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Abstract

Background: Repetitive transcranial magnetic stimulati®@irMS) has been suggested as a
possible therapeutic alternative for patients with schizophrenia (SCZ) and treetsistant
auditory verbal hallucinations (AVH). The aim of the studies presented here was to
investigate howRTMS affects clinical symptoms, el@oencephalographic responses, and
brain functional networks. We suspected improvement of symptoms accompanied by
changes in EEG activity, everglated potentials, and sensory gating.

Subjects and methodSen patients with schizophrenia (mean age 32Dt~ 6.85, 7m, 3f)

and six healthy controls (mean age 30.3, SD = 7.5, 4m, 2f) participated in this study. Nine
patients were on antipsychotic medication. The patients were randomly selected into two
groups, the treatment group (TG) and the control gro@).(The active lowfrequency 1Hz
RTMS was delivered in ten daily sessions of 900 pulses at two different EEG locatiens: T3
P3 (TG) and Cz (CG). Clinical symptoms were investigated with psychometric scales like
Quiality of Life (QoL), Depression Anxiety s Scales (DASS), and Psychotic Symptom
Rating Scale with Auditory Hallucinations Subscale (PSYRATS AHS). The
neurophysiological tests employed were cortical and cutaneous silent periektency
auditory evoked potentials (P50, N100, P200) using regaiick paradigm, P300 obtained

with an auditory oddball paradigm, and the cognitively driven auditastor task (AMT).

Time, frequency domains, and functional network organization of different
neurophysiological markers were analyzed. P300 oscillaitiyity was analyzed with EEG
source connectivity (e.g., participation coefficient) and for the auditaripor taskinduced
oscillations, we used network integration parameters of graph theory (i.e., characteristic path
length- CPL and small worldnessSW). The patient's results obtained after the treatment
(T2) were compared with data obtained at baseline condition (T1) and with data from the
third group of healthy controls (HC).

Results: There were no significant changes between TG and CG on QoLSDaSI
PSYRATS AHS scores or neurophysiological data afterRA®#MS treatment. We also
calculated prgpostRTMS changes for all patients. N100 showed the most marked changes
afterRTMS in left temporoparietal region, frord.57 pV (SD 0.97) t62.39 pV (SD1.59),
(p=0.M6, d 2 46Fandlin ndedial posterior regiop € 0.88, d 2 18Fsuggestihg a
modulation of this marker over both stimulation sites. ARAGMMS, N10GP300 voltage
increased for six patients, two in TG and four in CG, but also decreased in patients from TG
who showed the best clinical outcome. The EEG power spectral density (PSD) during the
auditory oddball paradigm increased in T2, mainly fordiipba band and beta band globally,

for six subjects, two in TG and four in CG. The connectivity results for the frequent stimuli
of the auditory oddball paradigm showed increased network segregation during T2 for the
beta band, in seven patients, fould®, and three in TG. The study revealed that patients
with schizophrenia exhibit higher gamma PSD in a period between two auditory commands
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of AMT, compared to HC, which was modified BRTMS without being significant. The

change was visible, locally, oviére left temporoparietal region, when the task was done with

the nondominant hand, showing that during this condition, gamma synchronization is a

mar ker of Aneur al ef forto an-delatadotim&dnd@otd dur i
during the auditory omotor cortical activation. Graph theory analyzed for-gamma EEG

activity elicited in between the auditory stimuli, an epoch of the auditmtpr task we called
Anaemrtical activationo and whshowédd adesreaseel| at e d
SWindex afterRTMS when the task was performed with the fstwminant hand. This SW

effect observed in the patients was similar to that of the HC group. Kendalh€tarelation

showed a strong, negative correlation between the SW index cefjdowna phase
oscillations and PSYRATS AHS scores in T1,
T0. 788, p =RRTNAS(0TR2) .t hlef tceorr r el ati on was stron:
0.039).

Discussion The sample size of this study was small to achiew&G3stdistical significance

(e.g., PSYRATS AHS prealculated N was 16). Individual data showed controversial results,
sometimes with the improvement of AVH severity and neurophysiological data in patients
treated at the Cz EEG location. N100 from the paire# paradigm showetthe most marked

changesat the left temporoparietal regioR300 was performed with a passive auditory
oddbal l paradigm by fAautomatico discriminat
subject to move the finger or count the targetst. The findings we obtained with P300
amplitude, which in most cases decreased &fEMS, might be in direct relation to a
habituation effect, which is seen in healthy subj@etdich, 1989)

Conclusion: Based on the patient’s clinical evaluations and all the neurophysiological
measurements presented in the studies of this thesis we cannot affirm that left temporoparietal
(T3-P3)RTMS is more effective than vertex (CRITMS in patients with schizophreniaa
auditory verbal hallucination§ome interesting neurophysiological observations were made,
particularly changes of N100 amplitude at the left temporoparietal region and low gamma
activity during the period in between auditory commands of a cognitiirelgn task. N100
amplitude measured from a paired click paradigm and low gamma activity measured in
between auditory stimuli of AMT performed with the rdominant hand might be of interest

to assess the neuromodulatory aftereffectRBMS in patients wih SCZ and AVH. The
smallworld network of low gamma activity showed a significant main effect of the condition
(AMT and resting state) for HC and Sa2 suggesting tha® TMS might have influenced

the network by restoring the SW index. Further, studiesh wét multimodal
neurophysiological approach are necessary to aBSEES effectiveness for patients with
SCZ and A\H.






Hver eru taugalifedlisfraedigahrif fyrir og eftir TMS
medferohvad raflifedlisfraedilegra breytur varda hja
sjuklingum med gedklofa og heyrnartals ofskynjanir?

Ovidiu C. Banea, januar 2022

Utdrattur

Bakgrunnur: Undanfarin ar hefur radsegulérvun (RTMS) verid sifellt meira notud sem
medferdardrraedi fyrir sjuklinga megedklofa (SCZ) og medferdar6neemar hewray
talofskynjanir (AVH). Markmid rannséknanna sem kynntar eru hér var ad kanna hvernig
RTMS hefur ahrif & klinisk einkenni, raflifedlisfreedilega svorun og starfsemi heilans. Azetlad
var ad jakveedar taugalifedlis@#mgar breytingar myndu sjast samfara baettum kliniskum
einkennum i kjolfar medferdar.

Adferdir: Tiu sjuklingar med gedklofa (medalaldur 32,4, SD = 6,85, 7 kk, 3 kvk) og sex
heilbrigdir einstaklingar (medalaldur 30,3, SD = 7,5, 4 kk, 2 kvk) toku patsapeannsokn.

Niu af tiu sjuklingum voru a gedrofslyfjum. Sjaklingarnir voru valdir af handahofi i tvo hopa,
medferdarhdp (TG) og vidmidunarhdp (CG). Hamlandi, lagtidni (1Hz) RTMS var veitt i tiu
daglegum lotum (900 pulsar i hvert skipti) a tveimur misamgah heilaritasstodum: FB3

(TG) og Cz (CG). Klinisk einkenni voru metin med eftirfarandi salfreedilegum kvéroum:
Quiality of Life (QoL), Depression Anxiety Stress Scales (DASS), og Psychotic Symptom
Rating Scale with  Auditory Hallucinations Subscale (PSYBA AHS).
Taugalifedlisfreedilegu préfin sem notud voru kénnudu; 1) pdgla timabil heila og meenu, og
2) Heyrnarhrifrit (early and midlatency ERPS), par sem svorun vid pérudum tonum (e.
paired click paradigm) var kénnud (P50, N100, P200 bylgjurnar) anngas,\ag svorun a
fravikstonaprofi (e. oddbatiask) til ad kanna P300 bylgjuna hins vegar. Auk pess var annad
préf sem kannadi svorun eftir fyrirmaelum (e. auditorgtor task, (AMT)). Timi, tionisvid

og starfreen netkerfi voru greind. Uppsprettu tengingeilatitsins (e. EEG source
connectivity) voru metnar fyrir P300 bylgjuna (t.d. participation coefficient) og AMT var
greint at fra graffreedi (e. Graph theory), par sem tengsl milli heilasveeda voru skodud (t.d.
Characteristic path length (CPL) og small wioktss (SW)). Nidurstédur sem fengust eftir
medferd (T2) voru bornar saman vid nidurstodur sem fengust fyrir medferd (T1) ogngogn
fra pridja hopi heilbrigdra einstaklinga (HC).

Nidurstodur: Engar markteekar breytingar saust a milli TG og CG & QoL, DASS og
PSYRATS AHS svorunar né taugalifedlisfreedilegum maelingum eftir RTMS medferdina.
Einnig voru reiknadar Gt breytingataugalifedlisfraedilegum maelingum og spurningalistum
fyrir og eftir RTMS fyrir alla sjuklingasem einn hépurbar syndi N100 mesiberandi
breytingar eftir RTMS a morkum vinstra gagnaugg hvirfilblads, fr&0,57 pV (SD 0,97) i
2,39V (SD159),f = 0. 0 0 6)pgadan®leegu hoirfilldadi® = 0. 038), (2
sem bendir til pess ad heilastarfsemi hafi breyst nalsegt badumarstooum. Eftir RTMS
jokst N10GP300 spenna hja sex sjuklingum, tveimur i TG og fjérum i CG, en lsekkadi einnig
hja sjuaklingum ur TG sem syndu bestu klinisku utkomuna. Heildar aflr6fspéttleiki (e. power
spectral density, (PSD)) @ medan a fravikstoomgstod jokst i T2, adallega fyrir aHiaandio

og betabandid yfir allt h6fudid, hja sex einstaklingum, tveimur i TG og fjorum i CG.



Nidurstodur netkerfdenginga (e. connectivity) fyrir tid areiti i fravikstonaprofinu syndu

aukinn adskilnad vid T2 athugdyrir betabandid hja sj6 sjuklingum, fjorum i CG og premur

i TG. Rannsdéknin leiddi i lj6s ad PSD svid hja sjuklingum med gedklofa haekkadi i gamma
bandinu & timabilinu milli tveggja hljédskipana i AMT préfinu, samanborid vid HC, sem var

breytt &n pess adera marktaekt. Breytingin var synileg og stadbundin yfir mérkum vinstra
gagnaugaog hvirfilblads, pegar verkefnid var unnid med vikjandi hendi. Pad bendir til pess

ad i pessu astandigeetigamma mst i | | i ng veri H#H mer ki um At au
vinnsluminni er virkt, en ekki & medan a heyrreda hreyfibarkarvirkjun stendur. Graffreedi

var greind med tilliti til laggamma heilavirkni, a milli areita i AMT verkefninu sem vid

kol |l uHwmrArnaocm!| activationid, seynditegkku@SWst vi nr
gildi eftir RTMS pegar verkefnid var framkveemt med vikjandi hendi. Pessi SW ahrif sem

saust hja sjuklingunum voru svipud og hja HC hépnum-T &dgni Kendalls syndi sterka,

neikveeda fylgni & milli SW gilda lagamma fasaveiflna og PSYRA® AHS svorunari T1,

sem var t°| fr bH0D788 @ a0,082).rEkitRTMS (T2)dast sterk jakveed
fylgni Tar 8 milli (Ub = 0,733, p = 0,039).

Umraeda:batttakendur i pessari rannsokn voruanftil ad na fram marktaeekum mun a milli
hépanna TACG (t.d. var hopasteerd fyrir PSYRATS AHS fyrirfram reiknud fyrir 16
einstaklinga). Nidurstodur a einstaklingsgrunni syndu umdeildar nidurstédur, par sem medal
annars klinisk einkenni og taugalifedlisfreedileg svorun batnadi hja sjuklingum sem voru
medhondldir & Cz sveedinu. | verkefni par sem tonapor voru 16gd fyrir patttakendur, syndi
N100 bylgjan adlégun & mérkum gagnaugg hvirfilblads eftir medferd. P300 bylgjan var
einnig meeld, par sem tveir mismunandi tonar heyrdust, og annar peirra var sjaldgaefari e
hinn. Verkefni ®# wvar A-virkto 2 leim skilmnirt
Nidurstodurnar Ur greiningu sveifluviddar P300 sem i flestum tilfellum minnkadi eftir RTMS,
geetu verid i beinu sambandi vid vanaahrif (e. habituation) sem sjast ithjghem
einstaklingum (Polich, 1989).

Alyktun: Nidurstédur rannséknarinnar geta ekki med dyggjandi haetti sagt til um hvort RTMS
sé ahrifarik medferd fyrir sjuklinga med gedklofa wgdferdarpraar heyrnaskdynjanir.

pratt fyrir pad bar & Ahugaverdumdalifedlisfreedilegar nidurstodum. Ber pa helst ad nefna
breytingar & N100 sveifluvidd @ moétum vinstra gagnaug@ hvirfilblads og lag
gammavirkni & timabilinu & milli fyrirmeela i AMT. Ahugavert veeri i framtidinni ad kanna
frekar ahrif RTMS hja pessum sjiigahdp hvad vardar sveifluvidd N100 par sem {pda

voru 16gd fyrir (e. Paired click paradigm) og {§gmma virkni maeld a milli fyrirmaela
(AMT), framkvaemt med vikjandi hendi. Nidurstodur ur graffragfiningu syndu adé SW
hvad vardar laggammavirkni sydi marktaek meginhrif i tveimur verkefnum (AMT og i hvild

(e. resting state)) hja heilbrigdum og hja sjuklingum eftir medferd (T2). Moguleg tulkun a
pvi geeti verio ad RTMS hafi ahrif & virkni netkerfa med pvi ad feera SW virkni i att ad
heilbrigdu astandi. &ssi rannsokn synir ad fjdlpeett taugalifedlisfraedileg nalgun getur veitt
itarlegar upplysingar pegar meta a virkni RTMS medferdar fyrir sjuklinga med gedklofa og
heyrnarofskynjanir.
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Preface

This dissertations original work by the author,Ovidiu C. Banea.

| graduated as an environmental ecologist in 1997 and a medical doctor in 2000, in Sibiu
Romania. In 2004, | moved to Spain where | worked as a primary care doctor and emergency
medicine doctor before | finished Sports Medicine (2007) and Clinical Neurophysiology (2015)
medical specialties. Right aftdrstarted Clinical Neurophysiology in 20 as MIR Médico
Interno Residen}e at fAdel Mar Hospital o in Barcel ona,
stimulation (TMS) and its clinical use in patients with psychiatric illness. With my senior
consultant physician, Dr. Josep Maria Espadaed my colleagues Alba Le6n Jorba, Cid
Aurelio Delgado Pugley, and Alessandro Principe we worked with TMS in patients with Down
Syndrome studying their intracortical brain dynamics usingl@H paradigms. In 2012, |
proposed a clinical study with repetiitranscranial magnetic stimulation treatment for patients
with unipolar major depressive episodes within our laboratory, which unfortunately was not
implemented. In the last ten years, | used TMS for many patients with brain tumors in
preoperative studgeto assess and map the eloquent speech and motor areas of the brain. |
worked with TMS in patients with suspected amyotrophic lateral sclerosis, primary lateral
sclerosis, myelopathic syndromes, spinal stenosis, and intramedullary tumors.

In June 2017, e year after my arrival to the National University Hospital of Iceland,
with the help of neurologist Eric Wassermann, neurophysiologist, and psychiatrist Sigurjon B.
Stefansson and biomedical engineer Paolo Gargiulo | proposimbtaral study to the
Uni versity of BiobgidaljneusalindktwoksassedsrheatdvithifBASG and
TEP in patients with brain tumors and symptomatpilepsy . T E P s -EEGr evoKel S
potentials provide a direct assessment of cortical excitability and-réonge cortical
connectivity. The study was motivated by the lack of preoperative navigation TMS in Iceland
and its implementation was determingdtbe acquisition of a modern TMS device suitable to
EEG online recordings. The difficulty of such an acquisition and the need for international
collaboration to obtain enough patients let this proposal at a theoretical level.

Following this nterest in analyzing brain biological neural networks, in 2018, |
proposed the AVHTMS Icelandiaclinical trial’. This work was motivated by the recent studies
with TMS therapyfor patients with schizophrenia and auditory verbal hallucinations. Viktor D.
Jonasson was the first neuropsychologist who was interested in this kind of treatment for
Icelandic patients

! Thecritical viewwas presented during the 27th Edition of ANT Neuromeeting in Beaune, Burgundy France
https://www.ant-neuro.com/sites/default/files/files/Final ®gramANT Neuromeeting_2018.pdf

2 AVHTMS Icelandic clinical trial lasted three years, between 2Bl and was organized by Reykjavik
University, Department of Biomedical Engineering, Clinical Neurophysiology Unit of Neurology Department,
National University Hospital of Iceland, and Icelandic Psychiatric Hospital Kleppur



https://drive.google.com/file/d/0B4zMxZO-x5WKOFAyM1RTVUd1c00/view?resourcekey=0-2eyqpvSb6QJ6T1K5Y9TVEg
https://sites.google.com/view/schizophreniaplus/home-page
https://www.ant-neuro.com/sites/default/files/files/Final_Program-ANT_Neuromeeting_2018.pdf
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1 Chapter. Introduction

1.1 Schizophrenia

1.1.1 Epidemiology of schizophrenia

Schizophrenia is a chronic and severe mental disorder affecting 20 million people
worldwide (Vos et al., 2017with a median incidence of 15.2 cases per 100,000 persons.
According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM
5), the lifetime prevance of schizophrenia is approximately 0-8%%. The peak age of onset
of the first psychotic episode is in the early to +menties for males and late twenties for
femalegHurley, 2017)

In Iceland, patients with schizophrenia and other mental ilinesses have been hospitalized
since 19071Karlsson, 1988)The total populatiofiving in Iceland afi* of January 2018 was
348,450(Population 1st of January 2018Statistics Icelandn.d.) We conducted a recent
retrospective analysis carried out at the Nafidhr@versity Hospital of Iceland for the 2012
2018 period, by searching the medical records for FACD 10 Diagnosis Code of
schizophrenigOrganization, 1992)During this sixyear period, a total of 567 patients were
diagnosed with schizophrenia and 108 patients of these patients (19%) experienced
pharmacologically resistant AVEV. Jénasson et al., 2019)

1.1.2 Diagnosis of schizophrenia

The diagnostic classification systerof schizophreniaare ICD-11 (2018) ICD-10
(1992) and DSMb (2013) A comparisonbetween diagnostic classification systesh®wed
that the diagnosis of schizophrenia continues to be based on data obtained through clinical
observation rather than on biological markers related to brain function or digedsee2020)
World Health @ganizatiormember states meeting at the World Health Assembly adopted ICD
11 in May 2019, anthenew ICD version will come into effect in January 2@22orld Health
Assembly Update, 25 May 2Q10d.)

At National University Hospital of Iceland Landspitali, the classification of patients
with schizophrenia is made based on {CDcriteria(V. Jonasso et al., 2019)

i International Statistical Classification of Diseases and Related Health Problems
10th Revision (ICD-10)

According to ICD10 Version 2019, the schizophrenic disordeZ®-10 Version:2019
n.d.)are classified witla billable/specifid=20-F20.9codes and are characterized by:

U Fundamerdl and characteristic distortions of thinking and perception and
affects that are inappropriate or blunted.

U Clear consciousness and intellectual capacity are usually maintained although
certain cognitive deficits may evolve in the course of time.

U Psychopthological phenomena include thought echo; thought insertion or



withdrawal; thought broadcasting; delusional perception and delusions of
control; influence or passivity; hallucinatory voices commenting or discussing
the patient in the third person; thouglisorders and negative symptoms.

The course of schizophrenic disorders can be either continuous, or episodic with
progressive or stable deficit, or there can be one or more episodes with complete
or incomplete remission.

The diagnosis of schizophreniaagild not be made in the presence of extensive
depressive or manic symptoms unless schizophrenic symptoms antedate the
affective disturbance. Nor should schizophrenia be diagnosed in the presence
of overt brain disease or during states of drug intoxicatromithdrawal.

Exclusions are acute schizophrenia (undifferentiated) (F23.2), cyclic schizophrenia
(F25.2), schizophrenic reaction (F23.2) and schizotypal disorder (F21).

ii.  The 58" edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM 5)

According to the ¥ edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM 5) schizophrentarresponds$o Disorder Class: Schizophrenia Spectrum and
Other Psychotic Disorders. To diagnose schizophra@nia criteria were published by the
American Psychiatric Association (APA) in 20(@merican Psychiatric Association, 2013)

i

All

Criterion A Two or more of the following symptoms: delusions, hallucinations,
disorganized speech, grossly disorganized or catatonic behantbnegative
symptoms (i.e., diminished emotioredpression or avolition) are present for a
significant periodf 1 month. At least one of these symptoms must be delusions,
hallucinations, or disorganized speech.

Criterion B Impaired level of functioning in work, interpersonal relations, or
self-care.

Criterion C Duration of the symptoms describing that continuous signs of the
disturbance persist fat least 6 monthsThis 6month period must includat

least 1 month of symptom®r less if successfully treated) that meet Criterion
A (i.e., activephase symptoms) and may include periods of prodromal or
residual symptoms. During these prodromal or residual periods, the signs of the
disturbance may be manifested by only negativeptgms or two or more
symptoms listed in Criterion A present in an attenuated form (e.g., odd beliefs,
unusual perceptual experiences). The last three criteria, Bnd F are of
exclusion of other conditions.

Criterion D No Schizoaffective disorder artpressive or bipolar disorder with
psychotic features

Criterion E No physiological effects of a substance or another medical
condition.

Criterion E No autism spectrum disorder or a communication disorder of
childhoodonset

previous subtypes of &zophrenia (paranoid, disorganized, catatonic,

undifferentiated, and residual) were dropped from the DSM 5.

iii. 1CD-11 for Mortality and Morbidity Statistics (ICD -11 MMS), Version 2021



The new ICD11 code proposed for schizophrenia is 6A20 and the patients are classified
in the subchapteBchizophrenia or other primary psychotic disordefs<Chapter 0O6Viental,
behavioral, or neurodevelopmental disordeEsclusions areSchizotypal disorder (6A22)
Schizophrenic reaction (6A22andAcute and transient psychotic disorder (6Ad8)D-11 for
Mortality and Morbidity Statisticsn.d.) The description of schizophrenia is charazest by:

U Disturbances in multiple mental modalities, including thinking (e.g., delusions,
disorganization in the form of thought), perception (e.g., hallucinations), self
experience (e.g., the experience that one's feelings, impulses, thoughts, or
behavior are undehe control of an external force), cognition (e.g., impaired
attention, verbal memory, and social cognition), volition (e.g., loss of
motivation), affect (e.g., blunted emotional expression), and behavior (e.g.,
behavior that appears bizarre or purpasglainpredictable or inappropriate
emotional responses that interfere with the organization of behavior).

U Psychomotor disturbances, including catatonia, may be present.

U Persistent delusionspersistent hallucinations thought disorder, and
experiences oinfluence, passivity, or contr@re considered core symptoms
Symptoms must have persisted far least one monthfor a diagnosis of
schizophrenia to be assigned.

U The symptoms are not a manifestation of another health condition (e.g., a brain
tumor) andare not because of a substance or medication on the central nervous
system (e.g., corticosteroids), including withdrawal (e.g., alcohol withdrawal).

ICD-11 made 3 changes in the characterization of schizophrenia frord0CIZD-11
removed the subtype$ schizophrenia from ICELQ, has introduced a symptom specifidrich
records information on the presence or absence of symptoms, their longitudinal course,
response to treatment and prognosis in the dis@rdepositive, negative, depressive, manic,
psychomotor, and cognitive defidifsand it modified the ICD10 schizophrenia course
specifier. The course of the disorder in KID was divided into continuous, episodic (with
progressive or stable deficit and remitting), remission (complete and incepm#ter and
uncertain course. These specifiers were changed iRLIC the following categories: first
episode, multiple episodes, continuous course and unspediredportant changef the
course specifier is theoioabegorwti whi oh whi
registration in health systems of patients who started with psychotic symptoms and better
longitudinal study of the disorder from its initial stag¥alle, 2020)

1.1.3 Treatment plan

After the diagnosis the treatment planning has three goals: reduce or eliminate
symptoms, maximize the quality of life and adaptive functioning, and maintain recovery from
the debilitating effects of illness to the maximum extent posélifldeman et al., 2004'hese
goals are included in the guidelines of &raerican Psychiatric Association (APA) from 2004.

The treatment plan must be focused differently for the acute phase, stabilization phase, and
stable phase. During the acute phase, determined by an acute psychotic episode, the goals are
to prevent harm,antrol disturbed behavior, reduce the severity of psychosis and associated
symptoms, establish the factors that led to the acute episode, and establish a therapeutic alliance
with the patient and family. The stabilization phase goals are to reduce strées atient,
minimize the likelihood of relapse, reduction in symptoms and consolidation of remission, and
promote the process of recovery. The goals of treatment during the stable phase are to ensure



that symptom remission or control is sustained, tth@patient is maintaining or improving the
quality of life level, that increases in symptoms or relapses are effectively treated, and that
monitoring for adverse treatment effects continllehman et al., 2004)

New guidelines were approved after a new meeting of APA in Decembe(R@&4i9ers
et al., 2020) The guidelines include a box with recommendations and suggestions for three
components: 1) The assessment and determination of the treatment plan, 2) Pharmacotherapy
and 3) The psshosocial intervention.

1.1.4 Antipsychotic treatment

APA recommends withhigh support of research evidence (1A) that patients with
schizophrenia be treated with antipsychotic medication and monitored for effectiveness and
side effects and that patients with schizophrenia whose symptoms have improved with an
antipsychotic medication contiauo be treated with antipsychotic medication. Whthderate
support of research evidence (LBAPA recommends that patients with treatraegsistant
schizophrenia and those for whom the risk for suicide attempts or suicide remains substantial
despite othetreatments be treated with clozapikeepers et al., 2020 was observed that
24 weeks of thatypical antipsychotic§isperidone)can improve the symptoms of AVid
healthyindividuals who show no other signs of psychiatric illness or history of mental illness
(Shan et al., 2019)

1.1.5 Clozapineresistant schizophrenia and pharmacologically resistant
AVH

A uniform definition of treatment resistance in the pharmacotherapy of schizophrenia is
not available and most treatment guidelines require the failure of at least two antipsychotic trials
with different compounds, including at least one seegewerationantipsychotic, in an
adequate dose over a period between 2 amellks before treatment resistance can be assumed
(Dold & Leucht, 2014) The concept of treatmengsistant schizophrenia might be defined by
three key elements: 1) Confirmed diagnosis of schizophrenia based on validatea, &)
Adequate pharmacological treatment, and 3) Persistence of significant symptoms despite
adequate treatme(itiowes et al., 2017)

Clozapine, a secongeneration antipsychotic drug is the gstdndard evideneleased
treatment for patients with treatmemisistant schizophrenia due to its superiority over other
antipsychotic drugfChakoset al., 2001; Dellazizzo et al., 2018)

Although clozapine is considered the most effective antipsychotic agent for patients
with refractory hallucinations, not all patients can achieve remigiiane et al., 1988)The
hallucination severitgan show a rapid decrease with antipsychotic medication. Hov&9eer,
of the firstepisode patients go on to experience mild, moderate, or severe halluciafitons
they continue their medication as prescribed during 1 (Bzmmer et al., 2012)

Patients can be included in the categorylotapineresistant schizophrenia (CR®)
they present &ailure to demonstrate an adequate response to the drug with clozapine plasma
levels above 350 ng/ml and a duration adzelpine treatment of a minimum of 2 weeks
after reaching therapeutic plasma le\@ampana et al., 2021)

Auditory verbal hallucinations (AVH) ameferred tahe experience of hearing spoken
words or sounds in the absence of an actpakechmakerThe AVH are defined as vivid
sensations that are generally experienced as voices and are a common symptom of
schizophrenia, affecting 680% of patientqSartorius etal., 1986; Waters & Fernyhough,



2019) Up to 30% of the patients with schizophrenia may be treatrasigtant and suffer from
persistent psychotic symptoms, notably auditory verbal hallucinations (A¥&fjorius eal.,
1986)

1.1.6 Nonpharmacological intervention

The actual treatment plan and the new APA guidelines described @eeeers et al.,
2020)are not including any of the nggharmacologically or nepsychological interventions
(e.g., neurofeedback, RTMS).

The use of cognitivdehavioral therapy remains the most used psychological
intervention. With moderate support of research evidence (1B, r&commends that patients
with schizophrenia be treated with cognitive behavioral therapy for psydkespers et al.,
2020) According to the cognitive model of AVH, whichtise basis of cognitivbehavioral
therapy for psychosis (CBTp)YChadwick & Birchwood, 1994)it is not the voice nor its
contents that causes anxiety, but rather the way the patient evaluates it. Group treatment of
auditoryhallucinationgWykes et al., 1999 nd avatar thrapy (Dellazizzo et al., 2018how
a significant decrease in auditory hallucinations, as measured by the PSYRAT(Eauglleis
et al., 2020) A metaanalysis includingighteen randomized controlled trials of CBT versus a
control conditionin 1418 patientsshowed that CBTp was effective in treating itany
hallucinations showing significant effectsizes ranging from 0.31 to 0.4@an der Gaag et al.,
2014)

For ultra-resistant patients with ehizophrenia also known as clozapinesistant
schizophrenialCampana et al., 202Keveral treatment strategiase available, including
psychotherapy, pharmacological augmentati@petitive transcranial magnetic stimulation
(RTMS), andelectraconvulsive therapy (ECTsommer et al., 2012)

1.2 Neurophysiology

Neurophysiology is a subdiscipline of t
neurosciences and it is devoted to the functional analysis of the peripheral and central nervous
system applying a variety of experimental and clinical meth@ddimann, 2013b)The word
originates from Greeghysiologid' nat ur al sci ence, 1 nquiry into
+ logia "study" meaning "science of the normal function of living things". To this is added the
prefix neure from the Greek worsheurame a ni n g (Physielagy |eEtymology, Origin
and Meaning of Physiology by Etymonlimed.)

Clinical neurophysiology is a medical specialty that studies the central and peripheral
nervous systems through thecording of bioelectrical activity, whether spontaneous or
stimulated. Clinical neurophysiology uses techniques that are diagnostically or
pathophysiologically oriented. The quantitative results are obtained with standardized
techniques, distributed worldee, and offer precise norms that can be used to match the results
obtained in one given patient. Sometimes, a battery of complementary tests can be applied to
one patient enabling the physician to judge the coherence between the results. The most used
techniques are electroencephalography, spectral EEG, cortical mapping, motor potentials,
cortical stimulation, brainstem auditory potentialssual evoked potentigllink reflex,
somatosensory evoked potentials, spinal conduction velocity, H reflex, Fswagedle
electromyography, repetitive nerve stimulati¢Pelwaide & Pennisi, 1992)repetitive
transcranial magnetic stimulatioRTMS), intraoperative neuromonitoring (IONM), and video
polysomnography.



1.2.1 Electroencephalography

The EEG measures the electrical activity produced by the brain surface or cerebral
cortex, which is recorded with electroddsuhmann,2013a) It records the synchronized
activity of excitatory (EPSPs) and inhibitoppstsynaptigotentials (IPSPs) in the cerebral
cortex and displays the activity as voltage amplitude changes over time. Negative (upward)
deflections are due to superftiexcitatory or deep inhibitory inputs, whereas positive
(downward) deflections represent deep excitatory or superficial inhibitory iflousshstein
& Kohling, 2009)

i EEG frequencies

The neuron cell action potentials are too short to sufficiently sum up and be observed
over the scalp level. The scalp EE&tecs postsynaptic potentials with up to 10 ms duration
which can produce potential changeshatextracellular leve(Kirschstein & Kéhling, 2009)

The synchronized activity of excitatory (EPSPs) and inhibpastsynaptigotentials (IPSPs)
in the cerebral corteare recordeds voltage amplitude changes over tiiWang et al., 2015)
Al = A B “;]A The EPSP (e._g., synapses with g!utamate as
. . the neurotransitier) is a positive potential at the
AN (\ postsynaptic membrane (depolarization). The
m - - . )
presynaptic action potential opemsltage gated
Ca2+ channels, and the presynaptic Ca2+ influx
« causes the glutamate release stored in presynaptic
vesicles. Glutamate binde specific postsynaptic
receptors and leads to a Na+ and Ca2+ influx
+ + producing the positive excitatory postsynaptic
potential, which is negative at the extracellular
space(Figurel-1, A), due to the preponderance of
Figure 1-1 Negative (upward) deflections are due N€gative charge carriers.
superficial excitatory inputs (A) or deep inhibi The IPSP is observed in GABAergic
inputs (B) to the pyramidal neurons. Permissio synapses(Figure 1-1 B). The most important
reuse is granted for use of content in a Docl . . . ’ . . . .
Dissertation. Article: Whasithe Source of the EE | N hi b_' tory N eaminobutyriceacics mi t t e
Author: Timo Kirschstein, Rudiger Kohling, Publicc  (GABA), binds to GABAA and GABAB receptors.
Clinical EEG and Neuroscience, Publisher: | onot r op i C GABAA receptors
Publications, Date: 07/01/2009 Copyright © 2009 channel s and nflexd iwbeteas a Cl
SAGE Publications . .
metabotropic G protetooupled GABAB receptors
induce a K+ outward current. Together, thisducesa stronger negative membrane potential
(hyperpolarization) which ahe extracellularly level is positive due to positive chacgeriers
(Kirschstein & Kdhlng, 2009) At the cortical level, both EPSP and IPSP are negative with
differentamplitudes, IPSP being reduced due to more distal ir{pigure1-2).

The usual classification of the main EEG rhythms based on their frequency ranges is as
follows: delta 24 Hz, theta 48 Hz, alpha 8L3 Hz, beta 130 Hz, and gammahigher than 30
Hz.EEG oscillations contribute to different cognitive functions depending on where in the brain
and with what parameters (amplitude, frequency, phase, coherence) the{Hmcomann et
al., 2016) Alpha rhythm could be generated by intracortical networks involving layer V
pyramidal neuronsf the visualcortex, the latter being the main potential souftepes Da
Silva & Storm Van Leeuwen, 1977)he theta rhythmsare believed to correspond to




A - ol B - =i interactions between coréit and hippocampal
]/VVV\‘ ] neuronal groupgMiller, 1994) The neuronal
\ / oscillators, which generate the beta rhythm,
- L- — presumably are located inside the colifieapes
da Silva, 1991) Gamma oscillations might
represent interneuronal feedback between

-
1 2 3 1

i3 hemisphereswith the highly irregular firing of
oL \ _y ] pyramidal neurons. The lorr@nge interneurons
topuc 2 - topun 2 L may be critical for gammphase synchrony in
S e i e different brain regionéBuzséki & Wang, 2012)

1s
Figure1-2 Synchronization (A) and desynchronization (B) is shown for thraenfwlal neurons each of them receiving
superficial excitatory input (EPSP&rmissiorof reuseis granted for use of content mDoctoral DissertationArticle:What
is the Source of the EE@Q@thor: Timo Kirschstein, Ridiger KohliRgblication: @hical EEG and NeuroscienBeiblishel
SAGE Publication®ate: 07/01/2009 Copyright © 2009, © SAGE Publications
Gamma oscillations have been associated with functional inhibition, c@ttbation,
informationprocessing, conscious perception, and maintenance of memory c@rtrntsann

et al., 2016)
il Relative power

The frequencydomainanalysis uses the Fast Fourier Transform (FFT) algorithm to
calcul ate absolute power (eV2/ Hz), relative
of the subbands. The absolute power dbandis the integral of all the power values within its
frequency range. The relative power (RP) is derived by expressing absolute power in each
frequency band as a percent of the absolute power (AP) summed over all frequency bands
(Yuvaraj et al., 2014a)Power spectral density (PSD) analysis is a type of spectral analysis
performed when random effects obscure the desired underlying phenomenon.

iii ABi-eryde 0 view EEG. Topographical maps of

EEG recordings can be performed during thangsttate(Y. J. Kim et al., 2017; Wang
et al., 2015pr during a given tasfFEernandez et al., 1995)he oscillations (measured at scalp
level EEG) originate from synchronized pyramidal cell activity attrécal level (deltealpha
range) as shown ifigure 1-2, A. This synchronization is caused by afferent inputs from
thalamic nuclei(Steriade et al.,, 1993)The EEG becomes desynchronized when this slow
oscillatory activitybreaksup and is replaced by a signal with higher frequencies and lower
amplitude (betgamma range) Hgure 1-2, B). In normal participants, everglated
desynchronization (ERD) and evaetated synchronization (ERS) are considered to indicate
the activation and subsequent recovery of the motor cortex during planning, executing, and
completing a mowaent (Pfurtscheller & Aranibar, 1977)ERD and ERS are different
responses of neuronal structures in the brain and are botiotikezl to the ever{fAoh et al.,
2019)

A fkiyred view map i s nowadays a term used
brain seen from aboysavith thenasiumanteriorly. Quantitative power spectral EEG maps of
the absolute and relative power of different EEG frequency bands have been used to compare
a group of patients and healthy controls, patients before and after treatment, subjects during
task with the resting sta(Eernandez et al., 1995; Y. J. Kim et al., 2017; Wang et al., 204.5)
just as a complementary diagnostic tool for neurological diseases like stroke, brain tumor or
spinocerebellar ataxighoh et al., 2019; Psatta, 2000his method may be the most suitable
for measumg vigilance, as it allows objective and quantitative evaluation of the brain regions



(Saletu et al., 2005Histogramgraphs of absolute and relative power can be used to detect
outliers(Fernandez et al., 199b¢fore data interpretation on group levels.

The question is how effective and reliable the EEG absolute and relative power is to
assesshe effects of medication or other noninvasive therapeutic interventions. Is this a valid
biomarker to detedong-lastingeffects on neural behavior response?

A good exampdye®fvitehwe meép raind t he useful ne
of Kim et al(Y. J. Kim et al., 2017) In their study, 20 patients with internet gaming disorder
(IGD) wereassessed before and after 6 months of pharmacotherapy with selective serotonin
reuptake inhibitors (SSRI). A minimum of 20 to 60 seconds of EEG data during resting state

Absolute power (uV?) Relative power (%)

Healthy trol IGD: pre-tr IGD: post-treatment Healthy | IGD: pre-tr
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Figurel-3 Topographical maps of threbsolute and relative powers in patients with Internet gaming disorder (IGD) befc

after the émonth treatment with SSRI. Reprinted with permission from Wolters Kluwer HealttKimg¢.Yeon Jin; Lee, 4

Young; Oh,VSohe(,e; Park, Minkyupgl; Ju[lg: Hem; YSohn, BOAKYE’HQ? Chpj ,Sa,fnpk; Klm Dai Jjn; Cho!, inﬁgok

G! 4a20A1GA2ya 06S0G6SSy LINE & LIS @S A4S0 (anemLbiE2 YA yO KUY EASSY (
Medicine96(8): e6178, February 20ddi: 10.1097/MD.0000000000006178icense date Nov 04, 2021

was selected for the spectral analysis, and the absolute and relative power faetitedac
epochs were calculated with fast Fourier transforms. The EEG activity was analyzed from 19
selected sites that were divided into 3 regions by averaging within each region: frontal (7
electrodes), central (5 electrodes), and posterior (7 electrgdes). Kim et al., 2017)
Compared with the healthy control group (N29), the authors observed, before the treatment, an
increased global absolute power of the delta band (p = 0.046) and in the theta band of the central
brain regim (p = 0.021) Kigure1-3). Following 6 months of treatment, the absolute power in

the delta band of the frontal region of the IGD group exhibited a significant reduction compared
with baseline (p=0.043), and the extent of this decrease was significantly correlated with change
inYoungdés I nternet Addiction Test (I AT) score

v Graph theory and network organization

Graphtheory isa branch of mathematics and combinatorics with many applications in
diverse fields, ranging from physics, communication scieaoce electrical engineering to
genetics, linguistics, and socioloffyporns, 2003)Graphs are mathematical structures used to
model pairwise relations between objects. A graph in this context is made up of vertices or
nodeswhich are connected by edgedioks. A distinction is madéetween undirected graphs,
where edges link two vertices symmetrically and directed graphs, where edges link two vertices
asymmetrically.

The Swiss mathematician Leonhard Euler is considered the pioneer of graph theory and
topology after he solved a palpr puzzle about bridges in 1788ewman, 2003)The East
Prussian city of Kdnigsberg (now Kaliningrad) ocagoboth banks of the River Pregel and an
island, Kneiphof, which lies in the river at a point where it branches into two parts. There were

3 https://sapienlabs.org/grapktheory-in-eeg/
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seven bridges and the question was how could a person cross each of the seven bridges only
once and return homedhg thought to be impossible, the first mathematical demonstration

Figurel-4 The Seven Bridges kbdnigsbergFHle licensed under the Creative Commons AttribuSbiare Alike 3.0 Unporte

that this is impossible was presented by Euler to the members of the Petersburg Academy on
August 26, 173%Alexanderson, 2006)sing a graphHigurel-4).

A network can be described as a graph G = (V, E), where V denotes the set of nodes
and E is the set of links. There are four types of network topology, including weighted
undirected, weightt directed, binary undirected, and binary directed (e.g., functional
connectivity network is represented by a weighted undirected graph).

The computational analysis of brain structural and functional connectivity patterns
represents one of the main cobtriiors in understanding the role of brain dynamics in
perception and cognition. To allow mathematical analysis, neuronal connectivity patterns
(networks) are represented as graphs. All graph theory methods are based on a network's
connection (adjacency) rmex, which in brain dynamics can be derived from several different
sources like databases of cortwarticaland corticethalamic pathway$Sporns, 2003)The
adjacency matrix contains binary entries (i.g.). & he entry & = 1 if the connection fromto
i is present, andija= 0 if the connection is absent and;zdko being the main diagonal. An
important concept in graph theory is the p&#thsare all ordered sequences of distinct edges
and vertices, linking a source verteto a target vertek If j=i, the correspondg paths link
the source vertex to itself and are caltgdles(Rubinov & Sporns, 2010; Sporns, 2003)

In 1998, Watts and Strogatz described the randomness of complex networks, a
phenomenon related to the networks often seen in nature showing an organizational pattern
between regulaand random states. This network organization in between regular and random
states was named small worldness (SWhtts & Strogatz, 1998)Smaltworld networks
represent the shortest path (minimum number of edges) along the existing edges (links) between
each pair of nodes in the network. In snvadirld networks, the clustimg coefficient (i.e., the
abundance of connected triangles in a network) is high, and the average path length is short
(Farahani et al., 2019The SW index is calculated by the clustering coefficient (C) and the
characteristic path length (L) ratio by simatched L/L(random) networfiVatts & Strogatz,

1998) In network analysis, the measures can be represented for individual elements (such as
nodes or links) reflecting the way in which these elements are embieditednetwork (e.g.,
participation coefficient) or for all individual elements, which provides a more global
description of the network. A basic and important measure is known afegiieeof an
individual node which is equal to the number of links cabtee to that nod¢éRubinov &

Sporns, 2010)Graph theory has great applications in brain networks analysis. Therketwo
which show the ability for specialized processing to occur within densely interconnected groups
of brain regions are characterized by segregation and the main measumstwork
segregationare the clustering coefficients and modula(iBao et al., 2016)If the networks

show the ability to rapidly combine specializedimhation from distributed brain regions, they

4 Seven bridges of Kénigsberg
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are characterized biginctional integration and they are better measured by quantifying the
flow between pairs of brain regions (e.tpngth of path) (Rubinov & Sporns, 2010)The
average shortest path length between all pairs of nodes in the network is known as the
characteristic path lengthVatts & Strogatz, 199§)Figurel-5).

modules hub nodes
modular structure betweenness centrality
modularity other centralities

shortest path triangle motif degree

characteristic path length clustering coefficient anatomical motifs degree centrality
global efficiency transitivity functional motifs participation coefficient
closeness centrality degree distribution

Figurel-5Measures of network topologyeasures of integration are based on shortest path lengths (green), while me
of segregation are based on triangteunts(blue) Measures of centrality may be based on node degree (red). Hub
(black) often lie on a high number of shortest paths and consequently often have high betweenness centrality.dt
local connectivity areuantified by network motifgyellow) Reprintedfrom Rubinov, M., & Sporns, O. (2010). Con
network measures of brain connectivity: Uses and interpretations. Neurolmage, 52(331069%ith permission fror
Elsevier. License date Nov. 5, 20#ips://doi.org/10.1016/J.NEUROIMAGE.2009.10.003

Graph theory measures are a modern tool to investigate the neurobiological inferences
regarding the mechanisms underlying human cognition and behavior related to brain disorders
(Farahani et al., 2019)he most used graph tools for characterizing the tioimal brain
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Figure1-6 Summary ofjlobal (graph) measuregA) Segregation measures include clustering coefficient, vaiahtify
how much neighbors of a given node are interconneatetularity, which is related to clusters of nodes, called moc
(B) Integration measure include characteristic path length, determined as the average shortest path length acros
of nodes. (C) A smallorld network (middle) illustrates an intermediate balance between regular and random ne
reflecting a high clustering coefficient and a short path length. (D) The assortativity index measures the extent t
network can reist failures in its main componen®eprinted with permission granted from Dr. Waldemar Karwowski
6t, 2021. Copyright © 2019
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network are categorized in metrics describing global or local properties. These metrics are
applicable to undirected binary, weighted (the links between vertices can take different values)
or directed (the links between vertices carry directionformation) graphs.

Key topological properties and metrics that characterize the architecture of the brain
network connectivity and their corresponding formulas can be obtained using the Brain
Connectivity ToolboX.

A B
Centrality and hubs Degree centrality Betweenness centrality Closeness centrality
Oig )
Highest DC Highest BC Highest CC g @)
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Provinial hubs Eigenvector centrality Participation coefficient PageRank &
@
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Figurel-7 Summary ofocal (graph) measuresParticipation coefficient (a metric we used in Study 3) is a characteristi
node and represents the distribution of its connections among separate modules. Reprinteermigsion granted from
Dr. Waldemar Karwowski, Nov 6th, 2021. Copyright © 2019

A regular network displays a high clustering coefficient and a long average path length,
while a random network displays a low clustering coefficient and a short averagermsh.
A smallworld network illustrates an intermediate balance between regular and random
networks reflecting a high clustering coefficient and a short path |€kgaitts & Strogatz,
1998) Brain neural networks in patients with schizophrenia were found todvaatbrized by
dysconnectivity and altered network connectivity was suggested as a potential endophenotype
of schizophrenidP. Li et al., 2017; Lynall et al., 2010)

5 https://sites.google.com/site/bctnet/measures
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1.2.2 Event-related potentials andsensory gating

Eventrelated potentials (ERPs) are EEG changes thaimedockedto the sensory,
motor, or cognitive events thaprovide a safe and noninvasive approach to study
psychophysiological correlates of mental processes. ERPs in humans can be classified
060sensory6 or Oexogenousod whestimiulusarnadc eé dagrmsitt i1V0
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Figure1-8 Representative examples of the P50 of the first and second click of a single subject after placebo (A,B
diazepam (C,D)xaxis div = 5ms. Reprinted from Neuroscience Letters Volume 341, Issue 1, Author: Gilles van Luij
effects of diazepam on sensory gating in healthy volunteers, Pagé8,5SN 0303940, https://doi.org/10.1016/S030+
3940(03)001548. Copyrighto 2003, with permission from Elsevikicense dat&lov 15 2021

6endogenousd® ERPs as t hey(Sue&%inha2009) Accarfimgr mat i ¢
to their latency and morphology he waves are named with ANoO if
wave or with APO6 i f the component iis a posi:t
100 ms). In some workshe ERP components are prated following the similar rule like in

EEG, with upward negativitfVan Luijtelaar, 2003)while other studies present the negative
components with downward deflection like the negative Q wave from the electrocardiogram
ventricular compleXUnderstanding the Normal ECG | Thoracic Keyd.)

i Mid latency auditory evoked potentials (MLAEP)

The MLAEPs have been reported to be abnormakieral psychiatric disorders, but
most prominently schizophrenia. Buchsbaum used the term middle evoked response
components to describe three components in a positive, negative, positive sequence. These
waves were P100 at 6000 ms, N140 at 11040 ms, ad P200 at 16200 ms(Buchsbaum,
1977) Later, the term midatency was used to describe potentiamponents occurring
between 50 and 200 ms and these components are P50, N100, aNd¥20Q Boutros et al.,
2006) It was suggested that latency reflects the complexity and efficiency of the synaptic
pathway mediating the response and speedhfofrmation processing and that amplitude


https://doi.org/10.1016/S0304-3940(03)00155-1
https://doi.org/10.1016/S0304-3940(03)00155-1

represents the sum of the cerebral resources allocated to a response. The relation between the
topography and the morphology of these components has not been fully elafidasteaat N
Boutros et al., 2004)

ii P300

The P300 wave or the P3 component was discovered in(82fton et al., 1965 nd
since then has been the major component of research in the field of ERP. Fary atidtuli,
the latency range is 25000. The latency is usually interpreted as the speed of stimulus
classification, shorter latencies indicating superior mental performance relative to longer
| atencies. P306s higher aempd(SutdStlea 2000P30&GIs t o r e
usually recorded during twimne discrimination (odball) tasks. The waves N100, P200, N200,
P300 are elicited by the rare stimuli, whereas frequent stimuli elicit only N100 and@a0a
et al., 1991)The mean amplitudes of the N100 and P300 auditory responses were decreased in
patients with schizophrenia in comparison to the healthy particifiaatts et al., 2016; Ogura
etal., 1991)

i Sensory gating

The effective processing of sensory information includes the ability to gate out or inhibit
neuronal responses to sensory information that has been coded as redundant or irrelevant. This
predominantlypreconscious neuronal level process is referred tersosy gating. The P50,
an early (~50 ms) positiyaotential, is usetb physiologically index the sensory gatiffgler
et al., 1985)Subjects are presented pairs of identical auditory stimuli, whereby the first auditory
stimulus (S1) initiates an inhibitory process in the brain which modifies the amplitude of the
P50 to the second stimulus (S2) which usually is supprésseelbaum et al.2018) (Figure
1-8).

Sensory gating deficits were found in schizophréAer et al., 1985and have been
studied mostly with P50, which likely reflects pattentive information processirfhoma et
al., 2017) Alterations in P50 gatingre notalways related to cognitive deficitSanchezaMorla
et al., 2008)pr to the expression of positive and negative sympi{®ater et al., 2006)
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1.2.3 Transcranial magnetic stimulation aRTMS
[ Mechanisms of TMS

Transcranial electrical stimulation (TES) in the rexposed human cortex was
performed with a short current duration and one-wgltage discharge to avoid discomfort and
pain(Merton & Morton, 1980)The norinvasive transcranial magnetic stimulation (TMS) was
developed in 1988Barker et al., 1985During the procedure of TMS, a coil is placed near the
head of the person receiving the treatment. The physical principles were already discovered by
the English scientist Michael Faraday in 1831, who first transformed electrical energy into
mechanical energy(Poyser, 1892and latershowedthat a pulse of electric current passing
through a coil made of wire can generate a magnetic(fiddhmati, 2017)

Faraday's experiment, 1831

\ )

! LR ’.-.

= % . P =
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Figure1-9 Faraday's experiment. Coil righand rule: When the fingers are curled to point in direction of conventional
current flow (1) around the core, the thumb points in the direction of the magnetic fieldfidbfPoyser, 1892 p.285),
public domain.

A magnetic field in a coil is induced lanelectric current from a capacitor discharging
through it. Thechanging magnetic field in the coil reaches the brain surfacéndndesan

Cranium
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Figure1-10 Simplified diagram of the electrical and magnetic fields generated during TMS. Reprinted from Neurosi
Clinics of North America, 25(4), 832.Young, Nicole ASharma, Mayur; Deogaonkar, Milind (2014). Transcranial
Magnetic Stimulation for Chronic Pain with permission from Elsevier. License date Oct 30, 2021



electric current which will depolarize cortical neurolmsFigurel-9 it is shown the expéanent
of Faraday: The liquid battery (right) provides a current which flows through the small coil (A),
creating a magnetic field. When the coils are stationary, no current is induced in the larger coll
(B). But when the small coil is moved in or out leétlarge coil (B), the magnetic flux through
the large coil changes, inducing a current which is detected by the galvan(@)dteoyser,
1892)

In the same way, the magnetic field induced in the coil usedRMS rises
instantaneously to its maximum when the capacitor discharges electrical ¢Ro&mvell,
1997) (Figure1-10). The coil can benonophasiavith a switch or a diode that determine the
current and magnetic field to rise and fall to zerbiphasicwhen the inductance and resistance
of the circuitareset so that the first rise and fall of the coil current is thpn@mponent of
the stimulating electrical field, with subsequent oscillations being dampened effe(Tierdp
& Ugawa, 2002) It has been suggested that there is preferential activation obtizeritally
positioned cells within the cortex when the coil is placed tangentially to the scalp. The

Figurel-11 (A) The positioning of a veircoil (MagVenture) to motor cortex. (B) Identifying stimulation site with Localit
Reprinted from Neurosurgery Clinics of North America, 25(448329Young, Nicole A.; Sharma, Mayur; Deogaonkatr,
Milind (2014). Transcranial Magnetic Stimulation for @icd?ain with permission from Elsevier. License Oct 30,2021

interneurons are supposed to be preferentially stimulated while cortical pyramidal neurons are
activated transynaptically because of their vertical oriation within the cortexRigurel-11)
(Young et al., 2014b)

il Safety guidelines

A consensus conference about the safety of TMS, promoted and supported by the
International Federation of Clinical Neurophysiology (IFCN), took place in Siena (Italy) in
October 2018. Within main resolutions, it is stated that the TMS research in huroalustsh
conducted under a protocol that is approved by an Institutional Review Board (IRB) or relevant
research ethics committee. Informed consent should be obtained by an individual listed on the
research protocol who is authorized to obtain informedearn3 he protocol will specify the
level of risk, the riskbenefit ratio, the roles of each member of the study team, the degree of
medical supervision required based on the anticipated risks of the specific protocol. In clinical
settings, the decision alnioprescribing the therapeutic use of TMS for the treatment of a clinical
disorder outside of the research context should always be made by an adequately trained
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physician, and informed consent for the therapeutic use of TMS should be obtained by a
physican. TMS may be delivered by the physician or by an appropriately trained individual
who must operate under the supervision of the
physician in a context where anticipated side
effects may be appropriately managBassi et

al., 2021)

Safety issues for operators exposed to
magnetic fields are not frequently addressed.
Occupational exposure has been measured for
MRI units (Kanal et al., 2012; Riches et al.,
2014) regarding the TMS exposure. It was
suggested that the clinical staff should not work
at distances closer to 0.7 m from the transducer
to avoid risks of overexposure to magnetic
pulses, a recommendation that aid for both
single coil and figure transducers, due to basic
field symmetry considerations. The equipment
could be used with a mechanical arm holding the
transducer in the right position for the patient
(Figurel-12) (Karlstrom et al., 2006)

Figure 1-12 RTMSapplied at left temporeparietal regior
(T3P3) using a mechanical armCopyright 2021 ¢
Neurophysiology Pluseland, OC Banea

iii Clinical applications oRTMS

Level A evidence (definite efficacy) was reached for neuropathic pain, depression, and
postacute stage of stroke. Level B evidence (probable efficacy)reahed for improving
quality of life or pain in fibromyalgia; for improving motor impairment or depression,
respectively, in Parkinsonods di saawstageasf f or
stroke; for lower limb spasticity in multiple satesis; in posttraumatic stress disorder and in
chronic poststroke norfluent aphasia. Level A/B evidence was not reached concerning the
efficacy of RTMS in any other conditiol. P. Lefaucheur et al., 2020)



1.2.4 Auditory-motor task to triggegamma oscillations

Restingstate EEG studies in schizophrenia patients show abnormal oscillations in a
distributed network of the frontal, temporal and occipital brain regions involved in visual and
auditory information. The beta and gamma frequency bands show more indeplecdé
organizations in clusters that do not connect with other redibasakaKoshiyama efal.,

2020) For the restingstate EEG analysis, the lack of standardized preprocessing and parameter
choices within eyes opened or eyes closed conditions, have resulted in a diversity of results,
some of which are mutually contradictoffNewson & Thiagarajan, 2019)Therefore,
conditions with more engagement of gamma and beta activity would helprttfybatter the

EEG changes. Studies have shown that evoked (stiffadked) and inducedifiggerea but

not locked to stimuli) beta and gamma activity can be elicited during visual discrimination
(Lachaux et al., 200@r auditory cued moveme(itlagasawa et al., 2010)

Using subdural electrodes to study free of epileptiform agtiZEG segments in
patients with epilepsy it was observed that during a simple auditotgr task the auditory
verbal stimuli elicited augmented gamimscillations in the posterior portion of the superior
temporal gyrus, whereas hantbtor responses elteid gammaaugmentation in the pre and
postcentral gyriNagasawa et al., 201 left-lateralized region in the posterior Sylvian fissure
at the parietatemporal boundary showed particularly robM&G (magnetoerephalography)
(Levelt et al., 1998xand electrocorticograph)Kambara et al., 201&ammabandresponses to
both sensgrand motor phases wisual picture naming areuditorynaming task. Thesd¢asks
are related to thevorking memory(WM). The high gammactivity was higheprior to motor
cortex activity or speech articulatiomhe auditorymotor integratiorcircuit is represented by
a small set of areas in the superior temporal and temporoparietal tenaral, and frontal
areas(Hickok et al., 2003) During naming task judgemenieft middlefrontal activation
appeared tbe wellattributable to WM scanning fution, whereas left orbitofrontal activation
may be attributable less to WM scanning but more largely to syntactic/semantic processing
(Kambara et al., 2018}t was observedhat during picture naming tesg region in the left
posterior temporal lobe showed prominent activafi@n, peak activity of dipole sources in the
individual magnetic responjstarting about 200 msec after picture onset and peaking at about
350 msecwith congruentonsistent actiation in the right parietal cortex, peaking at about 230
msec after picture onset, thus preceding and partly overlapping with the left temporal response
(Levelt et al., 1998)
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Figurel-13 First schematic representation of ACA, MCA and NCA epochs during the amditmryask. ACA and NCA
epochs length were set initialyith 1 sec with 200 ms baseline correction. MCA was set 500 ms after Hand Reactior
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AVH-TMS Icelandic study’ startedin summer 2018 with the first healthy subjects
restingstate EEG recordings. Right after, we added to the protocol the auditboy task
employed by Nagasawa et al (201@)h the hope to trigger gamma oscillations and observe
the cortical distributiorof this activity. Our intention was to quantify the changes before and
afterleft temporoparietaRTMS treatmentin patients with schizophrenia and AVH using the
relative power measurements during the auditoofor task.

Reference
Period (DE)

Resting state
EO 90sec

Left Hand
Visual (VCA)
command

Reference !
Period (DE) H
Figurel-14 Auditory and visual motor taslPower spectral density of alpha, beta and gamma activity perfbrmed with the left
hand. Data is shown for 500 ms epoch starting with hand reaction (MCA) (upper rows) anusI@ference period (NCA or

DE). Recorded wittlense array256 channel EEG system, Ant Neuro, Netherlands. Copyright 2021 © Neurophysiology Plus
Icelandhttps://sites.google.com/view/neurdpysiologyplusE Ivarsson & OC Banea

In March 2019, the auditomnotor task was completed withveésualmotor taskin a

single healthy participant. Forthevissmlot or t ask, we presented t wc
Aino presso, i n aomvawsdeert en form directly fr

We looked to understand the gamma activity behavior we observed in the first subjects
with the auditory stimuli. We hypothesized t

were not exclusively present due to auditory cortical atbm (ACA) or motor cortical

activation (MCA). Data were preprocessed together with Eysteinn ivafSgpmne1-14). We

presented this technique in Coimbra, Portugaisteinn ivarsson et al., 201Burprisingly,

this was the fist time when higfdensity 256 channébird-eyed view EEG mapping showed a

di fference in the reference peri odnppmwesdo.cat
Hi gher power spectral dencsoirttyi cwaals aocbtsiewavteido rdc
how we named it, in comparison with the epochs of auditory cortical activation (aftet the
andl2codes for the commands tdrportieakastivation (after tlien o p r
hand reaction button codd) (Figurel-15).

5 AVHTMS Icelandic clinical trial lasted three years, between 2B and wasorganized by Reykjavik
University, Department of Biomedical Engineering, Clinical Neurophysiology Unit of Neurology Department,
National University Hospital of Iceland, and Icelandic Psychiatric Hospital Kleppur

7 https://sites.google.com/view/schizophreniaplus
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Left Hand
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Resting
State
EO 90 sec

Reference L
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Reference R

and 60Hz. DE=delayed epoch (Peled et al. 2001); ACA & VCA = epochs of 1000 ms after visual commands. Recorded with dense
array 256 channel EEG system, Ant NeuNgtherlands. Copyright 2021 © Neurophysiology Plus Iceland
https://sites.google.com/view/neurophysiologyplus ivarsson & OC Banea

1.2.5 Silent period
i Cortical silent period

When TMS isdelivered over the motor cortex while the subjects maintain voluntary
muscle contraction, a pause in ongoing electromyography (EMG) activities follows the evoked
motor response or compound motor action potential, which is called thepsit@d(Terao &
Ugawa, 2002)At the cortical level, the cortical silent period (CSP) induced by TMS is an index
of GABAB-mediated intracortical inhibition, which allowiavestigatingmotor inhibition
within the primary motor cortex (M1)Paci et al., 2021)A shorter CSP (poorer GABAB
mediated ortical inhibition) is associated with more severe manic sympidhehta et al.,
2021) while an enhanced CSP duration was observed after ethanol acute consumption at
euphoric / disconcentration levelA. D. Jénasson, 2020; Turco &t, 2020; Ziemann et al.,
1995) Diazepam, adnzodiazepine exeng its anxiolytic, anticonvulsant, muselelaxant and
sedativehypnotic properties by allosterically enhancing the action of GABA at GABAA
receptorgRichter et al., 2012shortened the duration of C8Rbably by acting on subcortical
structuregInghilleri et al., 1996)

il Cutaneous silent period

EMG inactivity from a voluntarily contracting muscle can also be induced peripherally,
by anelectrical stimulus applied to a cutaneous ndaccia et al., 1973)This period of
inactivity is named the cutaneous silent period (CuSP). The presence of a CuSP is dependent
on intact small di ameter A delta fibers, wt
| arge di amet er (KaflerghPaustka,02004;h asy19%B;nMota et al., 2015)
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minimal stimulus intensity of 40 mA and a minimal stimulus duration of 0.2 ms elicit maximal
CuSP duratiogd. Y. Kim et al., 2009)The precise physiologic mechanism by which inhibition
occurs at a spinal level remains controversial. The CuSP may be a consequence of (1)
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Figure1-16 The cutaneous silent period showed prolonged duration after 700 ml of acute ethanol intadie division =
p nn sadsdivision = 500 ms

postsynaptic inhibition of spinal mmteurons; (2) preor postsynaptic inhibition of spinal
interneurons that relay corticospinal impulses to the spinal motoneurons; (3) presynaptic
inhibition of the direct corticospinal tract; or (4) a combination of these mechaflisiss

1998) The contribution of the central nervous system to this peripheral cutamemsaesilar

reflex is less investigated. The CuSP latency was significantly longer in patients with the
pyramidal syndrome than healthy subjects suggesting that corticospinal projections influence
the CuSP latency probably by modulating the balance of excitability in the underlying circuits
(Gilio et al., 2008) The duration of CuSP was longer in patients with Parkinson's disease,
brachial dystonia, multiple system atrophy, after tramadol intake, 3 hours after administration
of a single, 20 mg oral dose of the selective serotonin reuptake inhibitor, and afteedhe
initiation of pramipexole (0.5 mg/day). On the contrary, suppression of CuSP was observed
during and shortly after vibration or in patients with restless leg synd@irel iz et al., 2020)

In previous work we analyzed the effects of alcohol intake on CSP and CuSP in four healthy
subjects and we observed an increment of CSP duration from 131.93 ms (SD 36.07) to 176.58
ms (SD 30.34) while CuSP showed an increased duration from 43 ms ®56)ms (SD
10.23)(A. D. Jonasson, 2020The change of CuSP duration after acute ethanol intake in one
healthy subject is shown Figurel-16.

1.3 State of the art

Schizophrenia is characterized by delusions, hallucinations, disorganized speech and
behavior, and other symptoms that cause social or occupational dysfu(&traican
Psychiatric Association, 2013)ith patients experiencing abnormal language processing
(Hirano et al., 2019and cognitive deficit§Bowie & Harvey, 2006; Dickinson et al., 2013)
Auditory verbal hallucinations (AVH) are a positive symptom of schizophrenia causing patients
distress, functional disability, and risk to hurt themselves and/or (fBexisam et al., 2004)
Despite the progress achieved with antipsychotic medication80%b6 of schizophrenia
patients suffer from treatmengsistant hallucinationgGoghari et al., 2013; Meltzer, 1997;
Shergill et &, 1998) Advances were done in the treatment of phararasstant AVH with
cognitivebehavioral therapie@auhar et al., 2019eurofeedbackDyck et al., 2016; Rieger
et al., 2016)or repetitive transcranial magnetic stimulatiBTMS) (Bais et al., 2017; Hoffman
et al., 1999)



MLAE and sensory gating®?50 suppression and P300 deficits in patients with
schizophrenia were found to be of similar magnitude as findings reported in neuroimaging and
neuropsychologyBramon et al., 2004N100 as a biomarker of neliplasticity (Gonzalez
Heydrich et al., 2016pgether with P50, NdO, and P200 sensory gatingsbeen used to assess
neuromodulation induced by low ahdyh-frequencyRTMS in healthy participantéClement
Nathou et al., 2015; IEment Nathou et al., 2018)aatanen and Picton (1987) and Lijffijt et
al. (2009) proposed that N100 gating may relate to filtering mechanisms involved in triggering
attention while P200 gating may relate to the allocation of attention and thedoitsdious
awareness of a stimul(kijffijt et al., 2009; Naatanen & Picton, 198 8tudies have shown
that patients with schizophrenia exhibit reduced N100 and P200, but similar P50 amplitudes,
compared to control®Rosburg et al., 2008; Schwarzkopf et al., 198%)as found that sensory
gating abnormalities in schizophramatients can be detected throughout the entirdataetcy
range of information processing (800 ms) and are not limited to the faentive stages
(P50) . Therefore, It was strongly suggested
category(Nashaat N Boutros et al., 2004 metaanalysis of 29 studies using N100 sensory
gating revealed no evidence for an auditory N@&ting deficit in schizophrenia, while N100
amplitudes to the initial stimulus (S1) showed significant differences, with smaller N100 in the
patient group than in healthy controls. N100 amplitudes to the repeated click (S2) were widely
similar for both p#ents and healthy controfd®Rosburg, 2018)In a study of patients with
schizophrenia, during AVH experience, P50, N100, and P200 were reduced indicating impaired
sensory gting and this was correlated with hallucinations severity derived from PSYRATS
(Thoma et al., 2017)

P50and P300 topographwhile P300 topography in chronically ill schizophrenic and
psychotic bipolar patients was associated with a specifitaliefitalized posterior abnormality,
suggesting underlying posterior temporal lobe dysfunction of a generatordiocatee left
superior temporal gyrus (ST@Morstyn et al., 1983; Salisbury et al., 199%¥)e scalp
topography of P50 remains largely unknoyiurthen et al., 2007)and has been less
investigated.

EEG oscillations and connectiviBatients wh schizophrenia have shown reductions
of beta and gamma oscillations, and of synchronization during cognitive tasks and at rest,
suggesting that there is an intrinsic deficit in the temporal coordination of distributed neural
activity (Uhlhaas & Singer, 2010Quantitative EEG (QEEG) was modified by psychotropic
medications among patients with a schizophrenia spectrum digbtylen et al., 2011; Ozaki
et al.,, 2021) EEG studies showed that schizophrenia is associated with hyperconnectivity
across different brain regions of multiple frequency bgid.orenzo et al., 2015and that
aberrant gammhband coupling between auditory cortices is related to the emergence of AVH
(Steinmann et al.,, 201L7¥samma activity has been investigated in one of the following
paradi gms: (1) at -upet seN&20r ydus ifintgdupl faotdit a no, m
cognitively driven tasks. Prgtimulus baseline gamma activity walevatedand taskdriven
0 e v 0 k e d-bandyraspomses were reduced in schizoph(&aadal et al., 2012Puring
an auditory cued motor task schizophrenia patierdgpecially those with severe auditory
hallucinations, had reduced gamimend response directly preceding the motor resp@iusd,

2016; Ford et al., 2007)t was suggested that the auditory, language, and memory cortical
networks are significantly disturbed, angterconnected neural oscillation deficits in these
networks during processing or perception of speech underlie the pathophysiology of
schizophrenigFord, 2016)

Graph theory and network organizati@raph theory was used to study functional and
effective connectivity using functional magnetic resonance imaging (fMRI) in patients with
schzophrenigXiang et al., 2020and with densarray 128 channel EEG in patients with major
depressive disordefSun et al., 2019)In patients with chronic painacceptanceand
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commitmenttherapy (ACT) reduced theonnectivity in the pain network (including left
putamen, right insula, left insula, and right thalamus) as revealed by graph theory obtained from
restingstate fMRI (Young et al.,, 2014a)Repetitive transcranial magnetic stimulation
aftereffects were assessed with gréipdoretical metrics in patients with depression
(Olejarczyk et al., 2021)Graph using network topology structure elements like clustering
coefficient or node betweenness centrality had the ability to discriminate major depressive
disorder (MDD) patients from normal controls, which indicated that these network metrics
might be served as the electrophysiological characteristics for probable MDD identification
(Sun et al., 2019)Jsing brain network analysis including degree, betweermeeggality, nodal
clustering coefficient, local efficiency, and participation coefficient in a study on 71
schizophrenic patients and 74 healthy controls researchers could identify the patients with
schizophrenia with an accuracy of 93.1(%ang et al., 2020)

Cortical and cutaneous silent periddanscranial mgnetic stimulation (TMS) may also
be a potential method by which sensory processing can be assessed siruar dditgndike
the cortical silent period (CSP) can be used to measure GAB&dBated cortical inhibition
that is linked with sensory gating. Thatients with schizophrenia showed prolonged CSP, and
this had a positive correlation with an increased symptom score of the positive and negative
symptom scal¢Tang et al., 2014)Anotherstudy showed that clozaphteeated persawith
schizophrenia had significantly longer CSP compared with healthy subjects and unmedicated
persons with schizophrenia, suggesting a deficit of cortical inhibition in persons with
unmedicated disease relatedhe severity of psychotic symptor{i3askalakis et al., 2008)n
patients with firstepisode schizophrenia, risperidogieowed an increment of CSP at four
weeks, suggesting an association between risperidone monotherapy and an increase in GABAB
mediated inhibitoryneurotransmissioUstohal et al., 2016)Significant prolongation of the
cortical silent period (CSP) was also observed after three weeks of treatment with quetiapine
(Frank et al., 2014 Regarding the cutaneousesit period (CuSP), little is known on how the
corticospinal tract and central inhibitory mechanisfisctthe peripheral cutaneoususcular
reflex, and if this neurophysiological test can be used in patients with schizophrenia.

RTMS treatment and schizophrenidon-invasive brain stimulation techniques like
repetitive transcranial magnetic stimulati®T(MS) have been proposed to disrupt mechanisms
of AVH in patients withtreatmentresistantschizophrenia. Several metaalyses found
moderate to high effect size for the AVH treatment vath-frequencylHz RTMS applied
over lefttemporoparietgunction (T3P3 EEG locationjAleman et al., 2007;-R. Lefaucheur
et al., 2014; Slotema et al., 2014; Sommer et al., 204@3t of these studies investigated the
effects ofRTMS in treatmentresistant patients as an-ad or secod-line treatment using as
outcomes psychometric scores. A more recent 4aeddysis including eleven randomized
controlled studies was unable to definitively support or refute the routine udézdRTMS in
treating AVH in clinical practic€J. Li et al., 202Q)At the moment of writing this dissertation,
there is only one stu@yn whichRTMS at 1Hz was applied in patients with the first episode of
psychosis and without antipsychotic dry§CT035443332018) The RTMS was delivered
in four sessions with 1000 pulses (1Hz) applied within one day. The results available for four
patients (two with real T-B3 treatment and two with sham treatment) showed increased
Hallucination Change Score in the patiepfsthe treatment group, while control patients
remained with stable scores.

8 Boost RTMS for AVHTherapeutic Response and Neurobiological Prediction Markers in AVH
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1.4 Document structure

The 2" Chapterof t h i

S

t hesi s i ncl

udes t he ai m,

characteristics, and the protocol design of the AMMAS study. The 3¢ Chapter named
AExploratory worksd includesthe pilot studiesof this thesis In Study 1lis describedthe
methodology used to obtain P50 and P300 respolms8tudy 2 we attempted to use a simple

method of auditorymotor taskwith the exploratory objectiveto trigger beta and gamma

activity, hypothesizingthat patients with schizophrenialicit more power spectral density
(PSD)and relative powenf beta and gamma activituring a cognitivelydriven task compared

with the resting stateln Study 3 we explored cortical and cutaneous silent period as
neurophysiological markers @fhibitory systemThe 4" Chaptercontains thredwypotheses
generatingstudies In Study 4 we looked to investigatiheftr i gger ed afisehsermt i ono
gating responses after RTMS8Ve proposed a method of sampling the signal from 7 regions

of interest and we measured N100 and Rif@ined with the pairedlick paradigm Further,

Study 5wasfocused on P300 responsasd here we analyzdine, frequency domains, and
connectivitywith paricipation coefficientIn Study 6we assessed changes induced by RTMS

to the brainfunctional connectivityby analyzing data of thauditorymotor taskwith graph

theory and smaflvorldness (Figure 1-17). The 5" Chaptercontainsa critical view onthe
neurophysiological conceptiescribedn this thesis and the strengths diis work After the
Bibliography, in the Appendix, three original articles and two oral communications are
reprinted following thgournalreprint policies.

Outline of the study

The effects of RTMS treatment in patients with schizophrenia and hallucinatory
voices have been investigated with psychometric scales (subjective methods)

GOAL:To find quantifiable characteristics of biological processes of the brain
in patients with schizophrenia to measure RTMS effects objectively
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Figure1-17 Outline of the study

9 AVHTMS Icelandic clical trial lasted three years, between 262821 and was organized by Reykjavik
University, Department of Biomedical Engineering, Clinical Neurophysiology Unit of Neurology Department,
National University Hospital of Iceland, and Icelandic Psychiatric tabkpgppur
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This dissertation is original work by the author, Ovidiu C. Banea. Muttedhesis is
based on the original articles and publications, of which I, Ovidiu C. Banea, am an author. A
list of all works related to the AVAAMS Icelandic clinical trial is available onlitfe All works
were presented in conferences or congresses during the period of my doctoral studies. Here are
cited five of the most relevant works. Three original articles were published in peer review
journals (Articles i,v, and v)

i.  Marcu S, Pegolo E, ivason E, Jénasson AD, Jénasson VD, Aubonnet R,
Gargiulo P andDC Banegq2020). Usinchigh-densityEEG to assess TMS
treatment in patients with schizophreritawropean Journal of Translational
Myology, 30(1), 134138.https://doi.org/10.4081/ejtm.2019.8903

ii. Banea OCPegolo E, Marcu S, Fridriksdottir R, ivarsson E, Jonasson AD,
Jonasson VD, Magnusdottir BB, Haraldsson M, Wassermann E and P
Gargiulo (2020). P50 and P3&YentRelatedPotentials in Patients with
Schizophrenia Recorded from Higensity EEG. InHenriques J., Neves
N., de Carvalho P. (eds) XV Mediterranean Conference on Medical and
Biological Engineering and ComputiiigVlEDICON 2019. MEDICON
2019.IFMBE Proceedingsvol 76. Springer, Chanfireprint license Nr
5174381122461, Oct 2021tps://doi.org/10.1007/978-030-316358 130

ii. Ivarsson E, Shaw A, Georgsdéttir AO, Magnusdoéttir BB, Jonasson AD,
Wassermann E, Gargiulo P, Stefansson SBGdaneg2020). A Novel
Technique tdrrigger High Beta and Low Gamma Activity in Patients with
Schizophrenia. In: Henriques J., Neves N., de Carvalho P. (eds) XV
Mediterranean Conference on Medical and Biological Engineering and
Computingi MEDICON 2019. MEDICON 2019FMBE Proceedingsvol
76. Springer, ChanReprint license Nr 5174381445355, Oct 2021
https://doi.org/10.1007/978-030-316358 129

iv.  Aubonnet RBanea OCSirica R, Wassermann EM, Yassine S, Jacob D,
Magnusdottir BB Haraldsson M, Stefansson SB, Jonasson VD, ivarsson E,
Joénasson AD, Hassan M and P Gargiulo (2020). P300 Analysis Using High
Density EEG to Decipher Neural Respons®TMS in Patients with
Schizophrenia and Auditory Verbal HallucinatioRsont. Neurosci
14:575538https://doi.org/10.3389/fnins.2020.575538

v. Banea OCBandeira dos Santos LG, Marcu S, Stefannson SB, Wassermann
EM, Ivarsson E, Jénasson VD, Aubonnet R, Jénasson AD, MagnUsdaéttir
BB, Haraldsson M and P Gargiulo (2021). Network signatur&sToédS
treatment in patients with schizophrenia and auditory véwddalicination
during an auditorymotor task using HEEEG, Schizophrenia Research
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2 Chapter. The Present Investigation

2.1 Study aim

The aim of this work was to determine the degree to whegetitive transcranial
magnetic stimulationRTMS) is effective for the treatment of patients with schizophrenia and
persistent auditory verbal hallucinations (AVH).

Exploratory objectives were to determine if the symptoms of patients with schizophrenia
change after intervention with 10 days of kngquency 1HzRTMS and to explore if
neurophysiological tests like quantifying auditory everiated responses (P50 suppression,
N100-P300 complex), EEG (electroencephalography) relative power, functionalotiottye
and the cortical silent period (CSP) show changes aft®R TIMS treatment.

2.2 Research gquestions

Exploratory Study 1.Sensory gating is impaired in patients with schizophréhder
et al., 1985; Olincy et al.,, 201@nd P300 showed decreased amplitude in patients when
compared to healthy contro{Suretsky et al., 2015)Where the P50 suppression and P300
waves show major changes or dysfunction at cortical level remain unclear as most studies
reported P300 data at BAad Cz electrodes and P50 researchers consistently reported analysis
at Cz and thus only this location was used for ana{igsamon et al., 2004We looked mostly
to reproduce pairedlick, and oddball auditgrparadigms in healthy controls and patients with
schizophrenia and to develop a quantitative mettfi@RPwith densearray 256 channel EEG.

Exploratory Study 2.It has been suggested that schizophrenic symptoms can be
explained by ovearousal causing depression in neural activity or invedteelationship
between performance and arougék also called Yerke®odson Law(Grossberg, 2000;
Yerkes & Dodson, 1908)Our study followed this suggiesn and we expected that in
schizophrenia the higheta and gamma activity will break up in clusters and decrease during a
task requiring attention, whereas in normal subjects these bands activity will be increased. A
cognitively driven auditoymotortak was suggested as dAtriggeri
synchronyo in the <cortical regions -motorvol veoco
cortices.

Exploratory Study 3. Results pertaining to CSP in schizophrenia patients are
controversial. Prolonged CSP svabserved among bofhst-episodepatients and clozapine
medicated chronic patients compared with healthy controls, suggesting alterations within the
GABAB-mediated neurotransmitter systelfaskalakis et al., 2002)0ne study found no
significant differences in CSP between SCZ patients and healthy controls, and others have
reported a shortened CSP in either the chronic or unmedicated pé@tieagsrald et al., 2002;

S-K. Liu et al., 2009) Based on these findings, therking hypothesis was that CSP will be
prolonged after RTMS as a signal of improvement in the inhibitory sysdkated to sensory
gating. Additionally, we looked to cutaneous silent period, which was expected to be prolonged,
too. Both data are presented as case studies.

Study 4.We expected thaRTMS would reduce AVH severity (hypothesis H1), that
stress and anxigwould be reduced, and that quality of life would be increased aftRYTtRES
(hypothesis H2). Based on the assumption that there is impaired triggering of attention in
patients with schizophrenia, as made evident by reduced N100 amfRogtsirg et al., 2008)
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we expected that N100 amplitude would be higher afteRi&S (hypothesis H3) and that
N100 and P200 sensory gating which appeared to be impaipadi@ms with schizophrenia
and AVH will improve (hypothesis H4).

Study 5.In this study, we looked at the N1-BB00 complex voltage before and after
the treatment expecting that after the treatment the amplitude of P300 will be higher in patients
receiving RTMS at T3?3 EEG location. PSD has been performed from the eetated
oscillations and we looked to the network organization and the difference between T2 (post
TMS) and T1 (prefMS) conditions. Network organization was analyzed with pagtomn
coefficient, a metric of functional segregation. The question was if P300 related oscillations and
local connectivity participation index derived from a deasay 256 channel EEG system can
be considered as candidates for biomarkers of the patéhtschizophrenia.

Study 6.EEG measures, including spectral density and evoked potentials, have been
used as measures of the physiological response to TMS treatment. The PSD changes observed
in response to attentional demands can be of interest toangaitients with schizophrenia
behavior(Barr et al., 2011)Following our observations that the cortical distribution of the
relative power in different EEG bands showed topographical EEG fragmentation the question
was if there will be increasing values of the relative power after the RTMS, especially for beta
arnd gamma bands. Auditomyotor task results were compared with the resting state. Later, it
would be ofextrema@mportance to evaluate if there are congruent changes in brain connectivity.
We expected that network organization measured with the graph thedrymall worldness
will show an improved small world effect.

2.3 Subjects

Ten patients with schizophrenia aged between 26 and 48 (seven men and three women,
mean age 32.4, SD = 6.85) and six healthy control subjects aged between 24 and 43 (four men
and two women, mean age 30.3, SD = 7.5) participated in the studies. Thregmtémts were
excluded from the study prior ®TMS treatment Table1). The patients were recruited from
the National University Hospital of Iceland psychiatric inpatient service and outpatient clinics.
Patients were eligible for inclusion if they were betwe&ib3 years of age and hagatment
resistantAVH for at least 1 yearTreatmentresistantAVH was defined as a lack of clinically
meaningful response to two trials of pharmacotherapy at the recommended dosage, lasting at
least 6 weeks. Exclusion critericluded the history of epilepsy, daily cannabis use, or the use
of other illegal drugs within one month prior to the study or during the study, drinking more
than three units of alcohol daily, or having any contraindication during the pretreatment
interview (Rossi et al., 2011)'he patients were taking one or more antipsychotic medications
Healthy subjects were Reykjavik University students, exchange students, rocalCli
Neurophysiology Unit employees. Two patients and two healthy participants wenaretd
on the Edinburgh handedness inveni@idfield, 1971)

Tablel Characteristics of the Enrolled Patients: TG-PIRTMSCG = CGRTMS, marked patients abandoned the study.

Treatment Group, left temporoparietal (T3-P3) RTMS

Patient Gender  Age Medication Diagnostic

(M; SD)
S15TG m 48 Clozapine, Amisulpiride, Propranolol and Clonazepam  Paranoid Schizophrenia
S16TG m 35 Clozapine, Fluoxetine, Bupropion and Metformin Paranoid Schizophrenia
S17TG m 30 Clozapine, Olanzapine, Perphenazine, Alprazolam, Paranoid Schizophrenia

Levomepromazine, Oxazepam and Melatonin



S18TG f 33
S19TG m 30
S20TG m 30
S21TG f 31

5m2f 34;6,51

Sertraline, Quetiapine, Pregabalin and Zopiclone

Clozapine and Flupenthixol

No pharmacological treatment

Perphenazine, Olanzapine, Escitalopram

Schizoaffective disorder

Paranoid Schizophrenia

Paranoid Schizophrenia

Unspecified psychosis

Control Group, vertex (Cz) RTMS

S22CG m 26
S23CG f 30
S24CG m 27
S25CG m 26
S26CG f 39
S27CG  f 50

3m3f 33; 9,67

Clozapine, Pregabalin, Amisulpiride

Aripiprazole, Olanzapine, Chlorprothixene and
Pregabalin
Clozapine, Olanzapine, Bupropion and Propranolol

Paliperidone, Quetiapine, and Perphenazine

Clozapine, Flupenthixol, Zopiclone, Mirtazapine,
Escitalopram, Metformin, Metoprolol and
Chlorpromazine

Zuclopenthixol, Alprazolam

Hebephrenic
Schizophrenia
Paranoid Schizophrenia

Paranoid Schizophrenia
Paranoid Schizophrenia

Paranoid Schizophrenia

Paranoid Schizophrenia

2.4 Study protocol

All study patients, care providers, and psychologists were blinded to treatment group

assignment except the neurotechnicians who set up the propkcatiibn. Patients agreeing

to take part in the study were first administered psychometric scales and then had EEG recorded

with five blocks paireetlick paradigm, P300 oddball paradigamd auditorymotor task (T1).

The order of the tasks was randomized
TG and CG patients were invited to return for identical psychometric scores interviews,

ERPs recordings, and auditemyotor task analyses within one week afterRigMS treatment
(T2) (Figure2-1). Thethird group of six healthy subjects (HS) with ROMS treatment served
as a comparison for the auditory evoked responses and atitorty 0 r
All HS were submittd to a MintInternational Neuropsychiatric Interview (M.1.N.($heehan

et al., 1997jo ensure that they were in good mental health conditidresstudy was approved
by the EthicsCommittee of the NationdUniversity Hospital of Iceland (Approval No 21.

2018).

The procedures and all the risks were explained to all participants andstlbgs were

t ask

of

pati

answered, after which, they gave written informed consent regarding their participation.

Patients were given 10.000 ISK (80 EUR) for their participation and offered to takepaigre
taxi to and from the hospital or university where the tnesitt and EEG analyses were

performed.
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Figure2-1 Study and protocol design

2.5 Psychometric scales
Quality of Life (QoL)

Quality of Life (QoL) is a 16 item seleport scale consisting of fiveonceptual
domains of quality of life: material and physical wie#ling, relationships with other people,
social community and civic activities, personal development, and fulfillment, and recreation.
The scale maximum score is 112 and has been shown éoglad testetest reliability and
good convergent and discriminant validifanagan, 1978)

Depression Anxiety Stress Scales (DASS)

DASS is a measure of mentadalth focusing on three traits of depression, anxiety, and
stress. The list consists of 42 items, rated on agount Likert type scale of how much that
symptom occurred in the last week. In clinical samples, the scale maximum score is 126 and
has showmxcellent internal consistency and temporal stability as well as excellent discriminant
validity and good convergent validifBrown et al., 1997)

Psychotic Symptom Rating Scales (PSYRATS)

The score of the PSYRATS auditory hallucinations subscale (AHS) is represented by a
structured interview that measures auditory hallucinations (11 items) rated onpmifive
ordinal scale (&). The maximum score of AHS is 44. The scale measures théygeiédVH
for the past week on eleven dimensions which are: frequency, duration, location, loudness,
beliefs about origin, negative content, the intensity of negative content, amount of distress, the



intensity of distress, disruption of life, and conti®®EYRATS has shown excellent intater
reliability and good discriminant and convergent validity for both chronic andefiisbde
psychosigDrake et al., 2007; Haddock et al., 1999)

2.6 Neurophysiological tests

i. EEG recordings in three conditior®estingstate(RS), auditorymotor task with the
left hand (AMT-I), auditorymotor task with the right hand (AM)
ii.  Auditory pairedclick paradigm(Figure2-2)
ii.  Oddball auditory paradigm
iv.  Cortical silent period
v.  Cutaneous silent period

Figure2-2 During the paireetlick paradigm, the patients looked tc
silent film to avoid drowsiness.

2.7 RTMStreatment

A Medtronic MagPro stimulator TMS device and a figofesight coil (MGB70) were
used. The resting motor threshold (RMT) was defined as the lowest intensity producing an MEP
of 50 do\peak, méve éut of ten trials in relaxatductor pollicis bevis(APB) muscle
(Daskalakis et al., 2008ptimulation was delivered at 100% of the APB resting motor evoked
potential threshold, determined before each treatment session. The treatment consisted of ten
consecutive sessions avievo weeks with an interval at the weekend. ERAIMS session
lasted 15 minutes and included 900 pulses at a frequency of 1 HRTIM8 was delivered
with the same parameters at the left temporoparietal region for TBITEEG location) and
at the verte (Cz EEG location) for CG.
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3 ChapterExploratory works

3.1 Exploratory Study 1. Using highdensity EEG to assess
TMS treatment in patients with schizophre(iarcu et al.,
2020)

Deficits in sensory gating are an important endophenotype for schizop{irencanaki
et al.,, 2015)and P300 was suggestad a robust marker of both positive symptoms and
decreased cognitive and functional capacity in patients with this cl{iiamietsky e@l., 2015)
This study presents a new technique of quantifying P50 and P300 auditory evoked potentials
recorded from different scalp regions using 256 dense array EEG.

3.1.1 Methods
Paired-click paradigm

The paireeclick paradigm was performed #icit the P50 component. A pure tone
(1500 Hz, ems duration at comfortable hearing noise) was used as the click sound and
presented during a 508s interval through headphones. We presented 150 paired stimuli in 5
blocks with an intepair interval of D seconds, which provided 25 minutes of EEG
measuremer(tight etal., 2010) In consideration of participant load and ear comfort that could
influence EEG measurement, we instructed participants to watch a silent film and presented
auditory stimuli from headphones as mentioned above. The S1 response was iderttiged as
most prominent peak in the 40 to 80 paststimuluswindows. The preceding negative trough
was used to calculate the S1 amplitude. For the S2 response, the positive peak with latency
closest to that of the S1 peak was selected. P50 suppressioalewdated as the ratio of the
mean value of the S2 amplitude to the mean value of the S1 amplitude (SBt&MLEt al.,
2011; Olincy et al., 2010; Van Luijtelg&2003) The difference of S1 minus S2 amplitude was
also used as a comjson.

Oddball auditory paradigm

N100-P300 complex. In our study P300 respomses measured with an auditory
oddball paradigm attention task. The recordings were carried ouedretl1:00 and 14:00
hours. The subjects were sitting in a comfortable chair with their eyes closed. The frequent (F)
and the rare (R) auditory stimuli were presented binaurally through headphones at an
interstimulus interval between tones of constantséd. For each subjet¢here was 1 trial of
160 tones which occurredndomly with a probability of 0.ZStefansson & Jonsdéttir, 1996)

We instructed the participants to pay attentiothe rare stimuli without counting or
moving a finger. The rationality of this was to do not activate additionally the precentral gyrus
or parietal lobe during the complementary audiomgytor task andrequencydomainstudies.

EEG preprocessing and analgis



The EEG was recorded usia@56-channel system (ANT Ngo, Netherlands) with
an electrooculogram (EOG) electrode placed below the right eye, and a ground electrode placed
on the left side of the neckRata preprocessing and analysigereperformed with Brainstorm
(Tadelet al., 2011 and MATLAB 2018b. The data were sampled at 1024 Hz anefeeenced
to the average of left and right mastoid electrodes (R19R, L19L). A bandpass filter was set
between 0.880 Hz anda notch filter from 4951 Hz was used to remove undesired
monomorphic difacts from 50 Hz mains electricity. Bad channels were removed when EEG
voltage was greater than N8O & Wieomiuchnoiseoor e t ha
bad signal, the whole trial was rejected. For P50 analysis the signals were digitizegidoclan
of 500 ms starting 100 ms prior to the presentation of each auditory stiFild0snfs to +400
ms) and for P300 response analysis the signals were digitized for each epoch of 1000 ms starting
100 ms prior to the presentation of each auditory stim@ii00 to +900 ms). Baseline
correction was performed usirggprestimulus1 00 ms wi ndow and fAbad
removed and interpolated. Individual trials were visually inspected and rejected when indicative
of excessive muscle activity, eye movemeatother artifact¢see Chaptes, Discussions)
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Figure3-1 The regions of interest employed in Study 1 and Study 4. S1 is the response to conditioning stimulus anc
response to testing stimulus. The 0 to 0.1 segment-akiXcorresponds to 100 ms.

The Regions of Interest

The regions of interest (ROI) were defined using a MATLAB script as follow: Left
Anterior (LA), Left Posterior (LP), Medial Anterior (MA), Medial Central (MC), Medial
Posterior (MP, Right Anterior (RA) and Right Posterior (R@Bigure3-1). Fifteen electrodes
were selected from 3 parallel lines for each region (105 electrodes). We measured-tioe peak
peak P50 amplitude from a preceding negative trough to the positive peall@n3range
from the stimulus onséFigure3-1). N100-P300 complex values for each ROI were calculated
as the difference between the most negative voltage value and the most positive voltage value
within the time range of 8600 ms In this work,the P50 suppression ratio and 13 wav e 6 s
signals were represented as the average of the fifteen channels of every ROI.

U https://www.ant-neuro.com
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3.1.2 Results

Recordingeventrelatedpotentials witha high-densityEEG system is challenging and
difficult. Data recorded from two patients and two healthy participants showed major P50
suppression (reduced ratio) in healthy participéFritpure3-2) compared with P50 suppression
of both patientsThe patients showed higher ratios on the left anterior and left posterior regions

B AVGPATIENTSS2/S1 [ AVG HS S2/S1

1.5

0.5

LA LP MA MC MP RA RP

Figure3-2 TheP50 gating in two patients with schizophrenia (T1) and two HS. Ratio method S2:S1

suggesting that these regions might be functionally affextttht gating in healthy participants
is higher on the left anterior and left temporoparietal region.

Healthy participants showed bettesponsgovertheright posterior or temporoparietal
region (lower value of S2:S1 ratid1-S2 P50 amplitude differee (method) showed similar
results with more gating in patients over left anterior and left posterior regigngeg-3).

N100-P300 components were obtained argible in the healthy grouata from one
patient with schizophrenia showed reduced or absent deviant stimulus responses before the
treatment (T1), which changed and was more visible after the treatment (T2). After three
months we could observe a redueadplitude ofthe N1-P3 complexEven so, the automatic
maximumminimum voltage measurements for 15 electrodes in each ROI detected higher
responses i n t hadew pcaasions whicld & visgal inspegtionoresulted to be
erroneous due to origah signaldifficulty acquisition or data processing
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N100-P300 complex

N100-P300 complexvas measurable for all selected regions and it appears to be a
helpful neurophysiological marker in assessing if ERPs components chang® Bi&
treatment at the stimulation site or in other different cortical areas.
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Figure3-6 N10GP300a complex in a healthy parpant.
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(red), and after three months from the treatment (green).



At baseline, healthy subjects showlRd00-P300 complextopography with higher
values ateft and right anterior regions which are located over the frontal |@mesnidline
(MA and MC regions) while the patients witlsCZ showedhigher voltageover left and right
anterior and posterior regions and less amplitude from the m{#ligae3-7).

N100-P300 Complex voltage / Regions of Interest

N100-P300 Complex voltage / Regions of Interest
Patients (n5) T1-Baseline (Vx10-6)

Healthy Subjects (n4) (Vx10-6)

45,000 45.000

40000 40000 . .
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.

Figure3-7 Topography of N10B300 complex in four healthy subjects (left) and in five patients with schizophrenia ai
before the treatment (T1). ROI from the left to the rigteft Anterior (LA), Left Posterior (LP), Medial Anterior (MA), M¢
Central (MC)Medial Posterior (MP), Right Anterior (RA) and Right Posteriar (RP)

N100-P300 Complex voltage / Regions of Interest
Healthy subjects and patients with SCZ after RTMS
TG = T3-P3 stimulation, CG = Cz stimulation (Vx10-6)
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Figure3-8 N10GP300 complex topography in 4 HS and 5 Patients with SCZ in T1 and TRT(Ef§er

After RTMS, all patients (TG + CEN=5) showed reduced N16®300 complex voltage
atthemid posterior(MP) region, with TG patientdN=2) showingthe major global difference
with reduced voltages in all regior(§igure 3-8). Individual data showed reduced P300
amplitude in d patients afteRTMS treatment, witlithe S15 subject showing no values after
RTMS in MP region(Figure3-9). P300 was elicited with passive task conditions in which the
subject did not respond to either the standard or target s{ifalich & Mclsaac, 1994)These



results are in contrast with our hypothesis.
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Figure3-9 Individual data of N10®300 topography in patients with schizophrenia and AVH beforbl(€) and after 10
days of RTMS (T&¢ange). On the left are represented two TG patients and, on the right, three CG patients.
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3.2 Exploratory Study 2. A Novel Technige to Trigger High
Beta and Low Gamma Activity in Patients with
SchizophrenidE. lvarsson et al., 2020)

3.2.1 Methods

The auditorymotor task (AMT) was employed in a sodatienuated room, and each
patient was awake, tsedated, and comfortably seated on a chair during the tasks. Subjects
held a button in one hand and placed the hand on the thigh. We instructed eathicpbgss
the button using the thumb whenthe-pre cor ded ver bal command A
to press the button when the verbal cC omma
subject completed two auditengotor tasks (one for each haniihe AMT task contained 40
trials: 20auditory verbai pr ess 0 commands and 20 fAno press:
interval was 3 secondéNagasawa et al., 2010he commands were presented in a
pseudorandom sequence during each task. The AMT was performed with the dominant hand
(AMT -r), and nordominant hand (AMTl) one time in HC and two times in the patients (SCZ2),
before theRTMS treatment (SCZ'1) and within one week after completing ten sessions of
RTMS treatment (SCZ 2).

pr
nd

EEG recording and preprocessing

The EEG was recorded usiaghigh-density 256 channel ANT Neuro (Netherlands)
system with an electrooculogram (EOG) electrode placed below the right eye, and a ground
electrode placed on the left side of the neck. The EEGeaeasddat a sampling rate of 1024
Hz. The raw EEG was ewrrted and analyzed using the EEGLAB toolbox (v14.2.2) in
MATLAB 2018b. EEG signals were first notch filtered at 50 Hz, and a later-passl filter
was applied between 0.1 and 80 (Hall et al., 2011)Eye movements and muscle artifacts
were removed by visual inspection. Bad channels were identified by automatic detection using
kurtosis, or spectrum measures and later interpolated using the spherical method. The length of
the resultingestingstatepre-processed data was 40 sec + 10 sec for each participant. Finally,
the remaining artifaetree continuous dataereanalyzed.

Data analysis

First, we analyzed 40 £ 10 sexstingstateEEG with eyes closed for three patients with
schizophrenia and we cqrared it with the EEG of three healthy control participants. For the
auditorymotort as k, epochs related to the cognitivel
were segmented betweds00 ms to +500 ms (1000 ms) relative to the onset of the butten cod
(hand reaction) seen in the EEG trace. The reference period was set between +1500 ms to +2500
mspostverbalcommand or auditory stimulus onset (1000 ms). Finally, the remaining artifact
free trials were analyzed. Here are presented the results ofcodioal activation (MCA) for
one HS and one patient with auditory verbal hallucinations (AVH), using power spectral density
(PSD) and topographical frequency maps including both hands senstwy regions. Later,

ACA, MCA, and NCA epochs were modifie@t(idy 6) to avoid overlapping of the EEG data
(Figure3-10). We looked at specific frequencies relatedhmotor reaction: low beta (120
Hz), high beta (2080 Hz), low gamma (3@5 H2, and high gamma (480 Hz). The brain
maps showed topographicchanges on specific frequencies: 16, 25, 8% 65 Hz. We
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compared data with the reference period and with the resting state EEG.

Time windows of interest for the auditory motor task
= Auditory cortical activation
MCA = Motor cortical activation
NCA = Working memory, non-cortical activation, DELAYED EPOCH (Peled et al 2001)

“No Press” “Press” HR “No Press”
from 0 to 0.5 after “Press” and “No Press”, BC -0.2t0 0.0
MCA from 0.0 to 0.5 after HR code, BC -0.2 to 0.0
NCA from -2.5 to -1.5 before “Press” and “No Press” codes, BC -2.7 to -2.5
| 3 seconds | |
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Figure3-10 AMT windows of interest (top left): ACA frorb@0 msafter "Press" and "No press", MCA frors@0 ms afte

the Hand Reaction code, NCA or Delay Epoch-2660to-mp n n Y a
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left and right sensorimotor regions (blue) and left and right auditory tempamiefal regions (yellow).

3.2.2 Results

Healthy subjects

Log Power Spectral Density 10°Iog, ,(uV/Hz)

10 2 % 40 50 60
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Figure3-11PSD and "birgye" view EEG maps for three HS. Resting state, eyes closed.

Patients
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Figure3-12 PSD and "birgye" view EEG maps for three patients with SCZ and AVH. Resting state, eyes closed

The aim of this experimerE. ivarsson et al., 202®as to investigate whether there
are differences in cortical activity between healthy subjects and patients with schizophrenia
during resting state and during an auditorgtor task. Furthermore, we wanted to investigate
if the auditorymotor task would mdulate beta and gamma activity. Our hypotheses were that:
1) The restingstate EEG shows differences of cortical activity in beta and gamma frequencies
between healthy control participants and patients with schizophrenia, being more clustered in
schizophraia patients and 2) The auditemyotor task would reduce beta and gamma cortical
distribution, compared to the RS in SCZ patient when compare it with the HC participant.

The resultappeared to beongruent with our hypotheses, showing more clustered and
fragmented cortical distribution in patientsth schizophrenigFigure3-11, Figure3-12) and
reduced activity during the auditergotor task, even during the reference period between the
auditory commands. The activiseemdo bestable during the task, with little lateralizatio
effect of hand response.

Leg Power Spectral Density 10%kg, (W

0] F4] w» w
Fragquercy Ie)

Figure3-13 Motor cortical activéion during the AMT in a patient with schizophrenia (S15) in baseline condition
The task is performed with the left hand.
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3.3 Exploratory Study 3. The cortical and cutaneous silent
period in patients with schizophrenia and AVH

In this work, we looked to CSP as a measure of central GABHBiated cortical
inhibition that is linked with sensory gating and to CuSP which is a peripherally spinal
cutaneousnuscular reflex that seems to be modulated also from the central corticosgsnal
or intracortical inhibitory neurons. We expected RaMS treatment might influence CSP and
CuSP in patients with schizophrenia and pharmrascstant auditory verbal hallucinations by
enhancing the total duration.

3.3.1 Methods

The cortical silent period (CSP) duration was measured immsximally contracted
abductor pollicis brevisnuscle by stimulating the motor cortex using TMS with an intensity of
140% resting motor threshold (RMT). RMT has been classically defined as thentaof
transcranial magnetic stimulation (TMS) machine output (intensity) necessary to produce a
motorevoked potential (MEP) that exceeds a defined pegke a k ampl i tude (usu
50% of the time in a finite number of trigBorckardt et al., 2006 Calculations of CSP were
determined from the motor evoked potential (MEP) onse&todtovery of any voluntary EMG
activity. Three to five trials were repeated to obtain the average CSP duration for each subject
(Figure3-14). To obtaincutaneous silent period (CuSP) electrical stimuli were delivered to the
ipsilateral dermatome of the 2nd digit from the dominant hand. Stimuli were delivered with ring
electrodes at 10 times x sensory threshold. Surface EMG electrodes recorded CuSP from
abductor pollicis brevismuscle while the patient was requested to continuously sustain a
submaximal contractionVhen the stimulus producedclear and visible silent period, three
trials were collected for each subject.

vertical Cursors £
I 1800me 7200V
T2 183.90ms 730V
d  16590ms G4 7V

Figure3-14 Cortical silent period (TMS).

Subjectsin this work participated five patients from the TG (mean age 34.8, SD 7.7, one
female), six patients from the CG (mean age 33, SD 9.7, three fgraalésix HC (mean age
28.5, SD 5.4, one female). CSP and CuSP were measured before treatment (Tipneithi



week after the RTMS (T2), one month after RTMS)(E®d three months after RTMS (T4)
(Table2). Descriptive analysis is presented for both groups.

3.3.2 Results

CSP inthe baseline condition (T1) had a duration of 161.33 ms (SD 19.8&RepiHC
group, 137.25 ms (SD 19.35) in TG, and 167.33 ms (SD 67.93%inAfter the RTMSthe
cortical silent period increased or decreased in patients from both g(Bigpse 3-15)
suggesting that this marker is difficult to interpnetpatients taking many drugs and having
difficult therapeutic manageme(Ttablel).

Cortical Silent Period duration (ms) and SD in patients with
Schizophrenia and AVH, before and after RTMS

T
1
1
1
1
1
1
1

T 12 T3 T4
#TG-CSP ®CG-CSP ®=HC-CSP

Figure3-15CSP in patients with schizophrenia before (T1), after (T2), 1 month after (T3) and 3 months aREMI4)

At baselinethecutaneous silent period showesimilar duration in all analyzed groups
(TG, GC, and HC). After RTMS, the duration of CuSP increased in patients stimulated at both
T3-P3 orCz EEG locationsvith more marked changes in C&he CuSP duration decreased
after 1 month(T3) (Figure3-17).

CuSP changes in a representative patient-{83)6from the T3P3 stimulation group
areshown in Figure3-16). CSP and CuSP neurophysiologitedtsweredonebefore (T1) and
three different times after the RTMS (TE3, and T4).
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Cutaneous Silent Period duration (ms) and SD in patients with
Schizophrenia and AVH, before and after RTMS

T

T2
= TG-CuSP

Figure3-17 Cutaneous silent period before and afRfMS
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Figure3-16 Cutaneous silent period in APB muscle obtained with electricity applied with ring electrodes at 3
(7th dermatome) in a patient with schizophrenia and AVH;1836The CuSP changed from 30 ms (T1) to 52 m:
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Table2 Patients recruited for Cz and-P3 RTMS, Study 3.

Number of participants in CSP and CuSP neuroph

siological tests

Group / Time|T1 (before RTMS) |T2 (after RTMS) |73 (one month) | T4 (three months)
TG N4 N5 N3 N3

CG N6 N6 N4 N4

HC N6




4 Chapter Generating hypotheses

4.1 Study 4. Effects of transcranial magnetic stimulation on
verbal auditoryhallucinations and mid latency auditory
evoked potentials in patients with schizophreamd AVH

Banea OC, Jonasson VD, Aubonnet R, Stefansson SB, MagnUsddttir BB, Haraldsson M,
lvarsson E, Jénasson AD, Sirica R and P Gargiulo (20&fi)published elsewhere

In this work we looked to midatency auditorgensoryevokedresponses which proved
to be of interest in the analysis of sensory gating in patients with schizophrenia.

4.1.1 Methods

Clinical symptoms were used as primanytcomes. Additionally, we measured N1
component (N100) and P2 component (P200) neurophysiological markers as a secondary
outcome. A pairedlick paradigm was performed to elicit the P50, N100, and P200
components. In this study, we focused on N100 and® P&fponses. A pure tone (1500 Hz, 6
ms duration at comfortable hearing level) was created and used to generate a click sound. It was
presented through headphones in pairs of identical clicks (S1, initial stimulus, and S2, repeated
stimulus) with 500 ms ier-click duration at an interval of 10 seconds between paired stimuli.
We presented 150 paired stimuli in five blocks of 30 paired clicks which provided 25 minutes
of EEG measuremeifLight et al., 2010)Participants were instructed to watch a silent film
during the task, to minimize drowsiness and discomfort duhedask.

EEG preprocessing and analysis

EEG was recorded using a 28Bannel system (ANT Neuro, Netherlands) with an

$1 $2

Figure4-1 N100P200 gating in a healthy participant. A delay is observed for S2 corresponding®Ra@@omplex.
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electrooculogram (EOG) electrode placed below the right eye and a ground electrode placed on
the left side of the neclData preprocessing and analysis were performed with Btaimns

(Tadel et al., 20113nd MATLAB 2018b (MathWorks, IncNatick, 158 Massachusetts, USA).

The data was sampled at 1024 Hz andeferenced to the average of left and right mastoid
electrodes (R19R, L19L). Dataene epoched and baseline correction was set at the time when
the raw data was imported to Brainstorm. For S1 we used an epoch of 10&EDn® (500

ms), baseline correction fro00 to-100 ms while for S2 we used an epoch of 15004ns (
1000 to 500 ms)and baseline correction from000 to-600 ms. A bandpass filter was set
between 0.20 Hz and a notch filter from 4891 Hz was used to remove undesired
monomorphic artifacts from 50 Hz mains electricity. If EEG voltage was higher than 80 pVv
the channelsvere marked as bad. Individual trials were visually inspected and rejected if they
contained large muscle artifacts or eye blinks. Rejection rates of more than 30% would indicate
poor data quality. Rejection rates between 50 and 70 % would indicate haplidkily and that

for the analysis was used a reduced number of trials corresponding to 7.5 to 12.5 minutes out
of 25 minutes of EEG recordingor N1 and P2 analyses, the signals were examined separately
to avoid S1 to S2 auditory stimuli jitter produced by a possitrle gap between the software
(code initiating the stimulus generation) and the hardware (stimulus generation) (T. Rosburg,
pers. comm Feb 29, 2020)(Figure4-1, Figure4-2).

.—a_ e ———— d n - ——— v —.
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Figure4-2 Pairedclick paradigm in HS 10 showing the delay of second generatditisS?2

Variables

The largest negative deflection between 80 and 150 ms was identified as the N100 or
N1, and the largest positive deflection between 150 and 250 ms was identified as the P200 or
P2. Five different neurophysiological measurestrajgering attention (N1) and initial
consciousness awarene$B2) were performed for S1 auditory evoked respofEgsres-3):

1) N1S1Bm = N100 amplitude from baseline to the most negative peak ib580ms

time window rang€Clément Nathou et al., 201,8)

2) N1S1Mm = N100 maximum amplitude derived from the difference between N100
peak and the previous maximum positive peak

3) P2S1mM = P200 amplitude from preceding N100 trough to the most positive peak
(Nashaat N Boutros et al., 2004; Thoma et2811,7)in 80- 250 ms time window range,



4) P2S1BM = P200 amplitude from baseline to the most positive peak n2B80ms
time window range and

5) N1S1Lat = N100 peak latency from S1 onset to the most negative peak inlth@ 80
ms window range.

For sensory gatinganalysis we calculated eight values for both S1 and S2 stimuli to
provide four other metricéi.e., the ratio between S2 and &bkponsesyith two different
methods, from baseline (SB) and p¢alpeak (SA):

6) N100SB = S2:S1 baseline antptle suppression ratio,

7) N10OOSA = S2:S1 maximum amplitude suppression ratio,

8) P200SB = S2:S1 baseline amplitude suppression ratio,

9) P200SA = S2:S1 maximum amplitude suppression ratio.
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Figure4-3 Characteristics of N1 and P2 components. There are different methods of measurement described previt
Conditioning stimulus S1 metrics (blue) and testing stimulus metrics S2 (red).

For a better understanding of possilocal effects on auditory evoked potentials by the
left temporoparietal (T-®3) or vertex (CzRTMS, we divided the cortical EEG 256 channels
in seven regions of interest (ROI), each of them with an averaged signal derived from 15
electrodes selectedofm 3 parallel lines (105 electrodes out of a total of Z&6. Banea et
al., 2020) TheROI were selected using MATLAB script including the stimulation site and the
most representative N100, P200 cortical representation areas as follow: Left Anterior (LA), Left
Posterior (LP), Medial Anterior (MA), Medial Central (MC), Medial Posterior (MP),hRig
Anterior (RA) and Right Posterior (RP). At the end, we measured 9 metrics for each ROI and
for the average of all electrodes (AA and AVG) providing 72 (63 tnd@@pendent metrics

Statistical analysisvas performed with SPSS (version 26). The patieotgs were
compared to the healthy control group at baseline and the two patient groups were also
compared against each other at baseline. Gender comparison was done witlq@a@htest.
Outcome measure scores were compared between the two patiestugiogpANCOVA when
Levene test was nesignificant and mixed ANOVA when Levene was significant. If the
assumption of sphericity was violated, the Greenh@gssser correction was used. At the end,
Bonferroni correction was used to adjust the significdéewa (i.e., 1 metric in 7 ROI, 7 comp.).



4.1.2 Results

Baseline condition

46

Patient treatment (TG) and control (CG) groups did not show an age difference. At
baseline, there were no significant differences between the two groups on PSYRATS, DASS or
QoL. We compared baseline neurophysiological measures between the healthy participants
(N=6) and all patients (N=10from 72 variables, five S1 measures showed significant
differences Table3, Table4). N100 and P200 auditory gating metrics (S2:S1) did not show
significant differaces between the HS and the patients (PG) in baseline condition.

Table3 Descriptive statistics for the healthy subjects and patients before the treatment with the variables which showed the
most marked changes.

Variable Group Mean SD
N1S1Bm_LP PG -0,57 0,97
HS -2,15 1,62
N1S1Mm_MA PG 1,81 1,61
HS 4,60 2,00
N1S1Mm_MC PG 1,67 1,04
HS 3,80 1,89
N1S1IMm_MP PG 1,14 0,94
HS 2,91 1,50
P2S1BM_MA PG 2,25 1,72
HS 5,92 3,07
Table4 ANOVA, @I £ dz§>x STFFSOG aal §

0' HU X

subjects and patients in the baseline condition (T1). PG=TG+CG

Variable F p ‘2 Power
HSPG

N1S1Bm_LP 6,055 0,027 0,302 0,629
N1S1Mm_MA 9,395 0,008 0,402 0,813
N1S1IMm_MC 8,695 0,011 0,383 0,783
N1S1Mm_MP 8,607 0,011 0,381 0,779
P2S1BM_MA 9,566 0,008 0,406 0,82
AVG 0,374

Pre-Post RTMS comparison

Clinical outcomes

by R
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There were no significant changesAVH severity measured with PSYRATS AHS
global scores after RTMS between TG and CG (H1). After RTMS, PSYRATS AHS global
scores decreased from 28 (SD 5.70) to 24 (SD 4.95) fa?3I8eatment group while for Cz



treatmengr oup it

decreased

from 30.

4

(SD 1.

52) t

0.262). From all 11 items, the AVH duration shoveesignificant difference between pre and
post RTMS conditions. It decreased from 2.4 to 2.2 for TG while for the CGéased from

3.4 to 4.0 (F

5.

65,

p

<

0.

049,

q2

0.

out of 112 points in the TG and with 3.6 points in CG (p=0.3Table5) and DASS global
score decreased from 52.6 (maximum 126) to 41.8 in TG and from 53.6 to 44.6 in CG as
expected, (H2). The null H1 and H2 hypotheses are not true due to type 1 error (ncasignifi
changes) and the alternative hypotheses, that bofa3T&d Cz RTMS treatments produce
similar changes to clinical symptoms are not true because of type 2 error (sample size). Even
so, all psychometric scales showed similar direction changes aatigyimptoms for both F3

P3 and Cz patient groups.

Table5 Changes of psychometric scores at baseline (T1) and after RTMS (T2). AVH durationgfmowakcsignificant

changein TG.
VARIABLE Group  T1 M(SD) T2 M (SD) F p "2
PSYRATS
All 2,843 0.130 0.262
TG 28.0(5.7) 24.0(4.95)
CG 30.4(1.52) 29.0(4.35)
Frequency
TG 3,5 2,8 2,34 0,17 0,251
ANOVA CG 3,5 34
Durationof AVH
ANCOVA TG 2,4 2,2 5,65 0,049 0,447
CG 34 4
Location
ANOVA TG 3,8 3 2.13 0,211 ?
CG 2,2 2,2
Loudness
ANOVA TG 1,8 2 0 1 0
CG 2,2 1,6
Belief
ANOVA TG 2,8 2 4,756 0,066 0,405
CG 2,2 2,8
Amount ofnegative content
ANOVA TG 2,2 2,4 0,144 0,716 0,02
CG 3,4 24
Degree of negative content
ANCOVA TG 3,2 2,2 5,378 0,053 0,434
CG 3,2 3,4
Amount of distress
ANCOVA TG 2,2 2,2 0,001 0,972 0
CG 3 2,4
Degree of distress
ANCOVA TG 1,6 2,6 1,099 0,329 0,136
CG 2,4 2,2
Disruption of life caused by voices
ANCOVA TG 1,8 1,4 0,565 0,477 0,075
CG 2,2 2,2
Controllability
ANCOVA TG 2,6 1,2 3,716 0,095 0,347
CG 2,6 2,4
QoL
Quality of life
ANCOVA TG 72 81,6 0,881 0,379 0,112
CG 74,8 78,4

447)
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DASS

Depression

ANCOVA TG 18,6 14,6 0,069 0,8 0,01
CG 20,8 17,2

Anxiety

ANOVA TG 14,4 10,8 0,15 0,904 0,002
CG 13,6 13,2

Stress

ANOVA TG 19.60(18.94) 16.40(14.88) 0,023 0,884 0,003
CG 19.20(12.19) 14.20(9.63)

Neurophysiological outcome

The EEG data in the healthy participants had a rejection rate of 38% for S1 and 40 %
for S2 and up to 70% for the patient groups (TG: T1S1 62%, T1S2 66%, T2S1 61%, ¥2S2 63
and for CG: T1S1 70%, T1S2 70%, T2S1 68%, T2S2 69%3$ means that for patients, from
the 25minute EEG record, the analysis was conducted for an EEG record of 7.5 to 12.5 minutes
(45 to 75 of the 150 stimuli coupled per click).

TG and CG compared withHS

At baseline condition, 10 out of 72 variables showed an effect size of more than 30 %
between HS and TG patients and 12 out of 72 variables showed an effect size of more than 30
% between HS and CG4dble6). After RTMS, two variables showed the most marked changes
for TG with an effect size > 0.3 and p < 0.05, while CG didn’t show changes after RTMS. These
were NISIMmM M or N10O0O amplitude mtbeamsdanteria regiome a k t
and N1S1Mm MC or N100 a nhprhid-ceniralregioni phe ehkngdso p e a
were similar as at baseline conditifrable6) (H3). Sensory gating measurements for N100
and P200 did not show significant changes after RTMS (H4).

Table6 Changes of N1 and P2 componentsTCand HCG in baaline (T1) and after RTMS (T2). The variables which
showed p<0.05 after RTMS are marked in itdlere are presented the metrics with an effect size > OI3 icondition.

Baseline After RTMS
Variable F p "2 Power F p "2 Power
HSTG
N1S1IMm_MA 7,29 0,024 0,447 0,672 6,91 0,027 0,434 0,649
N1S1Mm_MC 5,17 0,049 0,365 0,528 5,32 0,046 0,372 0,539
N1S1IMm_MP 4,88 0,054 0,352 0,505 0,48 0,507 0,05 0,095
P2S1BM_MA 5,18 0,049 0,365 0,529 4,17 0,072 0,317 0,446
P2S1mM_RA 4,84 0,055 0,349 0,501 0,83 0,385 0,085 0,13
N100SA_MC 4,28 0,069 0,322 0,455 2,81 0,128 0,238 0,323
N100SA_MP 6,32 0,033 0,412 0,611 2,78 0,13 0,236 0,319
N100SA_RP 10,47 0,01 0,538 0,82 0,04 0,85 0,004 0,053
P200SA_RP 9,33 0,014 0,509 0,776 1,45 0,26 0,138 0,19
P200SA_AVG 7,62 0,022 0,458 0,691 1,48 0,255 0,141 0,193
AVG 0,412 0,202

HSCG




N1S1IMm_MA 5,02 0,052 0,358 0,516 1,31 0,282 0,127 0,176

N1S1Mm_MC 4,71 0,058 0,344 0,491 0,08 0,781 0,009 0,058
N1S1IMm_MP 5,26 0,048 0,369 0,534 1,38 0,27 0,133 0,184
P2S1BM_MA 5,76 0,04 0,39 0,572 1,81 0,212 0,167 0,225
P2S1BM_MC 4,13 0,073 0,315 0,443 2,82 0,127 0,239 0,324
P2S1mM_MC 5,10 0,05 0,362 0,522 2,95 0,12 0,247 0,336
N1SlLat_LA 6,99 0,027 0,437 0,654 4,36 0,066 0,326 0,462
N1SiLat MP 10,14 0,011 0,53 0,809 0,00 0,975 0 0,05
N1S2Lat_RA 5,72 0,04 0,389 0,569 0,13 0,725 0,014 0,062
N1S2Lat_RP 4,31 0,068 0,324 0,458 0,19 0,674 0,021 0,068
N100SA_MA 4,64 0,06 0,34 0,486 2,05 0,186 0,185 0,249
N100SA_MC 12,75 0,006 0,586 0,887 1,20 0,303 0,117 0,165
AVG 0,395 0,132

Pat i e npostanalysis e

TG and CG neurophysiological data measured separately-poptdRTMS conditions
didn’t show significant changes. Clinical symptoms showed a similar change direction for all
psychometric scales: PSYRATS AHS decreased in both groups, QoL improved imdagik g
and DASS decreased in both groups. The null hypotheses H1 and H2 were not true (type 1
error), and the alternative hypotheses could not be tested because of type 2 error (e.g., for
PSYRATS the prestudy calculated N to achieve statistical power vigs Based on the similar
direction of clinical symptoms trends for both groups we suspected that the Cz location RTMS
used as control might have induced effects on neurophysiological markers. We calcutated pre
post RTMS changes for all #8etricsin all patients (N=10). Two variables showed the most
marked changes after the treatmdmtble 7, Table 8) with smallmedium effect size:
N1S1BmLP or N100O to S1 measured fAbaseline to
from-0. 57 eV (2D30®. %) (tS® 1. 59) , and M1SEBmNP.od 0 6 ,
N10O to S1 measured fAbaseline to peako i n mi
Using Bonferroni correction by conducting 7 comparisons (as for each ROI), an adjsted p
value less than 0.00714 would be necessary to acceptibtanplitude (e.g., N1S1BmLP,
N1S1BmMP) change is statistically significant.

Table7 RTMS changes induced to MLAEP in patients with schizophrenia and AVH (PG in TINai®)T'2)

Variable F p ‘2 Power
N1S1Bm_LP 9,53 0,006 0,346 0,831
N1SiBm_MP 5,01 0,038 0,218 0,562

Table8 Variables with the most marked changes between baseline (T1) and after RTMS (T2). PG=TG+CG.

PG T PG T2 Mean SD N
N1S1Bm_LP Pre -0,57 0,97 10

Post -2,39 1,59 10

N1S1Bm_MP Pre -0,61 0,88 10

Post -1,39 0,66 10
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Healthy participants (examples)
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Figure4-7 Sensory gating (N1 and P2) in a patient (S25) with SCZ and AARgTE3P3 RTMS
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Figure4-8 Sensory gating (N1 and P2) in a patierd§jSvith SCZ and AYBaseline(T1)
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4.2 Study 5. P300 Analysis Using Higibensity EEG to
Decipher Neural ResponseRIMS in Patients with
Schizophrenia and Auditory Verbal Hallucinations
(Aubonnet et al., 2020)

Here, we compared alterations in the P300 response aftenipivtal and verteRTMS
in patients with schizophrenia using three different approaches: time, frequency, and source
space connectivity. We remained descriptive in our analysis before and after treatment, at group
and single levels

4.2.1 Methods
P300Recordings

P300 was measured with an auditory oddball paradigm attention task. The recordings
took place between 11h00 and 14h00 for a duration of 1 h. The subjects sat with their eyes
closed. The frequent (F) and the rare (R) auditory stimuli were pessbmaurally through
headphones at an interstimulus interval between tones of constaniMolles et al., 2009)

The loudness was adjusted for each participant. For each subject, there was one trial of 200
tones, comporting a random tone occurrence with a probability of 0.2, leading to 160 frequent
tones and 40 rare. We required the participants to focus on tretinané without counting or

moving a finger.

EEG Preprocessing and Analysis

The EEG was recorded using a 28&nnel system (ANT Neuro, Netherlands) with an
electrooculogram (EOG) electrode placed below the right eye and a ground electrode placed on
the left side of the neclData preprocessing and analysis were performed with Brainstorm
(Tadel et al., 20113nd MATLAB 2018b (MathWorks, IncNatick, 158 Massachusetts, USA).

Pre-processing

The data wersampled at 1,024 Hz and-referenced to the average of left and right
mastoid electrodes (R19R, L19L). A bandpass filter was set between 0.5 and 7Oatipimhd
filter from 49 to 51 Hz was used to remove undesired monomorphic artifacts from 50 Hz mains
electricity. Bad channels were manually remo
if more than 10% of the channels showed too much noise or incorrect signal, the whole trial
was rejected. The signals were digitized in epochs of 1,200 ms, starfngHbefore the
presentation of each auditory stimuliS@0 to +700 ms). Baseline correction was performed
using prestimulus 500 ms to prstimulus 100 ms window and channels marked as bad were
removed and interpolated. Individual trials were visuakpected and rejected when indicative
of excessive muscle activity, eye movements, or other art(fieigizes-11).
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Data Analysis
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Figure4-10 P300 protocol, QEEG aRdMSlesign. Study

Frequency Domain

The power spectral density (PSD) wasnputed for each epoch with Welch's method,
using Brainstorm, with the following frequency bands: deltai @13z), theta (48 Hz), alpha
(8113 Hz), beta (11330 Hz), gamma (300 Hz). The PSD has been divided by the associated
bandwidth for each frequentand.

Using the same scalp division as that of the time analysis, the PSD of electrodes within
the same ROI were averaged for frequent and rare stipreliand posttreatment for each
subject. The PSD difference 1A and frequentare were computed faach subject.

Figure4-11 Study 4, methods.

PRE-PROCESSING I Electrodes repartition into S ROI I DATA ANALYSIS
Filtering: _ TIME DOMAIN
* Bandpass filter 0.5-70 Hz 7
« Notch filter 50 Hz |:: Computation of N1P3 complex for each
i stimulus for each ROI
Right
| Removal of artifacts | Teit temporal
FREQUENCY DOMAIN
I Interpolation of bad channels temporal.
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Import into epochs cach ROI
* Epoch from -500ms to 700ms foreach | { . ]
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* Baseline correction from -500ms to - CONNECTIVITY
100ms for each stimulus I:> . 68 ROI scout
* Modularity on static connectivity matrix
Averaging of all the epochs for each o Beta- Gamma band
stimulus « Participation coefficient
| Bimastoid reference | Desikan-Killiany 68 scout




Time Domain

N100-P300 complex values of batequent and rare stimuli were calculated and plotted
via MATLAB 2018b for each subjecpfe-and postt r e at ment f or pati ent s
The scalp was divided into 5 regions of interest (ROI). The 254 electrodes were partitioned as
follows: 80 channels for the Frontal region (F), 59 for the Parietal region (P), 69 for the Occipital
region (O), 23 forthe Right Temporal lobe (RT), and 23 file Left Temporal lobe (LT)
(Schartner et al., 2019)11-P3 wave signals were calctéd for the entire N16@300 complex
from the average of channels of every ROI as the difference between the most negative voltage
value withinthe time range of 80150 ms (N100) and the most positive voltage value within
thetime range of 250600 ms (P30D The differences between frequent and rare stimulus and
T2-T1 treatment were also computed and plotted.

Connectivity

The connectivity has been computed at the cortical level using the "EEG source
connectivity" method. It consists of estimating the brain sources (over 68 regions of mnterest
ROI) and then computing the statistical coupling between these reconstruategissdine
weighted minimum norm estimate (WMNE) and the Phase Locking Value (Ra¥)ised to
solve the inverse problem and compute the functional connectivity, respectively. The analysis
has been performed only on the beta and gamma bands, due to wendtiwdonstraints (here
700 ms). The sourespace networks were estimated for each trial, subject@mdition The
networks were quantified using network measures that allow the extraction of the topological
properties of the networks. To quantify thewark integration, we used the participation
coefficient (PC), to calculate the interactions between brain modules (distamgtsudrks), on
thethresholcconnectivity matrices (here 20%). We used the brain connectivity toOS(RRT)
to compute the P(Rubinov & Sporns, 2010)

4.2.2 Results

The individual analysis revealed general consistent results. The analysis of the
psychometric tests revealed that four out of five subjects in TG and three out of five subjects in
CG felt improved condition after the treatment, whereas the other sulgeesed neutral or
reported worse psychometric scores. In the time domain analysis, {R8 Hplitude was
globally higher postreatment than prreatment, for six subjects, two in TG and four in CG.

The PSD increased peseatment mainly for the alpHzand and beta band globally, for six
subjects as well, two in TG and four in CG. No trends were detectable for the gamma and theta
bands. In several subjects, the right temporal area showed an opposite behavior compared to
the other regions. The connedtyvresults showed an increased network integration (increase

in participation coefficient) during pesteatment for frequent, for the beta band especially, for
seven subjects, four in CG, three in TG. There were no significant chiang®$i severity
meaured with PSYRATS AHS, in QoL and DASS global scores &1evS between TG and

CG (Aubonnet et al., 2020)

Study cases

Due to the small sample size and high variability of the results, cases are discussed
individually. The following four patients were selected due to their interplay between

12 http://www.brain -connectivitytoolbox.net
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psychometric score and neurophysiological results, independent of treatment. Gjacissu

(S17, in TG and S23, in CG) presented an improvement in the psychometric scardBost

and the two others presented a stagnation in the psychometric (S26, in CG) or a decrement (S15,
in TG).

Improvement in Psychometric Score

The two patients detailed in this section presented an improvement in their psychometric
score postreatment. We chose to describe them in this section due to their higherpadties
treatmenin the neurophysiological data.

Patient S17TG

Patient S17 is a man with paranoid schizophrenia, in the TG, who took part in the study
while taking Clozapine, Olanzapine, Perphenazine, Alprazolam, Levomepromazine,
Oxazepamand Melatonin. The psychometric tests showed an improvement of the QoL, a
decreased DASSand decreased PSYRATS in T2 (aRMS). The temporal analysis showed
a lower N1P3 amplitude posgreatment, except for the parietal and left temporal parts. The
PSD showed higher alpha power po#S. However, the beta power is lower pd#tS. The
connectivity revealed a clear higher participation coefficient (represented by the larger green
nodes), especially in the leféntral left orbitofrontal,and the right occipital brain regions. The
frontal area showed a relatively lower participatamefficient.(Figure4-12)
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Figure4-12 Results of patient SI¥G: (A) psychometric; (B) Sekepelfrequency analysis; (C) Sousgmace connectivit
(D) Scalgevel time analysis. The yellow areas in frequency analysis are related to a higher PSD in T2, where:i
ones are related to a higher PSD in T1. The size of the node in the connentidtgdsto the amount of increase (gre
or decrease (orange) participation coefficient (PC) values. The positive bars in time analysis are related to a-Ri
amplitude in T2, and the negative bars show lower amplitude of thB3domplex in T2.



Patient S23CG
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Figure4-13 Results of patientZ3-GG: (A) psychometric; (B) Scd&vel frequency analysis; (C) Sotspace connectivit
(D) Scalgevel time analysis. The yellow areas in frequency analysiglated to a higher PSD in T2, whereas the blue
are related to a higher PSD in T1. The size of the node in the connectivity is related to the amount of increase
decrease (orange) participation coefficient (PC) values. The positive bare iartalysis are related to a higher IR1
amplitude in T2, and the negative bars show lower amplitude of thB3domplex in T2.

Patient S23 is a woman with paranoid schizophrenia, in the CG, who took part in the
study while taking: Aripiprazole, Olanzapine, Chlorprothixenand Pregabalin. The
psychometric outcome revealed an improvement after the treatment. The QoL increased, the
DASS decreased, while the PSYRATS did not change.tinldomainanalysis showed a
higher ampliude of the NIP3 complex after the treatment, except on the temporal regions for
the rare stimulus. The PSD showed higher alpha power in T2, except the right temporal region
for both frequent and rare stimuli. The beta band also showed a higher PSOFinallg, the
connectivity study displayed a globally improved participation coefficient, principally in the
frontal, occipital, and central areas of the bi&igure4-13).

Stagnation in Psychometric Score

The patient detailed in this section presented a stagnation in her psychometric score
posttreatment

Patient S26CG

Patient S26 is a woman wigaranoid schizophrenia, in the CG. Her treatment included
Clozapine, Flupenthixol, Zopiclone, Mirtazapine, Escitalopram, Metformin, Metopiaial
Chlorpromazine. The psychometric data showed RIS treatment did not have a lot of
impact on this scal@he QoL, DASSand PSYRATS remained similar in T2. Tirae-domain
showed a global increase of B amplitude postMS, except for the parietal region for both
stimuli and the frontal region for the frequent stimulus. The PSD analysis showed higher alpha
and beta power in T2 (except for frontal frequent stimedgponses in the alpha band).
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The connectivity analysis revealed a balanced participation evolution. Globally the left
hemisphere (mainly the entorhinal and frontal) showed a decreased particquegibcient,
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Figure4-15 Results of patient $CG: (A) psychometric; (B) Sealel frequency analysis; (C) Sotspace connectivity;
(D)Scalplevel time analysis

and the right areas (mainly the frontal and ipital) showed an increased participation
coefficient(Figure4-15).
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Figure4-14 Results of patient STBEG: (A) psychometric; (B) Selpel frequency analysis; (8durcespace connectivity;
(D) Scalgevel time analysis.



Decrease in Psychometric Score

The patient detailed in this section presented a decrease in psychometripostore
treatment

Patient S15TG

Patient S15 is a man with paransithizophrenia, in the TG, who took part in the study
while taking: Clozapine, Amisulpiride, Propranglahd Clonazepam. The psychometric data
showed very little effect of treatment on this scale. The QoL remained the same, the DASS
increased and the PSYHRSA slightly increased. Thtene-domainshowed a global decrease of
N1-P3 amplitude postMS (mostly for the deviant stimulus tite left temporal region) and
showed a slight deviant stimulus incrementhatparietal region. The PSD analysis showed a
lower alpha power in T2, except for the right temporal region. The beta power decreased as
well, except for the right temporal region for the frequent stimulus. The connectivity analysis
showed a globally higher participation coefficient in the right froneftl, dentral, and occipital
brain regiongFigure4-14).
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4.3 Study 6. Network signatures dRTMS treatment in patients
with schizophrenia and auditory verbal hallucination during
an auditorymotor task using HEEEG (Ovidiu C. Banea et
al., 2021)

The results fronthe exploratory work $tudy2) showed that the auditomyotor task
triggers a stable network that is held active throughout the task. Cortical activity seemed to be
reduced in the schizophrenia participant during the AM task and after the treatradbEG
cortical activity wasincreae d and f r ag reeynetoe dv.i eTwh emafipbsi radr e n ¢
guantify the possible change induced®yMS in patients with schizophrenia.

The objective of this work was to identify a robust methodology of quantifying the EEG
data obtained from diffent regions involved in the auditenyotorbrain functionahetworks.
Network organization was analyzed with graph theory, especially with characteristic path
length and small worldness effect.

4.3.1 A multimodal approach assessing changes in [m@mmectivity
Previous work-up of recorded EEG data during the auditory-motor task

Although EEG PSD could characterize the group differences betivell$ group and
the patients with schizophrenia and AVHtire frequency domain, it only focuses on single
channel EEG and cannot reflect the relation between different EEG series (i.e., the connection
between different brain areas). MATLAB codes were apgdieedollect relative power (RP)
data from the absolute power obtai-eegao wvitdwtF
mays were plotted. Initially, datavere obtained for the HS group by averaging the signal
obtained from 17 electrodes in each aremtfrest. The index ahe T2/T1 ratio was used to
assess the change in relative power obtained from all regions.

Index of brain plasticity

Brain plasticity is an intrinsic property that enables it to adapt to variations in the
environment, physiologichanges, and new experiences. Plastic changes occur by modifying
pre-existing neuronal connections through changes in cectictical and corticesub-cortical
networks in response to new afferent impulses or efferent dem@hasges have a place at
the nolecular and cellulalevelsand can be followed by the establishment of new dendritic
growth (Pascualeone et al., 2005)n 2017, Amo et algescribed an index of plasticity for
the motor cortex as the ratio between gantraad activity (GBA) induced to event related
synchronization (ERS) EEG obtained after a given task (e.g., moving a finger) divided by GBA
at baseline conditioAmo et al., 2017)We followed the same method to describe the temporal
change of the induced and evoked oscillations to the motor cortex, but also to other regions like
auditory cortices or frontal regions. Moreover, we applied this method described by Amo et al.
(2017) in patients with schizophrenia and AVH, using data from four regions of interest (also
out of motor cortex) obtained before and within one week &EKMS. We castructed
histogram graphs to look at data distribution across the areas of interest. This approach serves
also to detect outliers.



Background
The offline modulatory effects of repetitive TMS on neural oscillations are less

investigated. There is a general agreement that decreases in EEG power reflect oscillatory
aspects of cortical activation (i.arousa) while increases in EEG power have hessociated
with predominantly inhibitory activities. Here we looked atH3and CRTMS offline effects
on EEG spectral relative power within one week after 10 dafiRI ™S treatment for patients
with schizophrenia and AVH during the auditanotor task(seeStudy2). We analyzed data
locally from four regions of interest (ROIS): contralateral and ipsilateral hand sensorimotor
regions (CSM and ISM) and contralateral temporoparietal (CTP) and ipsilateral temporoparietal
(ITP) regions. We hypothesized thzdta activity would show highemy desynchronization)
relative power over contralateral (CSM) and ipsilateral sensorimotor (ISM) hand regions after
RTMS (H1) and that gamma relative power would increase Rffé1Sin all 4 ROIs.

Methods
Five patients (mean age = 32,4, three males, two females) and twayadbjects
(mean age = 24,5, one male) were included in this study.

Auditory-motor task with hand reaction (HR) code (button) and window of interest (-1500 500 ms)

No Press Press Button (HR) No Press
RGE t ~ A e et g e oA
R7E - - -
RBE pron - ~ St

1 1 1 ]
| | | |

-1500 -1000  -500 0 500 (ms)

Figure4-16 The window of interest during AM Task including Bereitschaftspotential.-Wotl assess index of brain
plasticity (offlineRTMSaftereffects) in patients with schizophrenia and AVH.

Raw EEG was exported and further analyzed by a series of customized codes using
Brainstorm and ASA software. The raw EEG signals were filtered between 2 and 70 Hz, with
a 50 Hz notch fie r before the trials were epoched
Apresso code (Figue416)dThe tima wirtdowowag determined itclude the
readiness potential window d@ereitschaftspotentia{Jahanshahi & Hallett, 2003Before
averaginghie epochs, baseline correction was performed using the 100ms prestimulus interval
Epochs were later averaged and FFT was applied +4030ials of 2 seconds (evoked
oscillations).To measure the relative power of each band, the raw EEG was separatiettanto
(2i 4 Hz), theta (88 Hz), alpha (B13 Hz), low beta (1318 Hz), high beta (180 Hz), and
gamma (3070 Hz). The signal was processed from 4 regions of interest (ROI) including both
sensorimotor cortices (SM) and both supratemporal gyri and temptapaegions (TP).

Each ROI contained 17 electrodes. FFT and ROI analyses were performed using MATLAB
scripts. To assess changes between pre andRpdss we used the T2 (poRTMS) / T1 (pre
RTMYS) ratio as an index of plasticity (e.g., GBA index woukl the relative power of the
gamma band during AM task performed aRarMS divided to gamma power during AM task
performed in baseline condition). An index > 1 suggests increased relative powBTafkSr

and < 1 suggests decreased relative power Rt&tS).
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Results- Resting State

In restingstate conditiors, HS showed higher low beta and high beta activity in
comparison with the patien{figure4-17, Figure4-18). After RTMS, the S22 patient showed

increased relative power of high beta in all four regi@itpure4-18).
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After RTMS (T2/T1 index)

DELTA Relative Power changes (T2/T1 Ratio) after 10 days rTMS during Auditory-Motor Task
in patients with SCZ and AVH (T3-P3 versus Cz stimulation): SM and TP regions
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WOBACSM T2TL 101 0,61 0,89 0,84 1,10 243 1,76 1,01 0,52 0,96 0,83 1,00 1,00 1,00
= DBAISMT2/TL 099 0,27 0,86 071 1,08 2,33 171 0,98 018 0,51 0,69 0,96 4,39 292
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DBAMP T2/TL 105 0,46 115 0,89 107 0395 101 112 032 0,87 077 0,95 091 093
516 517 S19 T3-P3 [AVG) 522 523 Cz (AVG) 516 517 519 T3-P3 [(AVG) 522 523 Cz(AVG)

Figure4-19 Delta activity changes during AM task. It is visible how the S23 patient showed visible change over (ips
SM) central region (state of drowsiness?).

Low Beta index showed maximum changes (in the patient S17, TG) over ipsilateral SM
and both TP regions while the task was performed with thedoorinant hand, contralateral
SM cortex showed a decreaded beta band indeFigure4-21). No visible changes were seen
when the task was performed with the dominant hand.

THETA Relative Power changes (T2/T1 Ratio) after 10 days rTMS during Auditory-Motor Task
in patients with SCZ and AVH (T3-P3 versus Cz stimulation): SM and TP regions

T2/T1, Index of Plasticity
"
8
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Hand Hand Hand Hand Hand Hand Hand Hand Hand Hand
= TBA CSM T2/T1 0,94 0.54 0.95 081 1,08 1,86 1,47 1,01 047 1,00 0.83 1,00 1,00 1,00
= TBA SM T2/T1 0,99 0,24 0,92 0,72 1,08 181 1,44 0,91 1,49 1,14 1,18 1,05 1,09 1,07
= TBA CTP T2/T1 1,07 0,41 0,03 0,80 1,03 0,95 0,90 1,07 0,42 0,94 0,81 0,96 3,69 2,32
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$16 517 S19 T3-P3 [AVG) S22 523 Cz (AVG) S16 517 519 T3-P3 (AVG) 522 523 Cz (AVG)

Figure4-20 Theta band activity changes during AM task aRaiMS

High Beta index was generally below 1 with a patient {($GJ showing indexes < 0.5
in all ROI while the task was performed with the dominant hand. The highest positive change
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was seen over the ldgimporoparietal region while the task was performed with the left (non

dominan

t) hand (HBBA ITP = 2.88Figure4-23).

ALPHA Rel. Power changes (T2/T1 Ratio) after 10 days rTMS during Auditory-Motor Task
in patients with SCZ and AVH (T3-P3 versus Cz stimulation): SM and TP regions
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S16  S17 S19 T3-P3(AVG) §22  S23  Cz(AVG) S16 S17 S19 T3-P3(AVG) 522 523 Cz(AVG)
Figure4-22 Alpha band activity changes during AM task.
Low BETA Rel. Power changes (T2/T1 Ratio) after 10 days rTMS during Auditory-Motor Task
in patients with SCZ and AVH (T3-P3 versus Cz stimulation): SM and TP regions
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Figure4-21 Low Beta band activity changes during AM task.

Gamma activity index of plasticity (during MCA epoch includBeyeitschaftspotential
period) showed maximum changes over all the ROI, especially over the ipsilateral sensorimotor
cortex when the task was performed with the dominant (Figdre4-24).



Figure4-23 High Beta band activity changes during AM task.

Conclusions
The patients showenhter-subject and integroup variability when we analyzed the
relative power changes after 10 daysRIFMS. Even so, we observed that beta activity

Figure4-24 Gamma band activity changes during AMKas

measured with T2/T1 index showed major changes BRfié1S over ipsilateral sensorimotor
cortex when the AM task was performed with th@-dominant hand while gamma activity











































































































































































































































































