COOC o4 HDRS:7; Baseline, weeks 1, 2, 3,4,¢  sertraline, Absolute score on
al. (2018) | activity, better response or OCCO) and 8 placebo HDRS7
Rentzsch et| Higher right pg/adACC . . , . . R: O 50%
al. (2014) | delta in R 010 min (C) 11 | 20 HDRS21; Baseline, weeks 2 and 4 | various SSRIs HDRS,, at week 4.

Notes ! C refers to eyes closed, and O refers to eyes éfdm study did not provide information on the numbers for treatment respondeespormers.

Abbreviation: R, responders; NR, nenespondersSSRI, selective serotonin reuptake inhibite&A, frontal alpha asymmetryACC, rostral anterior cingulate

cortex; pg/ad ACC, perigenual and anterior dorsal anterior cingulate cortex; HDRS, Hdbeilitession Rating Scale; CGClinical Global Impression

Improvement scale; BDI, Beck Depression Inventory.
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These chosen biomarkers were then validated as close as possible to the resample studies, in
terms of EEG data analysis, clinical criteria atatistical approaches.

Study

VIGALL was adopt to theyes closed restingEG in order to identify and different functional
brain states from wakefulness to sleep onset. VIGALL was an algebi#sed method that
could automatically classified EEG epodh$o the following arousal states: stage 0 (highest
arousal), A1, A2, A3, B1, B2/3, C (lowest arousal and indicating the sleep onset). For technical
details please refer to VIGALLmanual (VIGALL 2.1 manual; https://research.uni
leipzig.de/vigal) and herewe briefly summarized. The classification method mainly based on
the distribution of alpha cortical current density over our regions of interests (ROIs): frontal,
central, temporal and occipital. After closing eydgssynchronizedalpha activity with the
absence of slow eye movements (SEMsuId dominate the cortical activity (state 0). Along

with the relaxation of the participant, synchronized alpha activity would dominate progressively
from occipital (Al), central and frontal (A2), and to mainly frontalea (A3). Next,
desynchronized alpha activity would appear again and replaced by low amplitude with SEM (B1)
then dominate by delta and theta activity (B2¥8)th the appearance of-Bomplexes and sleep
spindles, the epochs would be an indicative oéslense{C). The resulting classification was

then assigned numerically with a range from 7 (stage 0O, full wakefulness) to 1 (stage C, sleep
onset) for further calculation.

Twenty-five channels were selected from our hagnsity EEG neprior calculatim, which
included: Fpl, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP6, P7,
P3, Pz, P4, P8, O1 and G2EOG and VEOG were chosen as close as possilthetelectrode
locationsaccording to the VIGALL manual. The EEdatawas th@ downsampled to 250 Hz

and rereferenced to an average reference. The data was cut into 1s epochs for manually check
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for artefacts Eye movemenartefactsvere removed through independent component analysis.
zerophase digital 1IR Butterworth bandpadser with cut-off frequencies (05570 Hz), andan
additional 50 Hz notch filtewere applied to the dateSince no subject haany sign of sleep

stage (stage C) and the prevalence of stages A2 and A3 have been quite low in previous studies,
we followed he usual procedure of pooling two A stages (A2/3), resulting in five different
vigilance stages (0, A1, A2/3, B1, B2/3). Median vigilance of eagtinlblock and the vigilance

slope of each 3nin block were reported. A positive vigilance slope indicdess decay in
vigilance while a negative slope indicatetiore pronounced decrease of vigilariosvard

drowsiness.
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Statistical analysis

Study

The statistics were divided into two parts. First, all EEG and ERP measures were analyzed with a
linear mixed model with assigned sequence (ABDC, BCAD, CDBA or DACB) and baseline
recordings of each session (BL1, BL2, BL3, BL4) as fixed factors. An wtstad covariate

matrix was employed. In all the mixed models, age was included as covariate arstjleast
means were used in post hoc analyses. Main effects of session and sequence were teBted using
tests.

Second, the tesetest reliability was evahted by intreclass correlationICC) with absolute
agreemen{Brunner et al., 2013; Hanmerer, Li, Vdkle, Miler, & Lindenberger, 20133ingle
measurdCC (A, 1) was calculated respectively by a tway mixed random modéMcGraw &

Wong, 1996) where participant served as random variable and session served as mixed variable.
ICC of adjacent time points and overall time variance eported. In accordance with the
classification of ICC levels in a previous stu@entzsch, JocketScheribl, Boutros, & Gallinat,

2008) ICC < 0.39 would be considered poor, 10469 fair, 0.60.75 good and > 0.75 would be

consideed excellent.

Study

All the statisticalanalyses were performéallowed as they are ithe resampled study, including

the selection of modgland included covariates. The included biomarkers were examined with
both the criteria of NeuroPharm and of tiesample studies. Since the rating scaleslinical
measuredrom previous studies might not be included in the current study, a transformation
between scales for treatment response was applied whenever p@Rssdel et al., 2010)
otherwise responders were defined by at least 50% improvement of depressive symptoms as

assessed by the HDRScore. Onesidedp values were chosen for validation purpose.
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Study

The main outcome of VIGALL included percentages of each vigilance sf{agstates x 6

blocks) median vigilance of each blo¢g blocks)and vigilance slopéwo separate eyes closed
recordings from one session® and 29 recordings) They were correspondinglsubjected to
repeatedanalysis of variancéANOVA) to determine whether there were temporal difference in
EEG vigilance patterns 1) between pretreatment MDD and healthy co@)rblstween remitters

and nonrresponders (NeuroPharm criteria) pretreatmst vigilance; between responders and
nontresponders, and remitters and fiemitters in pretreatment vigilance (iISPDTcriteria), 3)
between pretreatment EEG and the EEG after 8 weeks of treatment (treatment), and whether
these vigilance patterns differetiveen different treatment responses with both criteria of
NeuroPharm and iSPQD. The analysis of Receiver Operator Curve (ROC) was performed for
significant discriminant on the clinical out c
scor es HORSoatnhd qopH)DaRdSvigilance slope was performed to investigate the

vigilance effect on clinical outcome.
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Resultsand discussion

Study

Is there significant difference across different recording sessions?

Absolute power of continuous EEG

Absol wptoewes 1 at BL1 was |l arger than tg€06I ast
Figure5) under vigilancecontrolled recordingp values > .05). No other significant effect was

found ( values > .05).

Fz Cz Pz
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3 10
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Resting ¢ 8
4 6
4
4
2
2 2
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
12 9 12
19 10
Vigilance- 7 g 3
5
controlled ) 5 E,
%
4 3 < 4
2 L 2
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Frequency (Hz)
—— BL1 —— BL2 —— BL3 —— BL 4

Figure5 Spectral analysis for resting state and vigilacastrolled across four priatervention sessions. Three midline
electrodes (Fz, Cz and Pz) are shown for each condition. Foeintpreention sessions (BL1, BL2, BL3 and BL4) are shawn

different colors.

Evoked power of ASSR, auditory oddball and hybrid flanker task
In ASSR taskFigure 6a), smallerfrontal U and largernl power was observed at BL1 compared

to BL3 and BL4 {: F (3, 31) = 3.919p = .018;21: F (3, 31) = 3.567p = .025. Similarly, a

smaller parietall was observed at BL1 compared to BlE4(3, 31) = 3.179p = .038) Centrald
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at BL1 was thesmallest compared to other recording sessibn8,(31) = 4.352p = .011), and
centralUat BL1 and BL2 were smaller than that of B(F4(3, 31) = 3.409p = .03)

In auditory oddball taskFigure 6b), standardand deviant stimuli were analyzed separately.
Standard tone: smallest frontand largest parietalat BL1 were observed among all recording
sessionsK (3, 31) = 5.651p = .003;F (3, 31) = 3.844p = .02). Deviant tonethe frontall was
larger at BI2 compared to BL3 and BL4-((3, 31) = 3.111p =.04). Frontald at BL1 were
smaller than BL2 and BL 4~((3, 31) = 3.327p = .032). Parietadf at BL1 was smaller than BL2
(F (3, 31) =3.185p = .038)

In hybrid Flanker tasKFigure6c), smaller centratl at BL1 and BL2were recorded compared to
BL3 (F (3, 31) = 3.52,p = .027) Smallest frontecentral b and 922 was observed at BL1

compared to other recording sessiofRg3, 31) = 3.679p = .023;F (3, 31) = 3.219p = .036).

Centr al b, 291 and 22 R(3 31B431297w=a.833;6(31&1) + 4804, t han

p=.007;F (3, 31) = 3.640p = .023).
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Figure6 Time-frequency demonstration for ASSR, auditory oddball and hytaikér tasksResults from Fz are shown here
since it reveals the most significant differendesurpre-interventionsessions (BL1, BL2, BL3 and BL4) are shown in columns.

Log-scale is shown for the frequency range.

ERP analysis of auditory oddball anddrid Flanker tasks
For the standard stimuli in the auditory oddball téSigure 7), fronto-central N100 exhibited

larger amplitude at BL1 and BL2 than BLE (3, 31) = 5.21p = .005;F (3, 31) = 6.93p =

.001). Moreover, parietal N100 latency showed longer latency at BL1 than other recording
sessionsK (3, 31) = 3.36,p = .034). No sessions effect was found for P200 amplitude and
latency. For the deviant ERFBigure?), shortest central N100 latency was found at BEA,

31) = 3.26,p = .034) while a shorter P300 latency was observed at BL1 compared td-B84 (

31) = 4.13p = .014).

In hybrid Flanker tasKFigure 7), fronto-certral ERN exhibited longer latency at BL1 than at
BL3 and BL4(F (3, 31) = 3.78p = .02;F (3, 31) = 6.91p = .001) The centreparietal Pe
showed longer latency at BL1, BL2 than at BL3 and BE43, 31) = 29.34p < .001;F (3, 31)

= 22.66,p < .001).

i
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Figure7 The mean ERP waveforms for the auditory oddball and hybrid flanker task (epoched by the error commission). Three
midline electrodes (Fz, Cz and Pz) are shown for each task/compeaenpreintervention sessions (BL1,R, BL3 and BL4) are

shown in different colots

Our results indicated that the absolute power of continuous EEG showed less variation between
sessions compared to tastated EEG and ERP. Also, the EEG activity at the first recording
(BL1) contributed tk most to the variations. More discussion would come after the results of
testretest reliability.

Repeated ANOVA was mainly used when testing difference between two recording sessions,
however, this traditional approach is not suitable for feessionsdesign. The reason is that
ANOVA uses a compound symmetry structure to assume the covariance matrix between pairs of
within-subject variableRigure8 left panel), while this is not the ideal case. Linear mixed mode
with unstructured covariance matrix is preferable because the variances of the differences
between all possible pairs of conditions do not necessarily to be Emale@ right panel). For

instances, thevariaac bet ween BL1 and BL2 doesndt requir:¢
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the same subjecthis approach is reasonable to use given the fact that we cannot be sure if

EEG/ERP parameters decay, increase or remain still between different recording sessions.
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Figure8 A comparison of compound symmetry and unstructured covariance matrix.

Is EEG reproducible among four pre-intervention sessions?
Absolute power of continuous EEG

The results ofliCCs showed excellent tesetest reliabilly (0.84 0.97, Figure 9) at adjacent
sessions in the frequency bandsdpiU and b at midline electrodesHowever, the lower and

higher ends of the frequency bands demonstrated more vari&igpe®).
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Figure9 Intra-class correlation coefficientGC) for continuous EEG across fopire-interventionsessionsMidline d, Uandb

show excellent tegtetest reliability (0.840.97).Mean and confiderihtervals forlICCs are shown in the figure.

Evoked power of ASSR, auditory oddball and hybrid flanker task
Compared to continuous EEGigure9), the testretest reliability of ERP tasks watearly less

stable ovetime.

For the ASSR task, midlinel i which contains the stimulation frequeincgxhibited fair to
excellent reliability for both adjacent sessions and across thiie.&6, Figure 10). Standard
tone was more robust than deviant tones, but alsolarijle variation between sessions. Midline

b andal revealed fair to excellent levels of reliability for both adjacent sessions and across time
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(0.44i 0.85). For the deviant tones, theCs of U were in the range of good to excellent (0.63
0.83). For the ear response of the hybrid flanker task, tR&s of d exhibit better reliability

compared to other bands (0i®085).
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Figurel10Intra-class correlation coefficientGC) for ASSR, auditory oddball and hybrid flanker tasks acfogssessions.
Power measures of tasks related EEG were less robust compared to continuoMe&fEend confident intervals fil€Cs are

shown in the figure.

ERP analysis of auditory oddball and hybrid Flanker tasks
Late components such as P300 amplit(@b5 0.80), PP0 (0.49 0.83) and Pe (0.60.82) had

good to excellent reliability Higure 11). Latency measures were less stable compared to

amplitude measures in general.
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Figurellintra-class correlation coefficientGC) for peak amplitude and latency measures of auditory oddball and hybrid
flanker tasks across fopre-interventionsessionsLater components such as P300, P2 and Pe have highestésstreliability
compared to othezarly components. Amplitude (Amp) measures are more reliable than latency (Lat) méasaneand

confident intervals folfCCs are shown in the figure.

In study , amedirst to report théestretest reliability of continuous EEG, ASSR, auditory
oddball and hybrid Flanker taskserfour pre-intervention sessionshile previous studies have
mainly conducted with two sessiond/e found that the absolute power aintinuous EEG
demonstrated excellent reliability in the middle frequency badd$) @nd b), while evoked
power of ERP tasks exhibited more variances over time. Regarding to th@ipidak and
latency measures, we found that late componéR800, P200 Pe) had higher reliability
compared to those early components (N1, ERN). Latency measures was unstable over time
compared to other measuré&ur results provide evidence that these EEG/ERP parameters are
reliable across threeeek intervals and thus asafficiently reliable for future investigations.

For the power analysisour results suggest that the middle frequency bands have higher
reliability than the edge bands in both EEG and ERP data. Our findings duplicated the finding of
Gudmundsson, Runarsson, Sigurdsson, Eiriksdottir, & Joh(®@d7) which also showed that

the U ando bands were less reliable than the other bands. On the contrary the stdiaoifis
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et al., (2005) researcherseported that lower frequency bands, (agd, tend to have higher
reliability thanU and b bands. They suggested that the discrepancies might be due to different
time intervals between recordings. We argue that the length of session intervals might not be the
main reason, but that the noise leiee The o band has been divided into two bands in our
analysis in order to avoid the noise coming from the muscle activity and the main power source.
This results il (with less noise blended in) having higher-tesest reliability tharo2 (Figure

9). Since these two bands share the same session intervals but have different reliability, we
hypothesize that the different noise levels influence the reliabilitsh regard to the reliability

of ASSR, there haveeen only a few studies that have investigated it (8®AB3R: (Kaf, Sabo,
Durrant, & Rubinstein, 200610 H2ZASSR:(McFadden et al., 20)) Little is known about the
reliability of power spectra, even though it is the main purpose of this paradigm to see the
changes in the band. The results suggest that ASSR measures are highly stable over time. Our
results on the reproducibility of ASSR extend the current findings by presenting the power
spectra of ASSR measure.

The reliability of ERP data is affected by various fact@sunner et al., 2013; Larson, Baldwin,
Good, & Fair, 2Q0), resulting in less stableliability compared to power measur&ge found

that the reliability of ERP measures is affected by the size of the components. Sinatler
components such as N100 and ERN exhibit lower reliability relative to largaicomponents,

P300 and PeFjgure 11). This discrepancy could be caused by the different SNRs existing in
different sizes of ERP componefhtuck, 2005) Increasing the number of avgeal trials and a

better control of artefacts could increase the SNR for ERP components (See exploratory analysis
in paper ). Higher SNR for small components could notice future studies for reaching high or

comparable reliability as large components.
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Study

Of those who completed the study, the remission rate (assessed using the criteria from
Neur oPhar m) an 80%ringpsyementsobdepreasivesynipOms on HRREore)

were 26.58% and 55.70%.

We found that only two out of six candidate biomarkers could be partially replicedbte ).

These two biomarkers bothvoloved alphaasymmetries: frontal alpha asymmetry (FAA) and
alphaasymmetry

FAA: After the exclusion of patients with low serum concentrations and patients with duloxetine
(remaining n = 35), we found a significant gendpecific partial correlations between FAA
score and HDR&scores were found at week B (B0) =-0.29, Ponetailed = .048) and for the
improvement at week 8 (30) = 0.32 ponetailed= .036) in eyes closed conditioRigure12a), as

well as in eyes opecondition (HDRS: r(30) =-0.28,ponetailed= . 0 6 0 ;6. r (B®) BR.S1,
Ponetailed = .041). Consistent with prior report of FABArns et al., 2016), this association
between treatment response and FAA was only found in female patients but not male.

Mean dpha asymmetryWhen testing the mean alpha asymméBruder et al., 2001)og alpha
powers & three regions (frontal, central and posterior) were subjected to repeated ANOVA
without taking the average across three regions. We found a greater right posterior alpha in male
nonresponders (both NeuroPharm and criteria of the previous $tu@y,64 = 3.87,p = .041;

F (2, 150) = 4.31p = .025 and a less right central alpha in female-nesponders (only found

when the criterion of the previous study was appliedurel12b).
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a. Alpha asymmetry for Amns et al., (2016) b. Alpha asymmetry for Bruder et al., (2001)
Association between FAA and HDRSg at week 8§ Association between FAA and AHDRS6 at week § Alpha asymmetry between treatment responses
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Figurel2 a. Female patientho have flgher pretreatment FAA scofeght dominated FAARre associated witlower
depressive symptona week 8 (Figurd2a left panel) Also, pretreatmerftAA scores are positively(right dominated FAA)
associated with patiens 6 | mpr cpHORE B t a gRiguwesl2a kight3panel). Grey areas indicate 95% confident
intervals for the fitted lines. Mean alpha asymmetry shows a gender difference on the treatment reshenghke criterion of
the study of Bruder et al. (21) wagaminedError bars indicate standard deviatioRemale responders hageeatercentral
alpha asymmetr{right > left) than femalenonresponders while male responders hHawveer posterior alpha asymmet(sight <
left) than malenon-responders.

Note: *: p < .05.

We observed a gendapecific effect for alpha asymmetry, in line with the literafifms et al.,
2016) demonstrating that greater right FAA indicates lower HPRSore and better
improvement of depressive symptoms at week 8 in female patients. Furthermore, female non
responders showed an opposite asymmetry at the ksites Our results might indicate that
there exists a gendeelated lateralization in the serotonergic neurotransmitter system, which
modulates the effect of an antidepressant. A recent study reported that-t8pec#ig cortical
lateralization is asxiated with SHTTLPR (serotonirtransportedinked polymorphic region)
genotype(Volf, Belousova, Knyazev, & Kulikov, 2015Moreover, inthe study ofVolf et al.,
(2015) researchers revealed that theIBTLPR polymorphism affestlateralization in healthy
female. Furthermore, previous studies, meastmedPET, have also found sex differences in
cortical asymmetry of both the serotonin transpofiieanz et al., 2014and the serotonin 1A
binding (Fink et al., 2009) Future investigations on segladed asymmetry on serotonergic

system could help the understanding of this observation.
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Theta current source densityhe current results revealed an opposite direction of ACC theta
(seeFigure 13a for the choseMontreal Neurological InstitutéMNI) coordinatesgompared to
previous study(Pizzagalli et al., 2001)We found a higher ACC theta in nceresponders
compared to remitterd (1, 33) = 5.10p = .03 Figure13b). A negative correlation was found
when correlating ACC theta aidh e | mpr ovement of depr essrsi ve
(44) =-0.21,p = .085).No such effect was found wheine criteria of the resampled study was

being assessed yalues > .0h

a. MNI coordinates for ACC b. ACC theta between treatment response
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Figure1l3a. The visualization of the chosen Mbbordinates (view angle: [X, Y, Z] = [7, 35, 16] mm). Theta power was

extracted from a rACC cluster (idéral 14 voxels fron{Pizzagalli et al., 2018b; Pizzagalli et al., 2Q01ighlighted as red) and

delta power was extracted from pg/adACC (identical 22 woikem(Rentzsch, Adli, Wiethoff, GdneLarrilo De Castro, &

Gallinat, 2014) highlighted as yellow). b. Theta activity at rACC cluster (red blocks) for both response criteria: NeuroPharm and
the previous studgPizzagalli et al., 2001)Logarithmic theta current source density was extracted from rACC using eLORETA.
When the criteria of NeuroPharm was assessed, the results showed a significant higher ACC theésjiondars compared to
remitters. No such differ@e was observed when the criteria of the resampled study was assessed. Data were visualized the same
way as the resampled stu(Bizzagalli et al., 2001)

Note: *: p < .05.

Inconsistent with prior studie@orb et al., 2009; Mulert et al., 2007; Pizzagalli et al., 2018;

Pizzagalli et al., 2001; Rentzsch &t 2014) we did notfind that higher slowfrequency activity
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at ACC was associated with response. Conversely, the results demonstrated that remitters had
lower theta activity at ACC compared to r@spondersKigure13b). The inconsistency could

not be caused by the different analysis approaches, i.e. whole brain vs. ROI analysis, for which
the latter approach would maximize the possibility to detect any group eBf@tt. measures

have been used previously tpoet the effects otheta ACC (whole brain(Pizzagalli et al.,

2001) ROlbased analysis(Pizzagalli et al., 2018) Moreover, itwould alsobe unlikely to
showthe opposite direction by adapting whole brain analysis in the current dataset. Despite this,
we reran the analysis with whole brain vcekglvoxel comparison with the same statistical
method as earlier studi¢Rizzagalli et al., 2001; Rentzsch et al., 2@d4poth delta and theta
bands.No significant esult was observed for any group effeqgisvélues > .05). The results
indicated that theta activity at ACC might not serve as a reliable biomarker, resulting from the
failure in the current replication. Furthermore, the fact that theta ACC could nakedtfége
responders of actual antidepressant and placebo rec@lais et al., 2009; Pizzagalli et al.,

2018dampened the effectiveness of using it as a prognostic biomarker with clinical value.

Nevertheless, our resulise consistentith the finding from one of the largest gEEG studies on
depressed individuals so far, the iISRDTin which they also reported a lower theta activity for
treatment responders. One possibility could be that lower theta ACC is an indicator to SNRI
antidepressanesponder. In the study éirns et al.,(2015) they reported significant lower theta

for venlafaxineXR responders but not for SSRI treatments. This was confirmed by our data,
theta ACC was found for responders only when duloxetine rexceras included, the effect
disappeared when excluding this part of patients. There seems to exist treatment specificity on
theta activity in relation to treatment response, as proposédnsyet al.,(2015) Future studies

are needed tonvestigate whether pretreatment theta ACC could be a specific differential

indicator to different types of antidepressants.
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Table3Summar y

of replication results of st

udy

Results?
Study Statistical analysis Included covariates Criteria of Criteria of the
NeuroPharm previous study
Primary : ANOVA with FAA score under different conditions | Age, sex, pretreatment anxiety | Partial replication:
Amsetal. |and r es pon s smdficgfecoon fermale padients. | level and pretreatment HDRS | Greater right FAA, No replication
(2016) Secondary Partial correlation between FAA and HDRSr&s0 | score. Age and sex were includg better response in
Exploratory: ANOVA with hemisphere and groups. in the exploratory analysis. female
Primary: ANOVA with alpha power (overall and high alpha) Parti S
) artial replication:
Bruder et al. | on both hemisphere, groups and sex were tested. Not applicable No replicaion Less right central
(2001) Exploratory : ANOVA with regions (anterior, central, .
; ) alpha in female NR
posterior), hemisphere, groups and wexe tested.
Bruder et al Primgry: ANOVA with hemisphe_re and condjtion and group:s _ o o
(2008) " | Possible handedness effect on righhded patientwere Number of years of education | No replication No replication
examined
Primary: ANOVA with narrow ACC theta (14 voxels) and
Pizzagalli et | groups. . o o
al. (2001) | Secondary:Pearson correlation between A@&taand HDRS Not applicable No replicatiort No replication
scores.
Age, sex, race, marital status,
Pizzagalli et | Primary: Partial orrelation between ACtheta(narrow and employment status, pretreatmen No replicationd No replicationd
al. (2018) |broad theta) and the @HDRS |anxietylevel and pretreatment P P

HDRS scoré

Rentzsch et
al. (2014)

Primary: ANOVA with ACC delta (22 voxels)rad groups.
Secondary:Pearson correlation between ACC delta and

pHDRS at week 4.

Not applicable

No replication

No replication

Notes:! Theanalysis was kept as close to theampled study as possitid.o allow comparison with previous study, bothuks from the kteria of NeuroPharm
and of the previous studies were repartéah oppositeeffect was found

Abbreviation: ANOVA, repeateemeasures analysis of variance; FAA, Frontal alpha asymmetry; ACC, anterior cingulate cortex; HDRS, HamiltaioD&tatsg

Scale.
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Study
Sociodemographic characteristics between patients and controls, and clinical outcome at week 8
with criteria of NeuroPharm and iSPEI were shown inTable 4. Numerical results of

vigilance parameters at pretreamb visit and at week 8 can be found irable 5.
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Table4 Descriptive characteristics at pretreatment visit and the clinical outcome at week 8

Pretreatment visit Clinical outcome at week 8
NeuroPharrh iISPOTD?
Healthy controls MDD Remitters Non-responders Responders Non-responders

N 35 91 21 15 44 35

Sex (M/F) 10/25 25/66 11/10 4/11 16/28 6/29

Age (MeaniSD) 29.089.7 27.448.3 29.449.7 25.79.3 28.548.8 25.547.2
Education 16.011.4 14.92.23 15.84.3 14.82.3 15.241.9 14.62.5
GAD1o 22.99.7 22.3488.5 22.148.6 23.447.9 22.1#40.3
Pretreatment HDRS égz‘g‘g% 11.84.6 11.44.8 23.03.5 22.113.0
Week 8 HDRS 2.44.3 10.1R2.4 7.08.3 17.5#4.5

Notes:! HDRS; scores argshown in both pretreatment and week 8 HRBS®res

2HDRS7 scores are shown in both pretreatment and week 8 HiBR&es

8 Healthy controls had a significant higher education score compared to MDD (t{280Z,p = .011)

4Responders were defineg bt least 50% improvement of depressive symptoms assessed by+D&8. HDRE; scores are shown in both pretreatment and week 8
HDRS7 scores

5Between group comparisons showed that remitters had significant lowerd4$b&8 at week 8 compared to Ar@sponderst(34) =-12.71,p < .001); responders had
significant lower HDR$; score at week 8 compared to r@sponderst(77) =-11.90,p < .001). No significant was found for other demographic characteriptic{es
>.05).

Abbreviation: GAD1q, gereralized anxiety disordekO score; HDRS, Hamilton Depression Rating Scale
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Table5 Vigilance parameters at pretreatment visit and at week 8

Pretreatment visit

Clinical outcome at week 8

NeuroPharrh iISPOT-D?
Healthy contrad MDD Remitters Non-responders| Responders Nornresponders
Stage 0 (%, MeaniSD) 13.73.3 15.32.1 14.245.1 22.646.0 16.243.4 15.343.6
Stage Al 32.645.7 36.313.5 36.147.7 35.449.2 35.245.3 37.05.7
Stage A23 10.13.2 14.12.0 14.13.9 6.1#4.6 13.03.3 17.143.5
Stage B1 34.84.4 26.42.7 23.245.5 23.646.6 27.713.9 22.044.1
Stage B23 8.82.4 7.84.5 12.444.8 12.445.7 7.92.4 8.52.6
Median vigilance (MeanSD) 4.074.15 4.274.93 4.244.25 4.3140.30 4.284.15 4.304.16
Yiglance ﬁg’?& 2 D) -0.26+0.43 -0.02+0.50* -0.09:0.39 003068 | -0.11048  0.13:054"
Vigilance slope at -0.01+051 0.05:0.43 0.10:0.24 0.16:056 | 0.10:0.38 0.06£0.42

2" recording (MeaniSD)

Notes: *p < .05, age was included as covariate in all models
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Vigilance dysregulation in MDD

As expected, we observed a less declines in vigilance slope in pretreatment MDD compared to
healthy controlsK (1, 123) = 4.59p = .034,Figure14).

Vigilance slope between responders and

Vigilance slope between pretreatment MDD and HC : o
non-responders (iISPOT-D criteria)

5
-F Pretreatment responders (N = 42)
o 48f —+-HC (N = 35) 1 o 48f [-I-Pretreatment non-responders (N = 37)
9 -F Pretreatment MDD (N = 91) 2
< 46 < 46T
B B S o fee
'S 4.4 = oaar IS -
=) =) - I IU—
= 42 Sa42 | b L e
9 = Phe
) [ -
= 4 = 4
3.8 3.8
36 36
1 2 3 4 5 6 1 2 3 4 5 6
1st recording 2nd recording 1st recording 2nd recording
Time (in minute) Time (in minute)

Figurel4 Vigilance slope for two separate eyes closed recordings. Left panel: pretreatment MDD had less decline toward sleep
stage compared to healthy controls. Right panel: pretreatment responders defined bDi&ReETa showed faster declines on

vigilance slope comared norresponders in the firsti@in recording.
Our results confirm that patients suffering from MDD show a more rigid vigilance regulation
during rest(Hegerl et al., 2012; Olbrich, Sander, Minkwitz, et al., 20I)e hyperstable
wakefulness may reflect the difficultiesf depressed patients to fall asledpecause of
consisterly having high inner tension, MDD patients may try to counteract it by avoiding
arousng activities (Hegerl et al., 2012)esulting in atbehaviouralevel a lack of drive Losing

the ability to experience pleasure in activitiegalsoa keysymptomin depres®n. On the othe
hand,in comparison to prior long recording resting EEXS (nmin), our results support that the

vigilance dysregulation can be assessed in a relatively short EEG recording window, i.e. 3 min.
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This short windowopens opthe feasibility of vigilancenformed prescription in future clinad

use.

VIGALL as predictor for clinical outcome

We found that responders defined by iISPDTriteria had more pronounced declines toward
sleep stage compared to r@sponders in the first 3 min recordirfg (L, 76) = 4.16p = .045,
Figure14). However, the area under curve of ROC was only p68 .(L2). No significant result

was found when NeuroPharm criteria was being assegssatles > .51).

This is the first independent re@iton of treatment prediction using EEG vigilance measures
and found that faster declines of wakefulness regulatrerinked to better clinical outcome.
This is consistenwith the largesimultisite EEG study on treatment prediction on MDD %n

599 (Olbrich et al., 2016) However,the current study could only replicate the association
between the slope of vigilancedathe response to SSRI treatment when using the same criteria
of clinical outcome as they did in the previous st@@iprich et al., 2016)The replication did

not apply when the NeuroPharm criteria was being asseBsetheightenghe importance of

using the same outcome measures when comparing sfwddge et al., 2018)

Treatment effects on VIGALL parameter

We compard the wakefulness before and after drug administration and found that depressed
patients in general had a higher amount of stage-g4,(152) = 3.11p = .026,Figure15) after

8 weeks of SSRI/SNRI treatment comg to pretreatment EEG, regardless of their clinical

outcome.
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Treatment effects on different vigilance stages on MDD
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Figure15 Vigilance regulation changes after 8 weeks on SSRI/SNRI treatment. Depressed patients had a higher amount of B1

stage 8 weeks after treatment.

Next, we irvestigated whether the treatment effects on patients would perform differently
between different clinical outcomes. Interestingly, we found that only patients with good
treatment response had higher amount of stage Bl after 8 weeks of tre&lignemat1©). This
treatment effect further revealed a normalization pattern towards healthy controls. Before drug

administration, there was lower percentage of stage B1 between depressed patients and controls,

as well as patis with good response and controls. While the difference at stage B1 was

disappeared after 8 weeks of treatmé&ingre 16).
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Figure16 Vigilance regulation changexd stage Bhfter 8 weks on SSRI/SNRI treatment on different clinical outcome. Only
patients with good clinical response (remitters/responders) showed a higher amount of stage B1 after 8 weeks of tresatment. Th

improvement was not found on noemitters and nonesponders.

This is the firstevidenceto showthe SSRI/SNRI treatment effect on patients suffering from
MDD. Our results demonstrated thaepdessedpatients with good clinical response had
increased downregulation of ERM®jilance after 8 weeks of SSRI/SNRI treatmergardless of

clinical criteria of treatment responses. The effect was normalized towards the vigilance patterns
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of healthy controls. This wasot found on norresponders and neremitters (neither the
NeuroPharm nor iSPQOD criterion). Intriguingly, thetreatment effect was only restricted to the
stage B1, a brain g@between alphdominated period and the occurrence of slow wave activity
just before sleep onsett may hypothesize that SSRI/SNRI treatment helps patients to pass

through these desynchmaed stages and to achieve recreational rest.
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Methodological considerations

Only male subjects were included when assessing the reliability of EEG parameters

We excluded women when testing the 4esést reliability of EEG parametens s t.lldey

main reason was to avoid the possible confeuntlthe menstrual cycle, which might result in

lower reliability of data Previous studies have demonstrated changes in ERPs across menstrual
cycles ( O6Rei | | vy, Cunni ngham, Lawl or, Wal s h, &
Kirschbaum, & Wolf, 2004) but the effects of differennhenstruationphases and the relation
between phases and individual ERBmain unclear. For instance, no significant effect of the
menstrual cycle could be detected on th@€@8 the study ofWalpurger et al.(2004) while

greater PGB0 amplitudeduring menses was observed in the studyDdd Rlg et hl.,(2004) To

control the variables inour research we therefore excluded womeinom our recruited

population.The exclusionon the other handpuldlower the generalizability of our data.

Inconsistent results when different scalgor clinical criteria were assessed

When examining the association between HBPRSd the treatment response at week 8, we
could not see the same effects as when HRR@s applied. Null effects were reported for
HDRS17 when assessing the association between FAA gngbtem improvement at week 8
( s t u.drgeincopsistencymight indicate thathe HDRSs subscalas more sensitive to frontal
alpha asymmetry and the treatment outcome. As pointed out in earlier reportss blibR&ale
has an advantage forexcluding three negative side effects (ited2 somatic symptoms,
gastrointestinal; item I4enital symptoms; and item illéss of weight)and thus, it couldesult

in a larger power compared vwethenHDRS;7 was appliecon different antidepressant responses
(Bech et al., 2010, 200€&jstergaard et al., 2016y he clusion of the less relevant iterslsould

enlarge the detection of the treatment effect. Likewise, the results on theta ACC demonstrated
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thata significant differencen treatment responsegsonly present when HDRSvas used, but
not when HDRS;7 was usd. To sum up HDRS subscale might be capturing the key items
reflected in alpha asymmetry and th&aC andincluding more items could obscure the effect.
Therefore, HDR&should be favoured in detecting the subtle differences in physiologicalssignal

of treatment responses and it could be beneficial to studiesatiall sample size.

The variance of Alpha peak frequency between participants

Alpha frequency seems to play an important role in predicting clinical outéonméDD.
Patients with right domemt alphaare mordikely to benefit from SSRI treatmefits t u dng )
alpha isalsoa crucial factor thatontributes toVIGALL classification( s t u d The clagsic
alphadefinedrange is 812 Hz However it is noteworthy thatlpha peak frequencfAPF)
could vary from person to person ama some cases, APF could happen below 8(¥an
Beijsterveldt & Van Baal, 2002)n those cases, traditional power extraction would miss the
synchronized alpha activity. Besid&sP F @otentialasan endophenotype, previous studies have
linked APF to pychiatric disorders and found thattends to have serious medical implications
for patientswith slow alpha activityBoutros, 1996)Furthermore, por evidence has showthat
patients with pretreatmeribr slow APFare more likely to be clinical responders to sertraline
(Arns, Gordon, & Boutros, 2019nd APF seems to be fasiarrespondersfter 4 weeks of
pharmacotherapyUlrich et al., 1984) Therefore,individual adjustmenshould be considered
when alpha frequency is beingedas a predictive biomarkein our application, APF was
identified and adjusted otine individual level in VIGALL measures and the defined ramde
alpha spanned below 8 Hz in the calcide of frontal alpha asymmetryHowever, the
adjustment was not performedhen general alpha frequency was assessed,tiieupresent
results could have overlooked the synchronized alpha activity in patients with different clinical

outcome.
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Drug effect or the condition of the patient

Since theravasno placebo included in the NeuroPharm trial, we do not know forvegliegher

the treatment effect aigilance regulatiorf st udy ) usesof thaxuug itseélf @r simplye

to the condition of the patie. Patients could havéowered vigilance andan increaseof
downregulated vigilance after thew&ek time course, or the clinical condition (remitters or
responders) could result in an improvement in vigilance measures. However, preclinical studies
showedthat depressed symptoms at behavioural level are associateghvvitlieased firing rate

of the locus coeruleud.C), whae most of the noradrenergic neurons are locamdewed by

Hegerl & Hensch, 2014)SSRI treatmenand most of other antidepressive measures could
decreas¢hefiring rate of theLC and thus decreaske vigilance states. Future investigations on

the dru@ s effectaoh vigilance measures could hietpng some certainty
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Conclusion and future resarch perspectives

Our findings underscore the importance of reliability agglicability of EEG biomarkebefore

it canbe usedn clinical practise Spontaneous (resting) EE& highly reliable over time and
could be used for assessing pharmacologidahmention with CNS effectdts reliability is a
useful feature ofa candidate biomarkeAlpha asymmetryand vigilance measuresacquired
from resting EEGareassociated with the clinical responseSt8RI/SNRItreatmentin study
we found that édmale patients with greater left frontal activation seem to benefit more from
pharmacological treatmentPatients with rigid vigilance regulaticare less likely to respond to
escitalopram/duloxetine treatmentFurthermore, vigilance regulatiors of responders and

remitters normalize towards the profiles of healthy controls after successful treatment.

Giventhat the EEG studieacluded herare replicatiorstudiesthe use of EEG as biomarkers is
thus reliable enough tde includel in the treatment processd could aidts selection Our
findings thereforeencouragean EEGinformed treatment stratedy a shared decision process

including

1) Apply EEG recording(following the International PharmaeBEG Societyguidelines:Jobert
et al., 2012pn patientsprior atreatment decision.

2) Identify alpha asymmetry and vigilance measures on the patients.

3) Female patients with right dominate frontal alpha shoulgiven escitalopram.

4) Patients witlfasterdecline toward lower vigilance stages shouldjivenescitalopram.

5) Initiate other treatments than SSRI fenfale patients witgreater left central alpha.

6) Initiate other treatments than SSRI for male patients with greater right posterior alpha.

7) Initiate other treatments than SSRI for patients with rigid vigilance profiles.
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8) Assess treatment efficacy of novel drugs for patients without the profile of serotonin

dysfunction, such as drugs that do not target the serotonergic system.

Future prospeate trials with large samplesare neededo develop a more complete drug
stratification program.These samples, specially should include patients who are non
responders to escitalopram, which is often considered as thknkrsteatment. Better traaent
approaches should be developed to imprmove t | respdnse@nd remission ratésoreover
the treatmerst included in the current research hadhinly focugd on standardized
antidepressants such as sertraline, escitalopram, duloxetine and venlafagifigture strategy
of EEG-informed prescription would benefit from involving more antidepressastgprior
evidence of biomarkers have showarcertain level otreatment specificityFurthermoreit is
possible that biomarkers originated from crosxldities could providea more precise treatment
selection strategySuch integration, aa yet unexploreddvantageof NeuroPharm trialcould
provide us the opportunity to better understand the undeipmneural correlates of depressed
symptoms and thedatment responggediction in MDD Last but not least, several biomarkers
have been investigated using the statéhe-art toolssuchas MR, PET and EEGHowever, the
clinical outcome of treatmesnts still based ommultidimensionalscales(Faries et al., 2000;
Gibbons, Clark, & Kupfer, 1993)This may reduce the validity to deteitte true treatment
responseof symptoms For instance, patientsould have adequate improvement on specific
depressive symptomé&ven coresymptom$ while the responsemight be neglectedby a
practitioner giving a judgement based on overall scofesure development of biomarker
should rely on specific depressivengytomsratherthan the gross outcona# current diagnosis

instruments
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ABSTRACT

In this studywe present the tesetest reliability of preéntervention EEG/ERP (electroencephalogram/eveldted potentials)

data across four recording intervals separated by a washout peii@2 d#ys). POze-cordingreference EEG/ERP (28 sites,
average referem) were recorded from thirtiyvo healthy male partigbants. Participants were randomly allocated into

di erent intervention sequences, each with four intervention regimens: 10 mg vortioxetine, 20 mg vortioxetine, 15 mg
escitalopram and Placebo. We repmassical EEG spectra: (1i 4 Hz), d (4i 8 Hz), U (8i 12 Hz),b (12i 30 Hz),01 (30 45

Hz) and22 (45 80 Hz) of resting state and vigilancentrolled, and of auditory steady state response, as well as ERP
components N100, P200 and P300 in auditory oddbsli &ad error related negativity (ERN) and error positivity (Pe) in
hybrid flanker task. Reliability was quafitid using intreclass correlation coecient (ICC). We found thad, U and b of
continuous EEG were highly reliable (ICCGs0.84). Evoked power ofther tasks demonstrated larger variability and less
reliability compared to the absolute power of continuous EEG. Furthermore, reliabilites of ERP measures were lower
compared to those of the EEG spectra. We saw fair to excellent reliability of thiudemf the corponents such as Pe
(0.600.82) and P300 (0.59.80). Moreover, blood tests damed that there was no measurable drug eaver from the
previous intervention. The results support that EEG/ERP is reliable across four recording inttewsaiscan be used to
assess the ect of di erent doses and types of drugs with CN8ats.

1. Introduction

and an auditory oddball task). Previous studies hawestigated the
reliability of EEG and ERP in various paradigms including resting state EEG

Electroencephalography (EEG) provides a noninvasive method tavith eyesclosed CorsiCabrera et al., 200'and eyespened Villiams et al.,
measure electrical activity of the brain with high temporal resolutioe. Th 2005, ERP components imaauditory oddball task/(illiams et al., 200p a
technique has shown great potential in clinical practice to monitor and acces®rking memory taskNIcEvoy et al., 200Dand a Sternberg tasiéssidy et
the intervention eects in diagnoses such as depressidul€rt et al., 2007 al., 2013. These studies showed that & faiiability of EEG and ERP could
Tenke et al., 2001 Alzheimer Brassen and Adle003 Yener et al., 2007 be obtained but that reliability could also beseted by various factors. For
and attentiordeficit/hyperactivity disorde(ADHD) (Loo et al., 200 example, the reliability of EEG is acted by the epoch length of resting EEG

(Gudmundsson et al2007), recording intervals Sandman and Patterson,

With the increased use of EEfBd ERP in clinical practice, a stematic 2000, di erentreference schemeddwers and Allen, 2009 and di erent
investigation of EEG and ERP reliability becomes more-portant, aspects of the same EEG indicatdeitke et al., 2098 In the study of
especially for commonhased paradigms (e.g. resting state EEG Towers and
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Allen (2009) di erent reference schemes including online refererse  SpearmasBrown-corrected coecients Cassidy et al., 201Hanmerer et al.,

referencing to linkednastoids and average were compared for the reliability2013 Walhovd and Fjell, 2002 Furthermore, therexist various types of

of frontal U asymmetry. Their results showed that linkedstoids Intra-class correlation coecients (ICC) flcgraw and Wong, 1996 and

demonstrated greater reliability than other reference schemes, while othprevious studies have investigated the-tesstreliability by using di erent

reference schemes still exhibitezkcellent splithalf reliability (> 0.9). ICC measures. For instance, researchers have usedveagrrandom model

Di erent spectral parameters were compared, and showed that both absolotdCC (Gudmundsson et al., 2007 twoway mixed model with absolute

and relative power are reliable parametéesiandez et al., 1993n arecent  agreement Brunner ¢ al., 2013 Hanmerer et al., 201Band a tweway

study, researchers assesdbe temporal stability of derent aspects of mixed model with consistendRentzsch et al., 2008When assessing EEG

posterior EEQUJ over twelve yearsTenke et al., 2018 They suggested that reliability between sesions, we dine reliability as having both accusa(i.e.

lower reliability of netU (eyes closeglusopen) andU asymmetry might no systematic bias) and precision (i.e. small variance caused by subject

result from additive errors wheseparating thé&) estimates. For ERP studies, variability). We will therefore favor the ICC for absolute agreement over

there is acumulating evidence showing that ERP amplitudes have highecorrelation coecients or ICC for consistency, since the latter two only

relia-bility than ERP pealatency measuregssidy et al., 2032Valhovd measure precision and will overestimate the reliability in presence of

and Fjell, 2002 Weinberg and Hajcak, 20),.which might be a resutif the systematic biases.

considerable variations in pe&ency detection. These vatians could be

due to individual dierences in information prossinge ciency orinduced Since the present study aims at assessing the reliability of EEG/ERP

by the appearance time of the peak amplitude, thus lowering theetestt ~ parameters, it can serve as a refegefur investigating intervention ects.

reliability. Since the replication of results is not always guaranteed within th&herefore, we included spontaneous EEG, auditory steady state response,

field, it is essential to assess thdiability of EEG and ERP measurents. auditory oddball and hybridlanker Go/Nogo tasks which are common
measures in human cognition and executive function. In the present study, we
incorporated the baseline data from fouredent sessions of an intervention

Among all the factors that could ect reliability, the number of recording study into one model. The caroyer drug eect from the previous session

sessions bring the biggest challenge to clinical application as it is almostas evaluated through blood tests. The interventions included tveoedt

impossible to maintain consistency between or within subjects. So far, dosing levels of vortioxets one dosing level of escitalopram and placebo.

number of studies havinvestigated the reliability of EEG and ERP over both The reliability of baseline data across elient doses and types of

shorter (days:NIcEvoy et al., 2000 weeks: Cassidy et al., 2031Hanmerer antidepressants was evaluated through a linear mixed model with unstructured

et al.,, 2013Hu meijer et al., 201) and longer recording intervals (months: covariance matrix and was qudietl by absolute agreement IC@Ve

(Brunner et al., 2033\ flin et al., 200); years: Sandman and Patterson, hypothesized that: 1. The ICC of EEG and ERP measures will show at least

200Q Tenke et al., 200)% Sandman and Patterson (2006yaluated ERP  moderate testetest reliability across four recording intervals. 2. The power

reliability in the paradigm of a dual rar@vent over a thregear period and  spectrum of continuous EEG will exhibit higher testest reliability than

found that ERP measurements of adjacent ygags Year 1 & 2) are more peakpicking ERP meases. 3. Amplitude measures will have higher -test

similar than ERP measurements of nonadjacent years (Year 1 & 3jetest reliability compared to peak latency measures.

Meanwhile, the testetest reliability of resting EEG was notexted by the

recording intervalsGorsiCabrera et al., 2007One might argue that this-in

consistency could be a result of dient lengths of time (3 years vs. 9 months)2. Method

during which the results were evaluated. Another ipdgg could be that

di erent quanfications were investigated, i.e. EEG vs ERP. It could be The study was conducted at the clinical site of Biotrial, Rennes, France.

possible that measures of EEG are more reliable than ERP measures, tfile research protocol was approved by the local ethicsnoitiee (eference

manifesting higher reliability over time. In the studygfiliams et al. (2005) No. 15835A).

they reported high to excellent relidity for EEG power while only fair to

excellent reliability for ERP measures. Furthermore, it is unclear how EE@.1. Participants

and ERP vary across multiple recording intervals since only a few studies

have r@orted the reliability across more than two sessi@wgtCabrera et Participants were recruited in this study through advertisements and were

al., 2007 Kinoshita et al., 1996Sandman and Patterson, 2RO order to  screened by a trained investigator. To minimize the ki, women were

address this issuehe current study included fotime points to assess the excluded to eliminate the menstrual cycle as a covariatetyThio healthy

reliability of both EEG and ERP measures. male participants were enrolled in the study and were compensated for
participation. Enrolled participants were aged 22 to 45 years (mean age 33.1 +
6.8), their body mass index (BMI) ranged from 19.5 to 27.9 qumean

In addition to recording intervals, the age of the participants is also knowgpy 23.9 kg/n? +2.24), 94% of participants were Caucasian and 6% were
to contribute to the variations in ERP reliabilifyiigerin et al.,2014. Older — agrican American. Exclusion criteria included use of psychoactive medication,
adults show higher reliability of the P3 amplitude atftbato-central site (Cz) drug or alcohol abuse, severe drug allergy or hypersensitivity and history of
while young adults have higher reliability at the ceniesietal area site (Pz) any medical, psychiatric, and neurological (sushimmunological, cardi
(Walhovd and Fiell, 2002 Hanmerer et al. (2013)suggestedthat age  ovascular, respiratory, metabolic neurological, or psychiatric) disease.
di erences might be a result of dientpeople’s signao-noise ratio (SNRs),  |nformed consent was obtained from all the participants before the study. All
with children and older adults having lower SNRan other age groups. participants conducted the experiment except for one-gipetht who has
Despite these variations, ERP measures still exhibit moderate to highissingbaseline data for three tasks (auditory steady state response (ASSR),
reliability when evaluated with varying recording intervals and whenauditory oddball and hybrilanker task) in the 3rd session. All the collected
participants of dierent age groups are selecteddfmerer et al.,2013 data were included and analyzed.

Walhovd and Fjell, 2002 Therefore, age was used as a covariate throughout
all our analyses.

Besides the signal itself, methodological efiences in the statistical 2.2. Experimental protocol
analysis have also led to discrepancies inregsst reliability in EEG/ ERP
studies. Dierent statistical methods have been adopted by studies that This was an interventional, randomized, bletblind, placebecontrolled
investigated the correlations between edent recording sessions, and the and fourway crossover study. The four included intervention regimens were:
testretest reliability within sessions, such as IC&i@mundsson et al., 2007 10 mg vortioxetine (A), 20 mg vortioxetine (B), 15 mg escitalopram (C) and
Pearson's M/alhovd and Fjell, 2002and Placebo (D). Each participant was
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randomly allocated into one sequence group (ABDC, BCAD, CDBA orfrom them. Stimuli consisted of one of the foliog letter strings (BBBBB,

DACB) with 8 participants in each group and was investigated under albDDDD, VVVVV, UUUUU, BBDBB, DDBDD, UUVUU, or VVUVV) and

intervention regimens separated by a washout perigd®@0ays, median of ~ Were presented on a computer screen for 300 ms uaanized order.

all between sessions were 21 daysy(1). Bioanalysis was conducted before Participants were required to focus on the center letter and to press a button

the administration of the next intervention to assess the leftoeetsefrom ~ Whether it was a B or @ (Go condition), and to withhold a button press upon

the previous intervention. Within each session, an EEG battery was recordég@pearance of a D or V (NoGo condition). Each condition consisted of 420

on DayT 1 (preintervention), Day 1 (the 1st day after intervention) and Day 3trials. There were 840 trials overall. Strings with congruent letters made up

(the 3rd day after intervention). The EEG battery included continuous EE@0% of presentations, while strings with elient btters were shown in 60%

with resting andwith vigi-lancecontrolled, ASSR, auditory oddball and of all trials. Each trial was followed by 750 ms for stimulus onset asynchrony

hybrid flanker tasks. Since the main purpose of this study was to assess #&0A) and 500 ms for feedback in response to the participants' performance:

testretest reliability, only the EEG recording of the four -prerventions  drued(i.e. correct and in time)fasted(i.e. correct but out of time)rafalsed

was considered in the subsequent analysis. The deadline for response time was 300 ms after stimulus onset. The ISI was
800 ms (randomized between 600 and 1000 ms). Test duration was
approximately 45 min.

2.3. EEG battery

A previous study of antidepressants on rodents has showrsadiiigion ~ 2.4. Electrophysiological recording
marker on dierent treatments, especially on theand (eiser et al., 2014
Moreover, ERP components like P300 and ERN provide physiological All participants were seated on a comfortahtenchair in a quiet room.
measures associated with attentional engagen@hti¢h and Arns, 2013 During data acquisition, participants were instructed to keep their eyes closed
and early error processin@|fet and Hajcak20093. The initiative of this  during continuous EEG, auditory oddball, and ASSR recordings. Participants
study is whether the simildindings couldbe replicated in humans, as well as conducted hybridlanker task with open eyes and were told to refrain from
how antidepressants would ect human cognition and executive function. eyes blinking and movement. EEG was recorded from 28 scalp sites using a
Therefore, we included spontaneous EEG, auditory steady state responéj 20 electrode system, with a sample rate of 400 Hz (Comet EEG system,
auditory oddball and hybriflanker Go/Nogo tasks. Grass Technologies, West Warwick, RI, USA). AFz served as the ground and
POz served as the reference electrddeorder to remove ocular and muscle
artifacts electrooculography (EOG) and electromyogram (EMG) were
2.3.1. Continuous EEG recorded at bipolar channels. Impedances across all electrodes were
Continuous EEG data were acquired under two conditions: resting anmhaintained at < 5¢&.
vigilancecontrolled. Participants were instructed to relax, keep their eyes
closed and stay awake in both conditions. They werstricted to keep
pressing two buttons using their thumbs of each hand under the vigilancé-5- Preprocessing of all data
controlled condition. A sound wouldlay if the participant let go of the

button. Each condition was recorded at least 3 min. Eyeblink and other ocular coections were conducted for all the

collected data by the ocular artifact reduction option of NeuroScan 4.1
software. It computes a linear regression of covariance between EEG and
2.3.2. Auditory steady state response (ASSR) EOG, and then performs a poimy-point proportional subtraction of the
Participants were presented with a 40 Hz impulse trains sound at 89 d@inks Semlitsch et al,, 1996 The data were further processed in Matlab
binaurally through a headset (Sennheiser HEL26pro) (McFadden et al., 20122 (The Matworks, Inc., Natick, MA, USA).
2014 Van Deursen et al., 20).1Each train was composed of 20 biphasic 1 . )
ms clicks, and each click was followed by silences lasting 24 ms. There was?>-1- Data preprocessing for spectral analysis

silent period of B0 ms after each train. These trains were repeated for 5 min. A zerophase digital _"R Buttgrworth bandpafiiter Wa§ apped to all
data. The cub frequencies of thélter were 1 and 80 Hz, with an order of 2.

In addition, a 50 Hz notcfilter with the order of 6 was applied. All data
2.3.3. Auditory oddball (including continuous EEG, ASSR, auditory oddball and hythaicker tasks)
T were rereferenced to the average electrode for later-fimguency analysis.

The auditory oddball paradigm consisted of two acoustic stimuli with ] i I d by 4 . ¢ noisy EEG fi "
di erent frequencies. Participants were presented with a series of stamda?,(?nt'nuouS was cleaned by -tug sections of noisy rom the

tones (500 Hz) and dant tones (2000 Hz) binaurally through a headsetsIgnal by manual inspection.
Sennheiser HD 25 Il pro). They were asked to count the deviant sounds. . .
'(I'o makeI sure partici aats) erfor);nvevd the task, the ruesentation\g of devliJant azrig'z' Data preprocessing for ERP analysis
P P P ! P A zerophase digital IIR Butterworth bandsaéilter was applied to

standard tones were dirent in sessions. Each sessionsisted of on average . . . .

of 35 deviants (randmized between 30 and 40) and 198 standardsaUdltory oddball and hybritlanker tasks. The cat frequencies of thélter

(randomized between 170 and 226). Deviant tones made up 15% of theTe 01 and. 30 Hz, W'th, an order of 2. ER'_D data Werem&er_]ced to the
erages of linked mastoid electrod8sdalowitz et al.201Q Weinberg and

presentations. The sound level for each tone was 85 dB, with duration of 1 W0 icak 2011 Will t al.. 200
ms and intestimulusinterval (ISI) of on average 1550 ms (randomized ajeax, 1williams etal., h

between 1200 and 1900 ms). The test lasted approximately 7 min. 2.6. Data analysis

2.6.1. Timefrequency analysis of all data
Since EEG data have natationary characteristic, all data were analyzed

using a wavelet transform as this laabetter timedrequency resolution than
the more common Fourier transforrk(n, 2002. The continuous wavelet
transform was applied using the complex Morlet wavelet as a mother wavelet

1 There was one outlier (91 days) in the last washout period due to recordin&mction with a bandwidth of 10 Hz andcenter frequency of 1 Hz. The
cancellation. This recording was rescheduled after all participants weoeded. scales for the mother wavelet were chosen to match frequencies ranging from

1 to 80 Hz with a 0.5 Hz

2.3.4. Hybridflanker go/Nogo
Participants performed a hybrithnker Go/Nogo paradignR(ichsow et
al., 2006, P05 with a monitor approximately 100 cm
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Fig. 1. Overall study design. Three intervem#(A, B, C) andone

placebo (D) were included in the study. Each participant was
randomly allocated to one session sequence including ABDC, BCAD,
CDBA and DACB. There were washout periods (median intervals

Follow up

Washout
period

Washout
period

Washout
period

Within each session

Arrival S EEG battery
EEG battery EEG battery Discharge
@ ® @ >
Day -1 Day 1 Day 3

“ were 21 days) between two sessions, and pharrratiok
assessments were conducted to assess theasemrylrug eect from

the previous intervention. Three EEG recordings were conducted
within each session, {dluding Day1 1, Day 1 and Day 3. In this
study, only the data from Dayl was analyzed.

betweenscale frequency interval. In the current study we worked on absolutequid chromatography with tandem maspectrometric detection. The

power only, thus, the absolute values of the obtained wavelec@gs were
used for the following analysis: First, the wavelet coents were divided
into the following sandardized bandst (1i 4 Hz), d (4i 8 Hz), U (8i 12 Hz),

b (1230 Hz),21 (3045 Hz) anda2 (45 80 Hz). Then, the band was

purpose of these assessments was to ensure that previous intervention was
completely washed out so that it would not interfere with the current
intervention administration.

divided into two bands to deal with artifacts from muscle activity. Next, the2 8. Statistics

wavelet coe cients were averaged over time and summethirw each
frequency band.

The statistics were divided into awparts and performed in SPSS version

We applied dierent approaches for the continuous EEG and all the othep4 (IBM Corp., Armonk, NY). First, all EEG and ERP measures were

tasks. The wavelet transform was applied on the Hoésecontinuous EEG
data without segmentation, including resting state and vigiaon#olled.

analyzed with a linear mixed model (restricted maximum -litkeod
estimation) using an unstructured covariance matrix witbigreed sequence

All other tasks were segmented prior to tiirequency analysis and then (ABDC, BCAD, CDBA or DACB) and prentervention recordings of each
evoked power was calculated for each task. ASSR and auditory oddball wesession (BL1, BL2, BL3, BL4) afixed factors. This was done in order to
segmented into stimuldecked epochs of 500 ms according to the onset ofinvestigate if there was an ect of session or assigned sequence on our
the stimulus. For the auttiry oddball task, evoked power was calculated for measurements. Participant served as a random variable to account for the
standards and eéants separately. The hybrithnker task was segmented correlation between measurements from the same patient. An unstructured

from 0 to 400 ms according to the onset of error response.

covariance matrix was eployed to make minimal assumption on the
covariance structure meaning we relax the assumption of homogeneity of

The spectral analysis focused on three midline sites (Fz, Cz, Pz), therefojariance by modeling a dérent variance at each session and allow the
the values represent the absolute values contained in each frequency bancteirelation to vary between pairs of sessions. The structure of the covariance

these channels. Data were{wgnsformed prior to statistical analysis.

2.6.2. Grand average analysis of ERP data

In the auditory oddball task, EEG data were segmented intaultis
locked epochs of 1000 ms (including a 200 ms-gpimulus baseline)
according to the onset of the sounds. Averaging was$opered for standards

matrix used in the mixed models svdecided upon inspection of the mofitel

Using likelihood ratio tests, we found a sifigantly worsefit for the
compound symmetry structure (i.e. assuming constant variance over time and
constant correlation between any two timepoints) compared timaaund
symmetry structure for some of the power measures of resting EEG and some
of the ERP measures dlanker hybrid task. Therefore, an unstructured

and deviants separately. Epochs were rejected if the voltage in EOG channeleyariance matrix was employed. In all mixed models, age was included as
Fpl, Fp2 exceeded +75V. Based on prior studies investigating auditory covariate. Main eects of session and sequence were tested usiegts: In

oddball key componentKémp et al., 2010 Poyraz et al., 200)7both peak
latency and amplitudgbaseline to peak) wer determined on midline

post hoc analyses, regression coents of the dierent levels of the main
e ects were compared using Wald tests with Tukey contrasts. This was

channels (Fz, Cz, Pz). The selected components and the correspondipgrformed using the module EM Means for Linear MiXxdodel in SPSS.

latency windows for peak idefitiation included: standard: N100 {840
ms), P200 (140270 ms); deviant: N100 (8240 ms) and P300 (27650
ms). All epochs were amually inspected for other artifacts. A similar
approach was applied to the hybfidnker task. The main interest of the
hybrid flanker task was the false positive resporidecfisow et al., 2006,
2005), thus only responses of error commission were reported.daEBvere
then segmented into resporseked epochs of 600 ms {oluding 200 ms
pre-response baseline) according to the onset of error response. EEH0)0
was analyzed at sites in therfito-central area (Fz, Cz) and Pe (1860) was
analyzed at sites in the cenparietal area (Cz, Pzlrélkenstein et al., 2000
The number of accepted epochs is showhaible 1

2.7. Blood senpling

Neither the pvalues from the fests nor the post hoc analyses were adjusted
for multiple comparisons in order to not reduce power. In this fashion we are
maximizing our chance to detect any session or sequeneet eespite
detecting posible false positives. Second we assessed the reliability of our
measurement using the intckass correlation (ICC) with absolute agreement
(Brunner et al., 20%3Hanmerer et al., 2018 Single mesasure ICC (A, 1)

was calculated by a twway mixed random modelMcgraw and Wong,
1996, where participant served as random -&dnfie and session served as
fixed variable. ICC of adjacent time points, BL1 & BL2, BL2 & BL3 arlcBB

& BL4 are reported. In accordance with the clfisation of ICC levels in a
previous studyRentzsch et al2008, ICC < 0.39 would be considered poor,
0.4i 0.59 fair, 0.60.75 good and > 0.75 wuld be considered excellent.
Overall, time vafiances are reported in the supplement and were computed
by the structure of compound symmetry. To provide a synthetic measure of
the ICC over time, we computddverage ICG3using a mixed model with a
compound symmetry covariance matrix instead of an unstructured covariance

The blood samples (2 mL for each regimen) were analyzed for the plasnmatrix. This enables us to provide a graphical representation

concentrations of vortioxetine and escitalopram. Plasmeentrations were
determined by using protein precipitation followed by
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Table 1
The number of accepted epochs foresent tasks.
Task Condition BL1 BL2 BL3 BL4 p values
Auditory oddball Standard 180 +23(117 212f 169 +37(10% 227) 167 +27(97 215) 174 +34(801 227) F (3,92)=1.884,p =.138
Deviant 31 +5(22i 38) 30 +7(16i 40) 29 +6(12i 38) 30 +7(15i 40) F(3,92) = 1.270, p = .289
Hybrid Flanker Error 85 +35(28i 180) 70 +28(81133) 67 +36(8i 183) 72 +31(3i 141) F (3,92)=3.981, p=.01

Notes. 2 The minimum and maximum of epochs are provided in the brackets. The mean and standard deviation are reported

of the ICC as a function of the percentage of accepted trials of across tineentrolled taskol at the central site eidited a sigrficant main eect of

(Fig. 8). session (F (3, 31) = 3.41, p = .029). Post hoc analyses revealed that absolute
91 power at thdirst recording session BL1 was larger than the last session
3. Results BL4 (17.83 vs 16.38V, p = .006). No other sigficant e ect wasound.

Blood tests were performed to assess the @arey drug eect of
previous interventions. The blood concentration of thevipus treament, 3.3. Evoked power of ASSR, auditory oddball and hybsdker task

Cmax for all participants across sessions was below 5%, which was

considered as complete washout. Fig. 3 showsthe absolute evoked power for ASSR, auditory odcivadl
hybrid flanker tasks for all four recording sessions. Compared to the absolute
3.1. Behavioral results power of continuous EEG, evoked power demonstrated more variations

between sessions. Spézally, the absolute evoked power at tfiest
In the hybridflanker Nogo trials, participants demonstrated a mean falseecording (BL1) contributed the most to the sigaince.
positive alarm rate of 21% (SD: 7.8yfBL1, 17% ( £7.3) for BL2, 16% ( + For the ASSR task, no sequence& was found for all frequency bands.
9.1) for BL3 and 18% ( +7.7) for BL4. A linear mixed model revealed that Significant main eects of session were found farando1l at the frontal site
there were no sigficant e ects for session and assigned sequence in errofF (3, 31) = 3.919, p = .018; F (3, 31) = 3.567, p = .02, 3a). Post hoc
rate (p values > .05). Considering the mean reaction time, participanenalyses revealed that a smallabsolutell power wasobserved at BL1
demonstrated a mean false positive reaction time of 283 ms ( +18) for BL1compared to BL3 and BL4 (1.35 vs. 1.8Y, p = .02; 1.35 vs. 1.58V, p

282 ms (£22) for BL2, 276 ms ( £17) for BL3 and 274 msZ2) for BL4. =.004), and largerl was observed at BL1 copared to BL3 and BL4 (1.91

There were no sigficant e ects of session and assigned sequence in Nogass. 1.79¢V, p = .02; 1.91 vs. 1.84V, p = .03). Similarly,i at theparietal

reaction time (p values > .05). site indicated a sigficant session ect (F (3, 31) = 3.179, p = .038), showing
that the absoluté power at BL1 was smaller than BL4 (0.61 vs. 083 p

3.2. Absolute power of resting EEG = .014). Moreoverd and U at the central site exhibited sifipant session
e ects (F (3,

Since there was no segmentation for continuous EEG, spectra were usgl) = 4.352, p = .011; F (3, 31) = 3.409, p = .03). The absalygewer of
for presentation instead dime-frequency plots Kig. 2. There were no  BL1 was the smallest compared to other recording sessions (p values < .05)
significant e ects of session and assigned sequence in resting condition for alhd the absoluté of BL1 and BL2 were smaller than that of BL4 (1.13 vs.

frequency bands (p values > .05). In the vigilance 1.30eV, p =.03; 1.08 vs. 1.3V, p = .013).
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Fig. 2. Spectral results for continuous EEG including conditions of resting state and vigitamcelled. Three midline electrodes (Fz, Cz and Pz) are shown foceadtion. Four
recording sessions (BL1, BLBL3 and BL4) are shown in derent colors.
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Fig. 3. Time-frequency results for ASSR, auditory oddball and hyBadker tasks. Only results at electrode Fz are shown imeersost of the sigficant resultsvere found on this
electrode. Four recording sessions (BL1, BL2, BL3 and BL4) are shown in columnscélegs shown for the frequency range.

There was no sigficant e ect of session fdb anda2 bands (p vdues >.05).

For the standard tones in the auditory oddball task, faignt session
e ects of the frontal and the parietal sites were observed ia lzead (F (3,
31) = 5.651, p =.003; F (3, 31) = 3.844, p = .BRy. ). Posthoc analyses
revealed that the absolute frontepower of BL1 was the smallest (p values
< .05), while absolute parietél power was the largest among all recording
sessions (p values < .05). No other-sificant eect was found. For the
deviant tones ithe auditory oddball task, absolute fronigbower showed a
significant session ect (F (3, 31) = 3.111, p = .04), indicating that the
absolute frontali of BL2 was larger than BL3 and BL4 (2.54 vs. 2637, p
= .02; 2.54 vs. 2.34V, p = .011). Notably absoluted power of BL1 was
significantly smaller than BL2 (2.54 vs. 2.2V, p =.02; 2.13 vs. 2.32V, p
= .005), indicated by a sigficant main session ect at frontal and parietal
sites (F (3, 31) = 3.327, p = .032; F (3, 31) = 3.185, p = .038)etier,
absolute frontatf power of BL1 was smaller than BL4 (2.54 vs. 263, p
=.02). No sequence ect was found (p values < .05).

There were no sessionexts in the bands af, U and ol for the error
response of the hybriffanker task. A sigficant session ect was observed

3.4. Amplitude and latency analysis of auditory oddball and hyftaitker
tasks

Table 1showsthe number of acceptegp@chs for both auditorpddball
and hybridflanker tasks. The results of a linear mixed model indicated that
there was a sigficant session ect (F (3,92) = 3.981, p = .01) for the number
of accepted epochs in the hybfidnker task. BL1 demonstrated a sfgaint
higher number in accepted epochs than BL2 (p = .043), and BL3 (p = .014).
No session eect was observed for the auditory oddbadkt (p values > .05).

Fig. 4 showsthe mean ERP waveform for auditory oddball drydbrid
flanker tasks for all four recording sessions. For the standard ERPs in the
auditory oddball task, frontoentral N100 amplitude ehibited a sigrficant
session eect (F (3, 31) =5.21, p =.005; F (3,

31) = 6.93, p = .001Fig. 4). BL1 and BL2 showed larger front®ntral N100
amplitude than BL3 and BL4 (p values < .05). No sessi@ttewvas found for
fronto-central N100 latency. Howevegarietal N100

latency indicated a sigintant session ect (F (3, 31) = 3.36, p = .034),
showing that BL1 had longer latency than all other recording sessions (p
values O .052). There was no sessioneet on the P200 amplitude. No

for the absolutel power at the central site (F (3, 31) = 3.52, p = .027), due taassigned sequenceextwas found for standard ERPs. For the deviant ERPs

smaller absolutel during thefirst two recording sessions than BLEd. ).
Significant main eects of sessiomwere found forb and22 at frontecentral
sites. Post hoc analyses indicated that absolute frbngald 92 powers of
BL1 were the smallest (F (3,

31) = 3.679, p =.023; F (3, 31) = 3.219, p = .036) among otheonding
sessions. Absolute centfalol ando2 powers of BL1 were

in the auditory oddball task, there were no-mificant e ects of session and
assigned sequence on the N100 asale. The central N100 latency was
shortest for the last recording (BL4,

p values < .05), s suggested by a sidicant session ect (F (3, 31) = 3.26,
p = .034). The front@entral P300 amplitude seemed not to bected by
session or assigned sequenEey(4). However, a sigficant session ect

smaller than BL3 (F (3, 31) = 3.297, p = .033; F (3, 31) = 4.804, p = .007; Was also founddr the parietal P300 latency (F (3, 31) = 4.13, p = .014),

(3, 31) = 3.640, p = .023). Moreover, absologof BL1 at the central site
was smaller than BL4. Sequencesets were observed o2 at the frontal site
(F (3, 24) = 4.381p = .014), due to the greategbwer observed in the
sequence of ABDC among others.

showing that a shorter P300 latency was observed at BL1 compared to BL4
(310 vs. 325 ms, p =.009).

For the error ERPs in the hybrithnker task, there were no sidicant
e ects of session arabsigned sequence for ERN and Pe
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Fig. 4. The grandaveraged ERP waveforms for the auditory oddball (epoched by the stimuli) and fleicat tak (epoched by the error response). Three middieetrodes (Fz, Cz
and Pz) are shown for each task/component. Four recording sessions (BL1, BL2, BL3 and BL4) are shanenircdlors.

amplitudes (seerig. 4). However, session ects were observed for the
latency measures. The frontentral ERN latency exhibited a siificant
session eect (F (3, 31) = 3.78, p = .02; F (3, 31) = 6.91, |961), showing

recording sessions, where the reliability varied from poor to excellenti (0.37
0.83). The ICCs of th&l band denonstrated poor to fair levels of reliability in
the ASSR task (0.19.56).

that a longer ERN latency was observed at BL1 than at BL3 and BL4 (p For the standard tones of the auditory oddball task, midiirend o1
values < .05). The centymarietal Pe latency was longer at BL1 and BL2 than revealed fair to excellent levels of reliability for both adjacent sessions and

BL3 and BL4 (p values < .05), as indicated by a sigat session ect (F (3,
31) = 29.34, p< .001; F (3, 31) = 22.66, p < .001).

3.5. Testretest reliability

3.5.1. Absolute power of resting EEG

across time (0.440.85). ThelCCs of thell, d and U bands exhibited larger
variation between sessions compared tofttend o1 bands, in the range of
poor to excellent (0.29.84). Compared to other fouency bands, midline

22 of standard tones showed less robustligy with poor to good levels

of ICC (0.36 0.62). In general, deviant tones were less robust compared to
standard tones. The ICCs @fwere in the range of good to excellent (3.63
0.83). Midlined had poor to excellent reliability (0.8B8.82) while the ICCs

Between session ICCs for continuous EEG (both resting state anof other lands were in the range of poor to good (DM35).

vigilancecontrolled) are presented kig. 5 The testretest reliabilities were

similar in both conditions. The ICCs of adjacent sessions showed excellent For the error response of the hybfldnker task, midlined tended to

testretest reliability (0.8%0.97) in the frequency bands df

exhibit the best reliability among other bands for both adjacent sessions and

Uandb. Midline Ui ando1 bands were less robust but still indicated good toacross time (0.5(.85). The ICCs o) were fair to god (0.47 73) while the

excellent levels of reliability (0.62.87). ICCs for midline2 exhibited the
least reliability among all other bands (0.8066). Across time, ICC showed
similar results to @djacent time points. Midlinaf, U and b had excellent
reliability (0.86 0.93) while i and 21 bands showed good to excellent
reliability (0.66 0.82). Compared to adjacent time poinat,|CC across time
performed worse with poor to fair levels of relialyil{0.37 0.52).

3.5.2. Evoked power of ASSR, auditory oddball and hyfflaehker task
Between session ICCs for evoked power of ASSR, auditory oddball
and hybridflanker tasks are presentedHig. 6. Across time ICC showed

similar results to adjacent time points.
For the ASSR task, midlinel i which contains the stimulation fre
quency exhibited good to excellent reliability for both adjacentsess and

ICCs ofii showed more variability, in the range of poor to excellent {0.24
0.80). Midline b, 21 and22 bands demonstrated similar reliability, in the
range of poor to good levels of reliability (0iZ&!).

3.5.3. Amplitude and lateg@nalysis of ERP task

Between session ICCs for peak amplitude and latency measures of the
auditory oddball and hybriflanker tasks are presentedFiy. 7. Generally,
amplitude and latency analysis of ERP showed lower-bdiiy compared to
the power spectrum analysis of ERP data. Fumhame, latency measures
were less stable than amplitude measures.

For standard ERPs in the auditory oddball task, the froamdral N100
amplitude showed good to excellent reliability fadjacent sesions and
across time (ICC > 0.70), and the parietal N100 amplitude demonstrated poor
to fair levels of reliability (0.380.53). The P200 amplitude exhibited similar

across time (0.68.86), except for the fair ICC measured between the lasteliability, with good to excellent levels of reliability at frortentral sites

two sessions at the frontal site (0.57). The ICCsi,0b and 2l were less
robust but still indicative of fair to good levels of-lrgbility (0.44i 0.76).
Midline d exhibited larger variations in dérent

(0.650.83) and less stable perforance at parietal site (0.48.68). Latency
measures exhibited more variations from session to session. The ICCs of the
N100 latency were in
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Fig. 5. Intra-class correlation coecient (ICC) for continuous EEG across four sessitd€s of adjacent time and across feime points are reported. Tegtestreliability is
estimatedy the single measure ICC (A, 1). The mean andident intervals for ICCs are shown in fiigure.

the range of fair to excellent (0/43.89), except for the ICC dirst two
sessions, which showed only poor reliability (0.28). The ICCs of the
P200 laéncy were in the range of poor and fai 48 0.49). Compared

to standard tones, the frontentral N100 amplitude of

deviant tones exhibited lower reliability, with the ICC range of poor to
fair (0.18 0.45). The parietal N100 amplitude showed poor reliability
(10.050.19). The midline P300 ngplitude yielded fair to excellent
reliability for adjacent sessions and across time {@%®). Compared
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Fig. 6. Intra-class correlion coe cient (ICC) for ASSR, auditory oddball and hybfidnker tasks across four sessid@Cs of adjacent time and across fetime points are reported.
Testretest reliability is estimated by the single measure ICC (A, 1). The mean dittbnbintervalsdr ICCs are shown in tHigure.

to the standard ERPs, the latency measures for deviant ERPs-dgieated  i.e. thefirst 25% (or 50% and 75%) of the total accepted trials. The number of

less variations between sessions but were still indicative of poor to goosiccepted epochs for dirent percentageis shown inTable 2 Mean

levels of reliability (N1001 0.10' 0.57; P300: 0.190.63). amplitude, which was calculated using the same windsweak amplitude,

For the erro ERPs in the hybridflanker task, the frontoentral ERN  was included here for comparison to peak asle.

amplitude demonstrated poor to good levels of reliability for adjacent sessions

(0.12°0.61) and poor reliability across time (0i8238). The centrparietal As expected, reliability increased with increasing percentage -cepted

Pe tented to exhibited higher relialjilitompared to ERN, with the ICC trials. Peak amplitude demonstrated comparable results with mean amplitude

ranging of good to excellent for both adjacent time points and across timfer all components. Latency measures were more susceptible to changes of

(0.60'0.82). Latency measures showed lessliafglity compared to  percentage compared to peak amplitude and mean amplitude measures.

amplitude measures. The ICCs of ERN latency were poori(0.32) while

Pe latenas were poor to good (0.118.71). For the ERPs in the auditory oddbi@kk, the ICCs increased with increasing
percentage of accepted trials. Hence, it could be possible that increasing the
number of accepted trials could increase ther&isst reliability. The grand
average (100%) exhibited the highest reliability for @nall components,

3.5.4. Exploratory analysis: testtest reliability with increasing percentage of except for the N1 latency evoked by deviant tones, where the ICCs for grand

accepted trials average were lower than that of fivet 75% of accepted trials.

Across time ICCs for the auditory oddball and hykftahker tasks for an o the error ERPs in the hybritinker task, the results for the ERN and Pe

increasing percentage of accepted trials aresgnted inFig. 8 (see  measures arersilar. They were less @cted by the increasing percentage of

Supplementary materials for adjacent time points). Four pdag®s were  accepted trials. The ICCs increased slightly witfcrieasing percentage of
assessed with 25% as an increment: 25%, 50%, 75% and 100%. PercentagéSepted trials up to thiérst 50%, but then remained at the same level of

were calculated relative to the total amount ofceptedtrials individually. reliability as the grand average.
Then the corresponding number of trials would be successively selected from
the total amount of accepted trials,
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Fig. 7. Intra-class correlation coecient (ICC) for peak amplitude and latency measures of auditory oddball and fighkier tasks across four sessiol®Cs of adjacent time and
across foutime points are reported. Tegttest reliability is estimated by the single measure ICC (A, 1). The mean dittbnoimtervals for ICCs are shown in tigure.

4. Discussion compared dierent gEEG features such as power spectral parameters, entropy,
complexity and coherence measures and suggested that power spectral
In this study, we examined the testest reliability of an EEG battery over analysis exhibits higher reliability than others types of analysis. This was
four recording intervals. The EEG battery was comprised of continuous EE@orfirmed by our results, and indicates thaiwpr spectral analysis of
(resting state and vigilanamntrolled), ASSR as well as an auditory oddball continuous EEG is reliable over time and is sient for clinical use.
paradigm and a hybriflanker task. A linear mixed model with tngtured
covariance matrix was used to identify any digant e ect of recording
session or the assigned interventiorggence. The tesetest reliability was
quantfied by an absolute agreement type of ICC. For healthy participants, tie2. The reliability of ERP measures wageted by various factors
results demoistrated that the EEG battery was found to be reliable over four
sessions. The absolute power of continuous EEG showed excellent reliabili§ur results showed that ERP measures exhibited more variation and are less
ind, stable compa&d to continuous EEG. According to previous results, there are
Uandb (ICC > 0.84). Evoked power for ERP tasks demonstrated itself to b&nany factors that could cause the variability of ERP measures. They include
less stable compared to the absslpbwer of continuous EEG. The absolute the number of averaged trialsafson et al.2010 and thescoring methods
evoked power of ASSR showed fair reliability inb, 91 anda2 bands. For ~ (Brunner et al., 20Q)3 Larson et al(2010)investigatedthe irfluence of the
the auditory oddball task, tiieband exhibited fair reliability (ICC > 0.51) in number of averaged trials @mrorrelated ERP components, and showed tha
both standard and deviant conditions. The ICCd iofthe tybrid flanker task ~ adding trials increases the testest reliability for both the amplitude and
were the most stable among all the frequency bands. While the ERItency measures. This was iomed by our exploratory analysis. The results
components showed lower reliability than the power spectral analysis, theighlighted that increasing the percentage of accepted trials improved the test
still showed good tesktest réliability at their maximal sites. The P300 retest reliabiliy. For the ERPs in the auditory oddball task, figt 75% of
amplitude obtainedrém the auditory oddball paradigm had consistently fair accepted trials produced a comparable reliability to the grand average.
to excellent reliability at the central sites (ICC = 0.680) as well as the Particularly for the latency measures, the increasing trend indicated that an
amplitude of the midline P2 (ICC = 0#49.83). The centrparietal Pe  increasing number of accepted trials imgdvhe reliability. Except for the
amplitude oktained from the hybricflanker task alo exhibited good to N1 latency of deviant tones, the ICCs of the grand average had lower
excellent reliability (ICC = 0.600.82). Compared to amplitude measures, reliabilities than the corresponding ICCs based onfitse 75% of accepted
peak latency measures showed poor to good reliability with greater varidrials. This result was mainly due to the high reliability of finst 75% of
bility, thus they are less reliable compared to other measures. A washo@€cepted trials at B-BL2 (Fig. S1). We surmised that fatigue/impatience
period and phanacokinetic assessment were included to avoid a-caey due to the unfamiliarity of the task might be a possible reason. Participants
drug e ect from the previous intervention. could be tired or lose motivation during the last 25% of the accepted trials.
Since this ph@omenondidn't extend to the subsequent sessions, the result
reiterated the importance of guiding the participants in a proper way so that
they can be more comfortable with the experiments durin§rfteecording
4.1. The absolute power analysis of continuous EEG is highly reliable session. For the error ERPs in the hybitahker task, the rdiability of
di erent percentages was similar, especially for percentages abofiestthe
The observed excellent tasttest reliability of continuous EEG in the power 25%. Thisfinding supports previodidings byOlvetand Hajcak (2009h)n
analysis is consistent with previous studi€orsiCabreraet al., 2007 which they reported that stable ERN and Pe can
Gudmundsson et al., 200VicEvoy et al., 2000Williams et al., 200%. In the
study of Gudmundsson et al. (20QTg¢searchers
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The number of accepted epochs foredent percentages.
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Task Percentage Condition BL1 BL2 BL3 BL4
Auditory oddball 25% Standard 44 +7(307 53)° 39 +9(251 57) 40 +8(241 54) 41 +8(201 57)
Deviant 8 +1(67 10) 7 +2(47 10) 7 +2(31 10) 7 +2(47 10)
50% Standard 87 +13(591 106) 78 +19(51i 114) 79 +16(49i 108) 81 +17(40i 114)
Deviant 15 +2(117 19) 14 +4(871 20) 14 +3(6719) 14 +3(8720)
75% Standard 130 +20(88 159) 116 +28(76 170) 119 +24(73 161) 122 +25(60 170)
Deviant 23 +3(17i 29) 21 +5(121 30) 21 +5(97 29) 21 +5(111 30)
100% Standard 180 +23(117 212) 169 +37(101 227) 167 +27(97 215) 174 +34(80 227)
Deviant 31 +5(22i 38) 30 +7(167 40) 29 +6(12i 38) 30 +7(15i 40)
Hybrid Flanker 25% Error 22 +9(71 45) 18 +7(2134) 17 +9(21 46) 18 +8(1136)
50% 43 +18(147 90) 35 +14(41 67) 34 +18(47 92) 36 +16(2i 71)
75% 64 +26(211 135) 53 +21(67 100) 51 +28(61 138) 54 +23(3i 106)
100% 85 +35(28i 180) 70 +28(81133) 67 +36(8i 183) 72 +31(3i 141)

Notes. & The minimum and maximum of epochs are provided in the bradketsmean and standard deviation are reported.

be obtained with 6 and 2 error trials, correspondingly. Our datereled the ~ 4.4. Limitations
results by presenting similar reliability when the number of accepted trials
was increased. Moreover, we found that the reltghbdf ERP measures is There are some considerations that need to be taken into account before an
a ected by the size of the components. Smalieed components such as interpretation and further generalizatiohour results can be made. First, to
N100 and ERN exhibit lower reliability relative to largg@zed components, reduce the variability of our data, we excluded women in our recruited
such as P300 and Pé&id. 7). This discrepancy could be caused by the population. Even though the ect of menstrual cycle was not the main
di erencein SNRs existing in dierent sizes of ERP componentsugk, interest in the current study, it could result in lowediabilities based on
2005. Increasing the number of averaged trials and a better control gireviousfindings O'Reilly et al., 2004 Walpurgeret al., 2003 Moreover,
artifacts could increase the SNR for ERP epoments, thereby leading to a Bazanova et al. (201 @emonstratediow theU amplitude suppression could
higher reliability. change in dierent phases of the mstrual cycle, but the ects of dierent
Furthermore, we found that amplitude measures are more stable than latemqptyases and the relation between phases anckligbility of EEG (or ERP)
measures, which is consistent with previdimslings Cassidy et al., 2032 remain unclear. Hence, the presented results should be carefully interpreted
The scoring method could play an important role in causing the discrepancisince menstrual cycle couldfimence the tesetest reliability. Although there
between ERP parameters, in which-plitude seems to be less susceptible to was previous evidence showing that the -testst reliability is Hghly
di erent scoring method®{vet and Hajcak, 2009aWeinberg and Hajcak, —comparable for both genderBepike et al., 2008 future studies must address
2011) than latencyBrunneret al., 2013 Brunner et al. (20133omparedhe whether testetest reliability changes across genders, e.g. with the menstrual
reliability of conventional peak measures and of the fractional area approagbhases.
(FA) for the measures of independent component analysis (ICA). Their results
suggested that the FA approachdeao an increase in the reliability of In addition, the mixed model showed a sfigint e ect of assigned sequence.
latency measures between two recording sessions, especially for the |aAe believe that this might be caused by the spurious ageedices within
components. On the other harfdlvet and Hajcak (2009&pund similar the di erent sequence groups (F (3, 31) = 4.057,
reliabilities using both the area and peakasures, which idicate that the p < .05), since unfortunately age was not taken into account when the
reliability of amplitude measurements isegted by dierent scoring methods participants were randomized. Thisutd cause low EEG/ERP rellity
to a lesser degree. In the present study, only -peing analysis was since age does have an impact on EEG/ERBniferer et al., 2013.
implemented, and thus it was diult to capture the best method for the However, we cannot be certain due to the relatively ssaafiple size of the
reliability of latency measures. Further investigation is needed to improve thgresent study (eidtparticipants per intervention sequence).
reliability of latency measures in general.
Another related issue is that of the low number of accepted trials of error
ERPs at BL4 which was observed for one particip@able 1 the minimum
is 3). This participant contribuethe lowest number of aepted trials (the
second lowest is 12) in all sessions. This was the case due to low committed
errors instead of a noisy signal (i.e. mumy-siological signal). We didn't
exclude the participant for two main reansfirst, this study is a clinical trial
To date, EEG/ERP reliability studies have mainly been conducted over twand thus it is important to report the actual data. Second, in the st@dyeof
recording sessions, wkilmore than two sessions are involved in mostand Hajcak (2009h)they demonstrated that stable error ERPs could be
pharmacological studies. It is important to evaluate how EEG changes acrasgasured with a minimum of six error trials,eavtwo trials for the
longer periods of time and across multiple sessions. The reason for choosinganponent PeOlvet and Hajcak (2009agxtendedhe results by comparing
linear mixed model for the present analysis is thafait evaluate derent  the reliability of high versus low number of error trials, and demonstrated
recording sessions through an unstructured covariance matrix, an approaimilar testretest reliabity between groups. Therefore, it could be possible
which is assumptiofree on the cowariance matrix, given the fact that we that the reported reliability for EPRs is underestimated but we don't believe
cannot be sure whether EEG/ERP parameters decay, increase or remain stéideexclusion of this single participant's data would improve the reliability
between tk di erent recordings. This approach is adequate for assessingignfficantly.
multiple recordings. We used the ICC cagents to quantify the reliability
between sulsequent recording sessions instead of the Pearson correlatidfinally, carryover drug eects might have existed in our dataset even though
coe cient since the latter is not a promeeasure of reliability (see Chapter 1, blood tests cdirmed that there was a complete washout. This is because
(Lin et al., 201)). while during later baseline measurements, blood tests can eliminate the
presence of previous interventions in the bloodstream (BIL3, BL4), it
cannot completely rule out the indirecflirence a previous treatment had on a
participant's subsequent test performance.

4.3. Statistical methodology
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Abstract:

Several electroencephalogram (EEG) biomarkers for prediction of drug response in major depressive
disorder (MDD) have been proposed, but validations in larger independent datasets are missing. In
the currenstudy, we investigated the prognostic value of previously suggested EEG biomarkers. We
gathered data that matched prior studies in terms of EEG methodology, clinical criteria for MDD, and
statistical approach as closely as possible. The NeuroPharm studpirandomized and open label
prospective clinical trial. One hundred antidepressant free patients with MDD were enrolled in the
study and 79 (57 female) were included in thegretocol analysis. The biomarkers candidates for
crossvalidation were deved from prior studies such as iISPOTand EMBARC and include frontal

and occipital alpha power and asymmetry and delta and theta activity at anterior cingulate cortex
(ACC). The alpha asymmetry, reported in two out of six prior studies, could belpariadated.

We found that in female patients, larger right than left frontal alpha power prior to drug treatment was
associated with better clinical outcome 8 weeks later. Moreover, fematesgonder had higher

central left alpha power relative to ttight. In contrast to prior reports, we found that lower theta

activity at ACC was present in remitters and was associated with greater improvement at week 8. We
provide evidence that in women with MDD, alpha asymmetry seems to be the most promising EEG

biomarker for prediction of treatment response.

Registration number: NCT02869035.

Keywords: gEEG, major depressive disorder, treatment response, pretreatment biomarker



1. Introduction

Major depressive disorder (MDD) is a hetegngous disease with widespread biological causes,

which explains why not all patients benefit from the same treatment (Spronk et al., 2011). Further,
there is an ofteirolonged time of treatment with triahderror regarding the choice of intervention
(Baskaran et al., 2012). The situation could be remediated if patients were appropriately stratified for
treatment selection (Olbrich and Arns, 2013), based on, e.g. their neurophysiological

endophenotypes (Wu et al., 2020; Zhdanov et al., 2020).

Due to itslow cost, high temporal resolution, and high accessibility, electroencephalography (EEG)
shows great promise as a useful biomarker in clinical settings. As summarized in Table 1, several
guantitative EEG (QEEG) biomarkers have shown potential to preelidihtent outcome in MDD.
Among those markers, alpha (Bruder et al., 2008) powdr2(81z rhythmic brain wave) and theta
(Korb et al., 2009; Pizzagalli et al., 2001) powér§4Hz), sometimes in combination with a source
localization technique (Pasctidlarqui, 1999; Pascuallarqui et al., 1994), are the most promising

candidates for clinical usage.

While these results are promising, they still suffer from low effect sizes, small samples, and
importantly a lack of independent cresaidation in other cohast Another challenge is the use of
different methodology e.g. by means of vigilance states under resting conditions (alert: Korb et al.,
2009; relaxed: Pizzagalli et al., 2018) and heterogeneous treatment response criteria (Widge et al.,
2018). In particudr, differences in how treatment responders are defined limit comparisons between
studies because some patients are considered responders in one study but not in another. Together

these inconsistencies limit the validity and comparability of the repaneuhgs.

We here aim to validate previously reported biomarkers relating to treatment outcome in MDD in an
independent dataset (NeuroPharm). We meticulously applied the same criteria as previous studies
regarding treatment response, biomarker definipoaprocessing/analysis methods and statistical

approaches. We hypothesize that validation is achievable in our independent prospective study cohort.



2. Methods

2.1. Study design

NeuroPharm is a herandomized, open label clinical trial (Figure Details of the study protocol

are described elsewhere (KdW€prsberg et al., 2020)

2.2. Participants and treatment

Two-hundred and fiftynine antidepressaifitee, MDD outpatients were screened from the central
referral site and general practitiongise Mental Health Services in the Capital Region of Denmark.
MDD diagnosis was confirmed by a certified psychiatrist and confirmed by aliMérhational
Neuropsychiatric Interview (Sheehan et al., 1998). Inclusion criteria for patients w6 yias,
moderate to severe, first or recurrent major depressive episode and a minimum score of 18 on
Hamilton Depression Rating Scale 17 items (HRREXclusion criteria: clinically significant
psychosis, severe somaticiemrbidity, current or previous psyieltric severe canorbidity, acute
suicidal ideation and duration > 2 years of the current episodeh@mired patients who met the
criteria were allocated to treatment. All participants provided written informed consent prior to
participation. The study &s approval by the National Committee on Health Research Ethics

(protocol: H15017713).

Patients were treated with the selective serotonin reuptake inhibitor (SSRI) escitalopram at flexible
doses of b20 mg/day adjusted depending on effects and sidetetfgdrained physicians at each

visit: week 1, 2, 4, 8 and 12. HDR®as extracted from the HDR&nd used for assessment of
antidepressant response (Bech et al., 2010, 2006; Dstergaard et al., 2016). Definitions of treatment

response are shown in Figure

Consistent with clinical practice, patients with no response to escitalopram after 4 weeks, defined as
early nonresponders, or with intolerable side effect were offered second line treatment with the
selective serotonin noradrenalin reuptake inhiti8\NRI) duloxetine, with a dose ranging ofi 320
mg/day (n = 15). Medication compliance, seféects to antidepressant treatment, and depressive

symptoms were monitored at each visit.



A total of 79 patients were included in the jpeotocol analyse Two patients opted out of the study

and for technical reasons, pretreatment EEG data was missing in five patients. One patient was
excluded due to spontaneous remission and one patient was excluded due to suicidal ideations.
Twelve patients dropped ob&fore week 8. Three patients suspected of campliance because of

drug levels below O 5 nM athocwrelgsis. 8 were excl uded

2.3. Electrophysiological recording

EEG recording was conducted 2.5 2.4 days (mean £SD) before treatrasrihitiated. All patients
were seated on a comfortable armchair in a quiet room. Resting EEG was recorded with both eyes
closed and open. Participants were instructed to remain quiet and relaxed, axgidkesyand
movements and to relax chin musclesiny recording. Resting EEG was recorded during feomi3
periods with a counterbalanced order of OCOC (O for eyes open, C for eyes closed) or COCO
between subjects. EEG data were recorded using-at2gthel HydroCel Sensor Net system (EGI,
Inc., EugenePR) at 1000 Hz with 011100 Hz analog filtering, the vertex electrode as reference.

|l mpedances wer e ke pdensiyelectode abrdy allovged thelrdsampling off h

montages used by the different studies that we ought to validate.

2.4. Chosemiomarkers for validation

Besides the biomarkers showing promise in the rap#dysis, the study of Pizzaglli et al. (Pizzagalli
et al., 2018) was also included (Table 1) since it is until present day the largest multicenter
randomized placebo contrallelinical trial (Trivedi et al., 2016) and was published after the meta
analysis. Theta cordance and antidepressant treatment response index are treatment emergent
biomarkers (for assessment one week after intervention), and thus were excluded froaiytbis. a
Alpha activity derived from current source density was excluded (Tenke et al., 2011) because the
criteria of acquiring the exact principal components were not reliably described. Since we only
recorded EEG while patients were relaxed, we exclstigdies where patients were kept alert

(Cook et al., 2009; losifescu et al., 2009; Korb et al., 2009).

2.5. Electrophysiological Preprocessing and spectral analyses



Corrupted channels were interpolated using spline interpolation (Perrin et al.,R888)g EEG

data were re@eferenced offline to an average reference-mBgpgement artifacts were corrected using
independent component analysis in EEGLAB (Delorme and Makeig, 2004). /plzase digital IR

Butterworth bandpass filter was applied,-ofit f r equenci es were 0.5 and 70
additional 50 Hz notch filter (order of 3) was &
artifact inspection (movement, muscle and electrical artifacts) and were further processed in Matlab

2017b (The Mathworks, Inc., Natick, MA, USA).

The data were repoched into 4s (adjusted when assessing different biomarkers) epochs with 50%
overlapping for spectral analysis. Average power spectra were computed for O and C conditions
separately using shi-time Fourier transform after tapering with a Hanning window to suppress
spectral leakage. For each electrode (see Table 1 for the selected electrodes), the resulting absolute
power spectra were calculated over segmentations and over the followingdyaerdli alpha (B13

Hz for Arns et al., 2016; 7i82.5 Hz for Bruder et al., 2008, 2001) and high alphaX2® Hz for

Bruder et al., 2001). Logarithms of power values were applied.

2.5.1. eLORETA analysis

All resting data with eyeslosed were resgoied to 250 Hz, in alignment with previous studies
(Pizzagalli et al., 2001, 2018; Rentzsch et al., 2014), and further analyzed with exsesdavtion
electromagnetic tomography (eLORETA) (for technical details refer to Pagangli, 2007,
PascuaMarqui et al., 2011). The eLORETA software computes tdlieeensional intracerebral
source distributions. Crospectra for delta (1i% Hz) (Rentzsch et al., 2014), narrow {@51z)
(Pizzagalli et al., 2001, 2018) and broad thetai (#13z) bands (Pizzagakltt al., 2018) were
computed. The extracted power of current source density was normalized for every subject and every
band. Logarithms of power were extracted from the following regions of interest (ROI): Rostral
anterior cingulate cortex (identical 1dxels from Pizzagalli et al., 2001, 2018) and perigenual and
anterior dorsal (pg/ad) ACC (identical 22 voxels from Rentzsch et al., 2014) based on previously
evidence on treatment response (See Figure 2a for the visualization of the Montreal Neurological

Institute brain atlas (MNI) coordinates).



2.6. Statistical analyses

The statistics were performed in SPSS version 24 (IBM Corp., Armonk, NY). The statistical models and
covariates used to carry out the analyses are listed in table 2; they weredteget as possible to the

original studies. For treatment response definition, criteria of NeuroPharm (Figure 1) and of the resampled
studies (Arns et al., 2016; Bruder et al., 2008, 2001; Pizzagalli et al., 2001, 2018; Rentzsch et al., 2014)
were assessedo allow for comparison across studies using different rating scales of treatment response,
scales were transformed whenever possible (Riedel et al., 2010). Otherwise, responders were defined by at
least 50% improvement of depressive symptoms as as¢BseHDRS? score at week 8. To

investigate the value of biomarkers adds to the preexisting drug efficacy, number needed to treat (NNT)

was reported when a significant effect of treatment responses appeared.

Bonferroni's correction was used to adjustrfaultiple comparisons in pesioc analyses. Degrees of
freedom were corrected by Greenhoe@asser correction when necessary. -Qidedp values were

chosen, for the sake of validation. Group differences in sex, age, education, pretreatment generalized
anxiety disorderl0 (GAD-10) (Bech et al., 2005) and pretreatment HDRS scores were tested by

simplet statistic or using the? statistic (sex). Twesidedp values were chosen when testing the

demographical features.

3. Results

Groups did not differ inge, sex, education, pretreatment GA&Nnd pretreatment HDRS scores for

both criteria (alp values > .10). Table 2 summarizes the validation outcomes.

3.1. Frontal alpha asymmetry from Arns et al. (2016)

To align with the previous study (Arns et al01B), frontal alpha asymmetry (FAA) was assessed by
the formula (F4F3) of raw power values extracted from electrodes F4 and F3. A positive FAA
indicates greater right than left alpha activity. A greater right FAA was reported in SSRI female
responders butot in SNRI female responders previously (Arns et al., 2016), thus additional analysis

without patients shifted to duloxetine was performed to allow direct comparisons between studies.



We found no group effect of FAA score (NeuroPhaf{l, 24) = 014,p = .712) and no interaction
was observed between conditions and group (NeuroPlrafin24) = 0.70p = .412). Repeating the

analysis for females only did not change the resultp (a@lues > .31).

However, after excluding patients with low seraomcentrations and patients shifted to duloxetine
(only female patients, remaining n = 35), the results revealed significagpseific partial

correlations between FAA score and pretreatment H3R&es (NeuroPharmi(30) =-0.29,p

=.048) and for th improvement at week 8 (NeuroPharni30) = 0.32p = .036) in eyes closed

condition (Figure 3a), as well as in the eyes open condition (NeuroPharm:sHDR®) =-0.28,p

=.060; HDRS: r (30) =-0.31,p = .041). Consistent with previous study Arnget(2016), this
association between treatment response and FAA was found in women but not in men. Since the
general remission rate for female patients were 19.3%, and 24% of females with right FAA in favour
for SSRI response. Therefore, the NNT for FAR1s When applying the response criteria of Arns et

al. (2016), we did not find any discriminative value of FAA fallalues > .10).

3.2. Alpha asymmetry from Bruder et ¢2001)

Alpha asymmetry was assessed by integrating the alpha power at tthoes:ragterior (left, F3, F7;
right, F4, F8), central (C3, T7; C4, T8), and posterior (P3, P7; P4, P8) (Bruder et al., 2001). Powers of
overall alpha (7.812.5 Hz) and high alpha (1L02.5 Hz) were extracted independently at these three

regions. Only data ith eyes opened were assessed to align with previous study (Bruder et al., 2001).

We found no significant main group effects (NeuroPhd#rft, 31) = 2.05p = .162; criteria of the
previous studyF (1, 76) = 1.44p = .235) but we saw a significant @niction between sex and group
on alpha asymmetry (NeuroPharm(l, 31) = 6.36p = .017. When using the same criteria as in
Bruder et al. (2001), we saw a trend oL, 76) = 2.89p = .093). The analyses of simple effects
showed that male nerespomers had a greater right than left alpha power (NeuroPharm: 0.14 vs.
0.15 on logarithmic scal@,= .007; criteria of the previous study: 0.06 \05,p = .03). This
interaction disappeared after the exclusion of patients with low serum drug cotimestavalues

> .05). No significant difference was found for high alpha powesm{ues > .10).



Exploratory analysis

For validation purposes, i.e. adding regions as a wétbject factor, we also conducted the ANOVA
without averaging the log gtha power at three regions. We found a significant-feay interaction

between groups, sex, regions and hemisphere (NeuroPR#&Pn64) = 3.87p = .041; criteria of the
previous studyF (2, 150) = 4.31p = .025). Analyses of simple effects showed ey greater right
posterior alpha in male nenesponders (NeuroPharm: 0.193&11,p = .022; NNT = 15; criteria of

the previous study: 0.26 v£.02,p = .008; NNT = 25), but also a less right central alpha in female
nonresponders (Criteria of theqvious study:0.62 vs.-0.55,p = .031; NNT = 42 (Figure 3b)). Pest

hoc analysis after excluding patients with low serum concentrations did not change the results (criteria
of the previous studye (2, 144) = 3.99p = .032). No significant result wasuod for high alphag

values > .10).

3.3. Alpha power and alpha asymmetry from Bruder et al. (2008)

Alpha power (7.812.5 Hz) was extracted from the occipital sites (O1, O2) and entered the statistical
model. There was no significant difference in ottaipalpha among groups (NeuroPhaf(1, 29) =
0.13,p = .723; criteria of the previous study{1, 65) = 0.83p = .366), nor in occipital alpha
asymmetry (NeuroPharri: (1, 29) = 0.48p = .496; criteria of the previous study(1, 65) = 0.19p

= .668). Repeating the analysis for righinded only did not change the resyttsdlues > .30).

3.4. Theta current source density at ACC from Pizzagalli et al. (2001)

A repeated ANOVA yielded a significant group effect (NeuroPhé&niid:, 33) = 5.10p =.03),
suggesting an overall higher ACC theta insmesponders compared to remitters (NeuroPharm:

2.38 vs.-2.64 eLORETA unitp = .03, Figure 2b). Furthermore, the Pearson correlation revealed a
negative trend between the whole cluster (14 voxels) anaigprovement at week 8 (NeuroPharm:
HDRSs: r (79) =-0.18,p = .056), indicating that the lower pretreatment ACC theta was associated
with the greater improvement on the depressive symptoms. The trend remained after exclusion of

patients with low serum cgentrations (NeuroPharm(76) =-0.17,p = .067). No significant results
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were found when median cut of HDR#Pizzagalli et al., 2001) was applied as defining

treatment response (criteria of the previous stpdsglues > .12, Figure 2b).

3.5.Theta current source density at ACC from Pizzagalli et al. (2018)

For this analysis, we focused on determining whether the narrow théta tzband the broad theta

(4.5 7 Hz) bands were associated with symptom improvement at week 8.

The partial comrelation showed a trend of negative correlation between the narrow theta at the whole
cluster (14 voxels) and the improvement at week 8 (NeuroPharm: IDR8) =-0.21,p = .085;

criteria of the previous study: HDRSr (44) =-0.23,p = .067), indicatag that the lower pretreatment
ACC narrowtheta was associated with greater improvement on the depressive symptoms at week 8.
Excluding patients with low serum concentrations did not change the results (NeuroP(@ans: -

0.21,p = .087; criteria of th previous studyr (44) =-0.22,p = .075). No significant result was found

for broad thetag values > .29).

3.6. Delta current source density at pg/ad ACC from Rentzsch et al. (2014)

Pg/ad ACC delta was compared between groups by using the eadpses@mt week 4 to align with
the previous study (Rentzsch et al., 2014). Since HDR& not included in the current study,
HDRS7 Was used instead. Both criteria were used independently: NeuroPharm (see Figure 1 for the

early status on treatment respemat week 4) and at least 50% reduction in HRRS

There was no significant difference in pd/ad ACC delta among groups (NeuroPh@rm9) = 0.59,
p = .448; criteria of the previous study{(1, 81) = 0.99p = .323). No significant correlation was
found between pd/ad ACC delta and HDRS scores at week 4 (NeuroPharms, H[83%=-0.03,p

= .390; criteria of the previous study: HDRS (83) = 0.01p = .477).

4. Discussion

This work aimed at crosglidating candidate gEEG biomarkers in MDa large independent
prospective study. To the extent possible, the same EEG methodology, clinical definition of treatment

response and statistical approach were applied, resulting in the partial validation of two studies (Table
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2), both related talpha asymmetry. In accordance with the literature (Arns et al., 2016}, a sex
specific effect for alpha asymmetry was observed with higher right frontal alpha power being
associated with greater improvement of symptoms at week 8 in female MDD. Furthdenie
nonresponders showed higher left alpha power at the central sites. Alpha asyamhdstoythe
already existing treatment efficacy of drug with an NNT of 21 in female MDD (and 42 for female
non-responders). Previous findings of ACC theta andgpgMaC delta for treatment prediction were
not validated. In contrast to the previously reported higher ACC theta in favor for SSRI response,

we found that nomesponders halkigher ACC theta compared to remitters (Figure 2).

4.1. Alpha asymmetry

In parial validation of prior work (Arns et al., 2016), we found that female patients with greater right
FAA (decreased right cortical activation) had milder depressive symptoms onet$B&RE prior to
medication and show better improvement at week 8. In fenwaieesponders, we found evidence for
higher left central alpha asymmetry in the egpsn condition compared to female responders.
Although prior reports indicated an overall alpha asymmetry foirasponders (Bruder et al., 2001),
with greater right cdical activity than left, and occipital alpha asymmetry (Bruder et al., 2008), our
findings are only supportive of right hemisphere hyperactivation irresponders (Arns et al., 2016;
Bruder et al., 2008, 2001). Furthermore, we did not observe that FigAltetween remitters and
nontresponders (NeuroPharm) or between responders anedsponders (Arns et al., 2016) in

neither eyempen nor eyeslosed conditions. The reported NNT of alpha asymmetry reveals that

every 21 women would benefit from the fpeatment selection, when a greater right FAA is present.

The sexspecific finding supports the presence of adegendent lateralization in the serotonergic
neurotransmitter system. A sepecific cortical lateralization has been associated with-the 5

HTTLPR (serotonirtransportedinked polymorphic region) polymorphism (Volf et al., 2015).
Furthermore, previous positron emission tomography (PET) studies have also found sex differences in
cortical asymmetry of both the serotonin transporter (Kranz,e2@l4) and the serotonin 1A

receptor (Fink et al., 2009). Future investigations on theeaied asymmetry on cortical activation
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(measured by EEG) and serotonergic system (measured by PET) could help understand

this observation.

4.2. Delta/Thet current source density at ACC

Unlike prior studies (Korb et al., 2009; Mulert et al., 2007; Pizzagalli et al., 2001, 2018; Rentzsch et

al., 2014), we did not find that higher sldrequency activity at ACC was associated with better

response; insteaderfound that remitters had lower theta activity at ACC compared toesponders

(Figure 2). Our results are aligned with the finding from one of the largest gEEG studies in MDD so

far, the International Study to Predict Optimized Treatment in Depre@SIBO®T-D), where they also

report a lower theta activity in treatment responders (Arns et al., 2015). There seems to exist treatment
specificity on theta activity in relation to treatment response, as proposed by Arns et al. (2015). Future
studies are need to investigate whether ACC theta power could inform about which type of

antidepressant treatment to use.

4.3. Outcome depends on MDD scale or clinical criteria

The discriminative power of gEEG differed depending on the clinical rating scale useths@reed

an association between FAA and HDRSweek 8 but not when HDR&vas applied. We argure it is
possible that HDRSs more sensitive to the treatment outcome. The HRRE8udes three negative
side effects (somatic and gastrointestinal; sexusfiuthction; loss of weight). Thus the exclusion of
less relevant or noisy items in the HDFBould provide a better signal for estimating antidepressant
response compared with HDR$Bech et al., 2010, 2006; Jstergaard et al., 2016). We found that
ACC thda was associated with treatment responses defined by HidiRSot with HDRS. We

propose that the HDRShould be favored in future EEG studies of treatment responses.

4.4, Limitations

Despite the efforts to validate previous studies as closelyssfhp® several factors limit the
interpretation of this study. First, the different recording lengths of resting EEG between studies was

disregarded in the current analysis although vigilance states and EEG profiles might be tightly
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associated (Hegl and Hensch, 2014; Olbrich et al., 2016). In addition,-kigiensional montage
(257-channel) was used for source analysis instead of the montages used in previous studies
(Pizzagalli et al., 2001, 2018; Rentzsch et al., 2014). Thediighnsional reaaing aimed at

reducing the possible topographical interpolation, resulting in a more accurate estimation of the
current source density. However, we cannot exclude that this difference could result in inconsistencies
between the current and the prior résuFurther investigation of the robustness of the location of

rACC derived from various montages is needed. Finally, validations were impacted by the variability

in clinical measures used in previous studies although we attempted to take that inta account

5. Conclusions

We could partially validate two out of six gEEG candidate biomarkers, which were both related to
alpha asymmetry. Applying FAA alongside with treatment would increase efficacy around 20%.
Future, prospective studies of gEEG biomarkbmkl aim to standardize recording length,
montages, marker calculation and clinical measures, and it is also possible that a combination of

markers might increase the accuracy for treatment prediction.
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Table 1 The listed studies for validan and the details of previous published biomarkers

Studies gEEG biomarkers %i?g{%gg R | NR Clinical evaluation Medication Response criteria
Greater FAA escitalopram R: O 50% i
Arns et al., | [(FA+F3)/(FAF3) in R | Two 2-min (CO" or 427 | 240 HDRSy: Baseline, week 8 sertraline, HDRS;7. Remission:
(2016) and better response to (0]03) venlafaxine score of
SSRIin female HRSDyy
Less right alpha (F3, F7 R: AMuch i
Bruder et al.,| F4, F8, C3, T7, C4, T8, | Four 2min (COOC . . . 5
(2001) P3. P7, P4, P8) than lef or OCCO) 34 | 19 CGlI-I; Baseline, week 12 fluoxetine Afvery much
) on CGH
in femaleNR
1. Greater occipital alph R AMuch il
Bruder etal., (01, 02) inR; 2. Greate Four 2Zmin (COOC| ,, | . CGI-I; Baseline, week 12 fluoxetine | fivery much
(2008) right hemispheric alpha or OCCO)
in R on CGH
. Ten 3min
. : Higher rACC theta : :
Pizzagalli et (LORETA) activity, (Cococococo 9 9 BDI; Baseline, 46 months nortriptyline Median split of BDI
al., (2001) better response or scores
b OCOCOCOCOC)
Pizzagalli et ?ﬂg?é;ﬁ?gcim:a Four 2min (COOC 248 HDRS:17; Baseline, weeks 1, 2,3, 4,¢  sertraline, Absolute score on
al., (2018) b Y, or OCCO) and 8 placebo HDRS;
etter response
Rentzsch et| Higher right pg/adACC . . _ _ . R: O 50%
al, (2014) | (LORETA) delta in R 010 min (C) 11 | 20 HDRS:1; Baseline, weeks 2 and 4 | various SSRIs HDRS,, at week 4.

Notes 1 C refers to eyes closed, and O refers to eyes Sﬂdna study did not provide information on thewhers for treatment responders/sresponders.

Abbreviation: R, responders; NR, naesponders; SSRI, selective serotonin reuptake inhibitor; FiAtal alpha asymmetryACC, rostral anterior cingulate

cortex; pg/ad ACC, perigenual and anterior dore&r@or cingulate cortex; HDRS, Hamilton Depression Rating Scale;l G@inhical Global Impression

Improvement scale; BDI, Beck Depression Inventory.
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Table 2 Summary of the statistical analysis and the validation results

Results
Study Statistical analyss' Included covariates Criteria of Criteria of the
NeuroPharm previous study
Primary : ANOVA with FAA score under different conditions | Age, sex, pretreatment anxiety | Partial validation:
Amsetal. [and r es pon s smdficgfecoon fermale padients. | level and pretreatment HDRS | Greateright FAA, No validation
(2016) Secondary Partial correldon between FAA and HDRS score{ score. Aye and sex were include( better resporesin
Exploratory: ANOVA with hemisphere and groups. in the exploratory analysis. female
Primary: ANOVA with alpha power (overall and high alpha) . e
Bruder et al. | on bothhemisphere, groups and sex were tested. licabl lidati Parnall vshdatlon.l
(2001) Exploratory : ANOVA with regions (anterior, central, Not applicable No validation Less ng tcentra
) ) alpha in female NR
posterior), hemisphere, groups and wexe tested
Bruder et al Primgry: ANOVA with hemisphe_reand condit_ion and groups. _ o o
(2008) ' Possﬂale handedness effect on righhded patientsere Number of years of edtation No validation No validation
examined
Primary: ANOVA with narrow ACC theta (14 voxels) and
Pizzagalli et | groups. . — _
al. (2001) | Secondary:Pearson correlation between A@&taand HDRS Not applicable No validatiort No validation
scores.
Age, sex, race, marital status,
Pizzagalli et | Primary: Partial correlation between ACieta(narrow and employment status, pretreatmen No validatiort No validatiort
al. (2018) broad theta) and thg|gHDRS at week 8. anxiety level and pretreatment

HDRS scoré

Rentzsch et
al. (2014)

Primary : ANOVA with ACC delta (22 voxels) and groups.
Secondary:Pearson correlation between ACC delta and
gqHDRS at week 4.

Not applicable

No validation

No validation

Notes:! The chosen models followed the resampled study as close as possipldineiomarkers that has been found to associate with treatment response in

the previous study were examined herdailored from the final model reported in the study of Pizzagalli et al., (Zﬁmpteria of NeuroPharm and of the

previous studies &re reported separatef%n opposite direction of the resample study was observed.

Abbreviation: ANOVA, repeateemeasures analysis of variance; FAA, Frontal alpha asymmetry; ACC, anterior cingulate cortex; HDRS, Hamilton Depression

Rating Scale.
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Figure captions:

1. Screening (n = 259)
1.1 Central referral site (CVD): all referrals for depression (n = 228)
1.2 General practitioner (GP): all contacts (n =31)

Exclusion (n= 159 (CVD n= 144; GP n= 15))

[ Patient Enrollment ] 2.1 Not meeting inclusion criteria (n = 103)
2.2 Declined to participate (n = 55)

2.3 Other rcasons (n = 1)

3.1 Allocated to bascline intervention: escitalopram (n= 100)

3.2 Received EEG bascline intervention (n= 92). Reasons: Technical errors and coordinate faults (5/100),
drop-out before study baseline (2/100) and pregnancy before study baseline (1/100).

3.3 Data Exclusion for prediction analysis (n = 1). Reasons: spontaneous remission.

!

[ Clinical outcome: NeuroPharm ]

v

Week 4: Early status on treatment response l l
4.1 Dropped out after 4 weeks (n= 8) . ]
4.2 Early responders after 4 weeks (n = 33) Early responders Early non-responders
4.3 Early non-responders after 4 weeks (n = 18) AIDRSs > 50% at week 4 AIDRS; < 25% at week 4
4.4 Not-early responders/early non-responders (n = 32)
4.5 Patients shifled to duloxetine (n = 15) l
A
l l v l

Week 8: Final status on treatment response 5 .

afte K (= Remitters Intermediate Non-responders
5.1 Dropped out after 8 weeks (n=12) y
5.2 Remitters after 8 weeks (n=21) Early responders and responders Liarly non-responders
5.3 Non-responders after 8 weeks (n = 15) <5 points on the and AHDRS; < 50%
5.4 Intermediate responders (n = 43) HDRS; at week 8 al week 8

Figure 1. Study flowchart and the definition of treatment response in NeuroPharm. Antidegressant
patients diagnosed with MDD were included and allocated to baseline intervention. Resting EEG data
were collected at pretreatment and week 8 after treatment intervention. Complianeéfesiddo

antidepressant treatment, and clinical evaluations of patients were conducted by a trained clinician at each
visit (week 1, 2, 4, 8 and 1ZJhe treatmentesponses were measured by HBEBDRS score at

week 4/8- HDRS score at pretreatment)/ HDRS score at pretreatment) and defined as follows:
Patients with HDR&> 50% at week 4 were considered early responders; Patients withedDRS

25% at week 4 were ceitlered early nomnesponders; Patients with HDRS50% at week 4, and <

5 points on the HDRScale at week 8 were considered remitters; Patients with HORD6 at

week 4 and HDR& 50% at week 8 were considered responders. The other patients were

considered intermediate responders.
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Figure 2.a. The visualization of the chosen Midbordinates (view angle: [X, Y, Z] =[7, 35, 16] mm).

Theta power was extracted from a rACC cluster (identical 14 voxels f@rhi§hlighted as red) and delta

power was extracted from pg/adACC (identical 22 voxels from 23, highlighted as ydllcieta

activity at rACC cluster (red blocks) for both response criteria: NeuroPharm and the previous study
(Pizzagalli et al., 2001).ogarithmic theta current source density was extracted from rACC using

eLORETA. When the criteria of NeuroPharm was assessed, the results showed a significant higher ACC
theta in norresponders compared to remitters. No such difference was observedw/létetia of the

resampled study was assessed. Data were visualized the same way as the resampled study (Pizzagalli et al.,
2001).

Note: *: p < .05.
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