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Towards neurophysiological biomarkers to assess
repetitive transcranial magnetic stimulation treatment
for patients with schizophrenia and auditory verbal
hallucinations

Ovidiu C. Banea, January 2022

Abstract

Background: Repetitive transcranial magnetic stimulation (RTMS) has been suggested as a
possible therapeutic alternative for patients with schizophrenia (SCZ) and treatment-resistant
auditory verbal hallucinations (AVH). The aim of the studies presented here was to
investigate how RTMS affects clinical symptoms, electroencephalographic responses, and
brain functional networks. We suspected improvement of symptoms accompanied by
changes in EEG activity, event-related potentials, and sensory gating.

Subjects and methods: Ten patients with schizophrenia (mean age 32.4, SD = 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 group (CG). The active low-frequency 1Hz
RTMS was delivered in ten daily sessions of 900 pulses at two different EEG locations: T3-
P3 (TG) and Cz (CG). Clinical symptoms were investigated with psychometric scales like
Quality of Life (QoL), Depression Anxiety Stress Scales (DASS), and Psychotic Symptom
Rating Scale with Auditory Hallucinations Subscale (PSYRATS AHS). The
neurophysiological tests employed were cortical and cutaneous silent period, mid-latency
auditory evoked potentials (P50, N100, P200) using a paired click paradigm, P300 obtained
with an auditory oddball paradigm, and the cognitively driven auditory-motor task (AMT).
Time, frequency domains, and functional network organization of different
neurophysiological markers were analyzed. P300 oscillatory activity was analyzed with EEG
source connectivity (e.g., participation coefficient) and for the auditory-motor task-induced
oscillations, we used network integration parameters of graph theory (i.e., characteristic path
length - CPL and small worldness - SW). 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 QoL, DASS, and
PSYRATS AHS scores or neurophysiological data after the RTMS treatment. We also
calculated pre-post RTMS changes for all patients. N100 showed the most marked changes
after RTMS in left temporoparietal region, from -0.57 pV (SD 0.97) to -2.39 puV (SD 1.59),
(p = 0.006, n2 = 0.346) and in medial posterior region (p = 0.038, n2 = 0.218) suggesting a
modulation of this marker over both stimulation sites. After RTMS, N100-P300 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 for the alpha 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, four in CG, 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 by RTMS without being significant. The
change was visible, locally, over the left temporoparietal region, when the task was done with
the non-dominant hand, showing that during this condition, gamma synchronization is a
marker of “neural effort” and workload during the working memory-related time and not
during the auditory or motor cortical activation. Graph theory analyzed for low-gamma EEG
activity elicited in between the auditory stimuli, an epoch of the auditory-motor task we called
“non-cortical activation” and which is related to the working memory, showed a decreased
SW index after RTMS when the task was performed with the non-dominant hand. This SW
effect observed in the patients was similar to that of the HC group. Kendall's tau-b correlation
showed a strong, negative correlation between the SW index of low-gamma phase
oscillations and PSYRATS AHS scores in T1, which was statistically significant (tb =
—0.788, p = 0.032). After RTMS (T2) the correlation was strongly positive (tb = 0.733, p =
0.039).

Discussion: The sample size of this study was small to achieve TG-CG statistical significance
(e.g., PSYRATS AHS pre-calculated 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 paired click paradigm showed the most marked
changes at the left temporoparietal region. P300 was performed with a passive auditory
oddball paradigm by “automatic” discrimination between two tones without asking the
subject to move the finger or count the target stimuli. The findings we obtained with P300
amplitude, which in most cases decreased after RTMS, might be in direct relation to a
habituation effect, which is seen in healthy subjects (Polich, 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 (Cz) RTMS in patients with schizophrenia and
auditory verbal hallucinations. Some 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 cognitively driven task. N100
amplitude measured from a paired click paradigm and low gamma activity measured in-
between auditory stimuli of AMT performed with the non-dominant hand might be of interest
to assess the neuromodulatory aftereffects of RTMS in patients with SCZ and AVH. The
small-world network of low gamma activity showed a significant main effect of the condition
(AMT and resting state) for HC and SCZ-T2 suggesting that RTMS might have influenced
the network by restoring the SW index. Further, studies with a multimodal
neurophysiological approach are necessary to assess RTMS effectiveness for patients with
SCZ and AVH.






Hver eru taugalifedlisfraedigahrif fyrir og eftir TMS
medferd hvad raflifedlisfreedilegra breytur varda hja
sjuklingum med gedklofa og heyrnartals ofskynjanir?

Ovidiu C. Banea, januar 2022

Utdrattur

Bakgrunnur: Undanfarin &r hefur radsegulorvun (RTMS) verid sifellt meira notud sem
medferdarurraedi fyrir sjuklinga med gedklofa (SCZ) og medferdaronemar heyrnar- og
talofskynjanir (AVH). Markmid rannsdéknanna sem kynntar eru hér var ad kanna hvernig
RTMS hefur ahrif & klinisk einkenni, raflifedlisfraedilega svorun og starfsemi heilans. Aztlad
var ad jakveedar taugalifedlisfredilegar 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 patt i pessari rannsokn.
Niu af tiu sjaklingum voru & gedrofslyfjum. Sjuklingarnir voru valdir af handahofi i tvo hopa,
medferdarhop (TG) og vidmidunarhdp (CG). Hamlandi, lagtioni (1Hz) RTMS var veitt i tiu
daglegum lotum (900 pulsar i hvert skipti) a tveimur mismunandi heilaritasstodum: T3-P3
(TG) og Cz (CG). Klinisk einkenni voru metin med eftirfarandi salfreedilegum kvéroum:
Quality of Life (QoL), Depression Anxiety Stress Scales (DASS), og Psychotic Symptom
Rating Scale with  Auditory Hallucinations Subscale (PSYRATS AHS).
Taugalifedlisfreedilegu préfin sem notud voru kénnudu; 1) pogla timabil heila og menu, og
2) Heyrnar-hrifrit (early and mid-latency ERPs), par sem svorun vid pérudum tonum (e.
paired click paradigm) var kénnud (P50, N100, P200 bylgjurnar) annars vegar, og svérun a
fraviksténaprofi (e. oddball-task) til a0 kanna P300 bylgjuna hins vegar. Auk pess var annad
prof sem kannadi svorun eftir fyrirmalum (e. auditory-motor task, (AMT)). Timi, tidnisvid
og starfren netkerfi voru greind. Uppsprettu tengingar heilaritsins (e. EEG source
connectivity) voru metnar fyrir P300 bylgjuna (t.d. participation coefficient) og AMT var
greint at fra graffraedi (e. Graph theory), par sem tengsl milli heilasveeda voru skodud (t.d.
Characteristic path length (CPL) og small worldness (SW)). Nidurstddur sem fengust eftir
medferd (T2) voru bornar saman vid nidurstddur sem fengust fyrir medferd (T1) og gégnum
fra pridja hopi heilbrigdra einstaklinga (HC).

Nidurstodur: Engar marktekar breytingar saust & milli TG og CG & QoL, DASS og
PSYRATS AHS svorunar né taugalifedlisfreedilegum malingum eftir RTMS medferdina.
Einnig voru reiknadar Ut breytingar & taugalifedlisfreedilegum maelingum og spurningalistum
fyrir og eftir RTMS fyrir alla sjuklinga sem einn hopur. bar syndi N100 mest aberandi
breytingar eftir RTMS & morkum vinstra gagnauga- og hvirfilblads, fra -0,57 uV (SD 0,97) i
-2,39 UV (SD 1,59), (p = 0.006, n2 = 0.346) og & midlegu hvirfilbladi (p=0.038,12 =0.218)
sem bendir til pess ad heilastarfsemi hafi breyst naleegt bAdum 6rvunarstédum. Eftir RTMS
jokst N100-P300 spenna hja sex sjuklingum, tveimur i TG og fjorum i CG, en leekkadi einnig
hja sjuklingum ur TG sem syndu bestu klinisku Gtkomuna. Heildar aflréfspéttleiki (e. power
spectral density, (PSD)) a medan & fravikstonaprofi stod jokst i T2, adallega fyrir alfa-bandid
og beta-bandid yfir allt h6fudid, hja sex einstaklingum, tveimur i TG og fjérum i CG.



Nidurstodur netkerfa-tenginga (e. connectivity) fyrir tid areiti i fravikstonapréfinu syndu
aukinn adskilnad vid T2 athugun fyrir beta-bandid hja sjo sjuklingum, fjorum i CG og premur
i TG. Rannsoknin leiddi i 1jos ad PSD svid hja sjuklingum med gedklofa haekkadi i gamma-
bandinu & timabilinu milli tveggja hljodskipana i AMT préfinu, samanborid vio HC, sem var
breytt an pess ad vera marktaekt. Breytingin var synileg og stadbundin yfir mérkum vinstra
gagnauga- og hvirfilblads, pegar verkefnid var unnid med vikjandi hendi. bad bendir til pess
ad i pessu astandi geeti gamma-samstilling verid merki um ,.taugaatak“eda vinnualag pegar
vinnsluminni er virkt, en ekki & medan & heyrnar- eda hreyfibarkarvirkjun stendur. Graffraedi
var greind med tilliti til lag-gamma heilavirkni, a milli areita i AMT verkefninu sem vid
kolludum ,,non-cortical activation, sem tengist vinnsluminni. St greining syndi leekkud SW
gildi eftir RTMS pegar verkefnid var framkveemt med vikjandi hendi. Pessi SW ahrif sem
saust hja sjuklingunum voru svipud og hja HC hépnum. Tau-b fylgni Kendalls syndi sterka,
neikvaeda fylgni & milli SW gilda 1ag-gamma fasa-sveiflna og PSYRATS AHS svérunar i T1,
sem var tolfredilega marktek (tb = -0,788, p = 0,032). Eftir RTMS (T2) séast sterk jakvaed
fylgni par & milli (tb = 0,733, p = 0,039).

Umraeda: batttakendur i pessari rannsokn voru of fair til ad na fram markteekum mun & milli
hopanna TG-CG (t.d. var hdpasterd fyrir PSYRATS AHS fyrirfram reiknud fyrir 16
einstaklinga). Nidurstodur & einstaklingsgrunni syndu umdeildar nidurstédur, par sem medal
annars Kklinisk einkenni og taugalifedlisfreedileg svorun batnadi hja sjuklingum sem voru
medhondladir & Cz svaedinu. I verkefni par sem tonapdr voru 16gd fyrir patttakendur, syndi
N100 bylgjan adlégun & mérkum gagnauga- og hvirfilblads eftir medferd. P300 bylgjan var
einnig meeld, par sem tveir mismunandi tonar heyrdust, og annar peirra var sjaldgeefari en
hinn. Verkefnid var “ovirkt” i peim skilningi ad pad krafdist engrar virkrar svOrunar.
Nidurstodurnar ar greiningu sveifluviddar P300 sem i flestum tilfellum minnkadi eftir RTMS,
geetu verid i beinu sambandi vid vanaahrif (e. habituation) sem sjast hja heilbrigdum
einstaklingum (Polich, 1989).

Alyktun: Nidurstodur rannsoknarinnar geta ekki med 6yggjandi heetti sagt til um hvort RTMS
sé ahrifarik medferd fyrir sjuklinga med gedklofa og medferdarpraar heyrnarofskynjanir.
prétt fyrir pad bar & &hugaverdum taugalifedlisfraedilegar nidurstodum. Ber pa helst ad nefna
breytingar a N100 sveifluvidd & motum vinstra gagnauga- og hvirfilblads og lag-
gammavirkni & timabilinu & milli fyrirmala i AMT. Ahugavert veeri i framtidinni ad kanna
frekar ahrif RTMS hja pessum sjuklingahop hvad vardar sveifluvidd N100 par sem tona-por
voru 16gd fyrir (e. Paired click paradigm) og lag-gamma virkni mald & milli fyrirmala
(AMT), framkvaeemt med vikjandi hendi. Nidurstédur Ur graffreedi-greiningu syndu ad SW
hvad vardar lag-gammavirkni syndi marktek meginhrif i tveimur verkefnum (AMT og i hvild
(e. resting state)) hja heilbrigdum og hja sjuklingum eftir medferd (T2). Mdguleg talkun a
pvi geeti verid ad RTMS hafi ahrif & virkni netkerfa med pvi ad feera SW virkni i att ad
heilbrigdu astandi. Pessi rannsokn synir ad fjolpeett taugalifedlisfreedileg nalgun getur veitt
itarlegar upplysingar pegar meta & virkni RTMS medferdar fyrir sjuklinga med gedklofa og
heyrnarofskynjanir.
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Preface

This dissertation is 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 I finished Sports Medicine (2007) and Clinical Neurophysiology (2015)
medical specialties. Right after, | started Clinical Neurophysiology in 2011 as MIR (Médico
Interno Residente) at “del Mar Hospital” in Barcelona, I was interested in transcranial magnetic
stimulation (TMS) and its clinical use in patients with psychiatric illness. With my senior
consultant physician, Dr. Josep Maria Espadaler, and my colleagues Alba Leon Jorba, Cid
Aurelio Delgado Pugley, and Alessandro Principe we worked with TMS in patients with Down
Syndrome studying their intracortical brain dynamics using ICI-ICF paradigms. In 2012, |
proposed a clinical study with repetitive transcranial 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 studies to 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, one 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 | proposed a doctoral study! to the
University of Reykjavik entitled “Biological neural networks assessment with TMS-EMG and
TEP in patients with brain tumors and symptomatic epilepsy”. TEPs or TMS-EEG evoked
potentials provide a direct assessment of cortical excitability and long-range cortical
connectivity. The study was motivated by the lack of preoperative navigation TMS in Iceland
and its implementation was determined by the 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 interest in analyzing brain biological neural networks, in 2018, |
proposed the AVH-TMS Icelandic clinical trial®>. This work was motivated by the recent studies
with TMS therapy for 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.

! The critical view was presented during the 27th Edition of ANT Neuromeeting in Beaune, Burgundy France
https://www.ant-neuro.com/sites/default/files/files/Final Program-ANT Neuromeeting 2018.pdf

2 AVH-TMS Icelandic clinical trial lasted three years, between 2018-2021 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., 2017) with 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 prevalence of schizophrenia is approximately 0.3%-0.7%. The peak age of onset
of the first psychotic episode is in the early to mid-twenties for males and late twenties for
females (Hurley, 2017).

In Iceland, patients with schizophrenia and other mental illnesses have been hospitalized
since 1907 (Karlsson, 1988). The total population living in Iceland at 1% of January 2018 was
348,450 (Population 1st of January 2018 - Statistics Iceland, n.d.). We conducted a recent
retrospective analysis carried out at the National University Hospital of Iceland for the 2012-
2018 period, by searching the medical records for F20 - ICD 10 Diagnosis Code of
schizophrenia (Organization, 1992). During this six-year period, a total of 567 patients were
diagnosed with schizophrenia and 108 patients of these patients (19%) experienced
pharmacologically resistant AVH (V. Jonasson et al., 2019).

1.1.2 Diagnosis of schizophrenia

The diagnostic classification systems of schizophrenia are ICD-11 (2018), ICD-10
(1992) and DSM-5 (2013). A comparison between diagnostic classification systems showed
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 disease (Valle, 2020).
World Health Organization member states meeting at the World Health Assembly adopted ICD-
11 in May 2019, and the new ICD version will come into effect in January 2022 (World Health
Assembly Update, 25 May 2019, n.d.).

At National University Hospital of Iceland Landspitali, the classification of patients
with schizophrenia is made based on ICD-10 criteria (V. Jonasson et al., 2019).

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

According to ICD-10 Version 2019, the schizophrenic disorders (ICD-10 Version:2019,
n.d.) are classified with a billable/specific F20-F20.9 codes and are characterized by:

» Fundamental and characteristic distortions of thinking and perception and
affects that are inappropriate or blunted.

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

» Psychopathological 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; thought disorders 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 schizophrenia should 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 intoxication or withdrawal.

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

The 5™ edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM 5)

According to the 5" edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM 5) schizophrenia corresponds to Disorder Class: Schizophrenia Spectrum and
Other Psychotic Disorders. To diagnose schizophrenia A-F criteria were published by the
American Psychiatric Association (APA) in 2013 (American Psychiatric Association, 2013):

All

>

Criterion A: Two or more of the following symptoms: delusions, hallucinations,
disorganized speech, grossly disorganized or catatonic behavior, and negative
symptoms (i.e., diminished emotional expression or avolition) are present for a
significant period of 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 for at least 6 months. This 6-month period must include at
least 1 month of symptoms (or less if successfully treated) that meet Criterion
A (i.e., active-phase 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 negative symptoms 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 D, E, and F are of
exclusion of other conditions.

Criterion D: No Schizoaffective disorder and depressive or bipolar disorder with
psychotic features

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

Criterion F: No autism spectrum disorder or a communication disorder of
childhood-onset.

previous subtypes of schizophrenia (paranoid, disorganized, catatonic,

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

ICD-11 for Mortality and Morbidity Statistics (ICD-11 MMS), Version 2021



The new ICD-11 code proposed for schizophrenia is 6A20 and the patients are classified
in the subchapter Schizophrenia or other primary psychotic disorders of Chapter 06 Mental,
behavioral, or neurodevelopmental disorders. Exclusions are Schizotypal disorder (6A22),
Schizophrenic reaction (6A22), and Acute and transient psychotic disorder (6A23) (ICD-11 for
Mortality and Morbidity Statistics, n.d.). The description of schizophrenia is characterized by:

> 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 under the 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 purposeless, unpredictable or inappropriate
emotional responses that interfere with the organization of behavior).

» Psychomotor disturbances, including catatonia, may be present.

» Persistent delusions, persistent hallucinations, thought disorder, and
experiences of influence, passivity, or control are considered core symptoms.
Symptoms must have persisted for at least one month for a diagnosis of
schizophrenia to be assigned.

» The symptoms are not a manifestation of another health condition (e.g., a brain
tumor) and are 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 from ICD-10. ICD-11
removed the subtypes of schizophrenia from ICD-10, has introduced a symptom specifier which
records information on the presence or absence of symptoms, their longitudinal course,
response to treatment and prognosis in the disorder (i.e., positive, negative, depressive, manic,
psychomotor, and cognitive deficits), and it modified the ICD-10 schizophrenia course
specifier. The course of the disorder in ICD-10 was divided into continuous, episodic (with
progressive or stable deficit and remitting), remission (complete and incomplete), other and
uncertain course. These specifiers were changed in ICD-11 to the following categories: first
episode, multiple episodes, continuous course and unspecified. An important change of the
course specifier is the incorporation of the “first episode” category, which will enable better
registration in health systems of patients who started with psychotic symptoms and better
longitudinal study of the disorder from its initial stages (Valle, 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 possible (Lehman et al., 2004). These
goals are included in the guidelines of the American 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, control 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 stress on the patient,
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, that the 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 continues (Lehman et al., 2004).

New guidelines were approved after a new meeting of APA in December 2019 (Keepers
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 psychosocial intervention.

1.1.4 Antipsychotic treatment

APA recommends with high 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 continue to be treated with antipsychotic medication. With moderate
support of research evidence (1B), APA recommends that patients with treatment-resistant
schizophrenia and those for whom the risk for suicide attempts or suicide remains substantial
despite other treatments be treated with clozapine (Keepers et al., 2020). It was observed that
24 weeks of the atypical antipsychotics (risperidone) can improve the symptoms of AVH in
healthy individuals who show no other signs of psychiatric illness or history of mental illness
(Shan et al., 2019).

1.1.5 Clozapine-resistant 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 second-generation antipsychotic, in an
adequate dose over a period between 2 and 8 weeks before treatment resistance can be assumed
(Dold & Leucht, 2014). The concept of treatment-resistant schizophrenia might be defined by
three key elements: 1) Confirmed diagnosis of schizophrenia based on validated criteria, 2)
Adequate pharmacological treatment, and 3) Persistence of significant symptoms despite
adequate treatment (Howes et al., 2017).

Clozapine, a second-generation antipsychotic drug is the gold-standard evidence-based
treatment for patients with treatment-resistant schizophrenia due to its superiority over other
antipsychotic drugs (Chakos et 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 remission (Kane et al., 1988). The
hallucination severity can show a rapid decrease with antipsychotic medication. However, 8%
of the first-episode patients go on to experience mild, moderate, or severe hallucinations after
they continue their medication as prescribed during 1 year (Sommer et al., 2012).

Patients can be included in the category of clozapine-resistant schizophrenia (CRS) if
they present a failure to demonstrate an adequate response to the drug with clozapine plasma
levels above 350 ng/ml and a duration of clozapine treatment of a minimum of 8-12 weeks
after reaching therapeutic plasma levels (Campana et al., 2021).

Auditory verbal hallucinations (AVH) are referred to the experience of hearing spoken
words or sounds in the absence of an actual speechmaker. The AVH are defined as vivid
sensations that are generally experienced as voices and are a common symptom of
schizophrenia, affecting 60-80% of patients (Sartorius et al., 1986; Waters & Fernyhough,



2019). Up to 30% of the patients with schizophrenia may be treatment-resistant and suffer from
persistent psychotic symptoms, notably auditory verbal hallucinations (AVH) (Sartorius et al.,
1986).

1.1.6 Nonpharmacological intervention

The actual treatment plan and the new APA guidelines described above (Keepers et al.,
2020) are not including any of the non-pharmacologically or non-psychological interventions
(e.g., neurofeedback, RTMS).

The use of cognitive-behavioral therapy remains the most used psychological
intervention. With moderate support of research evidence (1B), APA recommends that patients
with schizophrenia be treated with cognitive behavioral therapy for psychosis (Keepers et al.,
2020). According to the cognitive model of AVH, which is the basis of cognitive-behavioral
therapy for psychosis (CBTp) (Chadwick & Birchwood, 1994), it is not the voice nor its
contents that causes anxiety, but rather the way the patient evaluates it. Group treatment of
auditory hallucinations (Wykes et al., 1999) and avatar therapy (Dellazizzo et al., 2018) show
a significant decrease in auditory hallucinations, as measured by the PSYRATS scale (Langlois
et al., 2020). A meta-analysis including eighteen randomized controlled trials of CBT versus a
control condition in 1418 patients showed that CBTp was effective in treating auditory
hallucinations showing a significant effect-sizes ranging from 0.31 to 0.49 (Van der Gaag et al.,
2014).

For ultra-resistant patients with schizophrenia, also known as clozapine-resistant
schizophrenia (Campana et al., 2021) several treatment strategies are available, including
psychotherapy, pharmacological augmentation, repetitive transcranial magnetic stimulation
(RTMS), and electro-convulsive therapy (ECT) (Sommer et al., 2012).

1.2 Neurophysiology

Neurophysiology is a subdiscipline of the scientific disciplines’ physiology and
neurosciences and it is devoted to the functional analysis of the peripheral and central nervous
system applying a variety of experimental and clinical methods (Luhmann, 2013b). The word
originates from Greek physiologia "natural science, inquiry into nature," from physios’ "nature"
+ logia "study" meaning "science of the normal function of living things". To this is added the
prefix neuro- from the Greek word neura meaning “nerve” (Physiology | Etymology, Origin
and Meaning of Physiology by Etymonline, n.d.).

Clinical neurophysiology is a medical specialty that studies the central and peripheral
nervous systems through the recording 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 worldwide, 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 potentials, visual evoked potentials, blink reflex,
somatosensory evoked potentials, spinal conduction velocity, H reflex, F waves, needle
electromyography, repetitive nerve stimulation (Delwaide & Pennisi, 1992), repetitive
transcranial magnetic stimulation (RTMS), 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 electrodes (Luhmann, 2013a). It records the synchronized
activity of excitatory (EPSPs) and inhibitory postsynaptic potentials (IPSPs) in the cerebral
cortex and displays the activity as voltage amplitude changes over time. Negative (upward)
deflections are due to superficial excitatory or deep inhibitory inputs, whereas positive
(downward) deflections represent deep excitatory or superficial inhibitory inputs (Kirschstein
& 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 EEG detects postsynaptic potentials with up to 10 ms duration
which can produce potential changes at the extracellular level (Kirschstein & Kéhling, 2009).
The synchronized activity of excitatory (EPSPs) and inhibitory postsynaptic potentials (IPSPs)
in the cerebral cortex are recorded as voltage amplitude changes over time (Wang et al., 2015).

Al = A B “;]A The EPSI.3 (e.g._, synapses with glut_amate as
. . the neurotransmitter) is a positive potential at the
/}  — (\ postsynaptic membrane (depolarization). The
presynaptic action potential opens voltage gated
Ca2+ channels, and the presynaptic Ca2+ influx
«  causes the glutamate release stored in presynaptic
- vesicles. Glutamate binds to specific postsynaptic
receptors and leads to a Na+ and Ca2+ influx
+ + producing the positive excitatory postsynaptic
potential, which is negative at the extracellular
space (Figure 1-1, A), due to the preponderance of
Figure 1-1 Negative (upward) deflections are due to negative charge carriers.
superficial excitatory inputs (A) or deep inhibitory The IPSP is observed in GABAergiC
inputs ’(B) to the pyramidal neurons. f’ermission of synapses (Figure 1-1, B). The most important
reuse is granted for use of content in a Doctoral .7, . . . . . .
Dissertation. Article: What is the Source of the EEG? inhibitory _rleurOtransmltter’ Y_a‘mmObUty”C acid
Author: Timo Kirschstein, Riidiger Kohling, Publication: (GABA), binds to GABAA and GABAB receptors.
Clinical EEG and Neuroscience, Publisher: SAGE Ionotropic GABAA receptors are chloride (C]—)
Publicatior.)s, Qate: 07/01/2009 Copyright © 2009, © channels and mediate a Cl- inﬂUX, whereas
SAGE Publications metabotropic G protein-coupled GABAB receptors
induce a K+ outward current. Together, this produces a stronger negative membrane potential
(hyperpolarization) which at the extracellularly level is positive due to positive charge carriers
(Kirschstein & Kohling, 2009). At the cortical level, both EPSP and IPSP are negative with
different amplitudes, IPSP being reduced due to more distal input (Figure 1-2).

The usual classification of the main EEG rhythms based on their frequency ranges is as
follows: delta 2-4 Hz, theta 4-8 Hz, alpha 8-13 Hz, beta 13-30 Hz, and gamma - higher than 30
Hz. EEG oscillations contribute to different cognitive functions depending on where in the brain
and with what parameters (amplitude, frequency, phase, coherence) they occur (Herrmann et
al., 2016). Alpha rhythm could be generated by intracortical networks involving layer V
pyramidal neurons of the visual cortex, the latter being the main potential sources (Lopes Da
Silva & Storm Van Leeuwen, 1977). The theta rhythms are believed to correspond to
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Figure 1-2 Synchronization (A) and desynchronization (B) is shown for three pyramidal neurons each of them receiving one
superficial excitatory input (EPSP). Permission of reuse is granted for use of content in a Doctoral Dissertation. Article: What
is the Source of the EEG? Author: Timo Kirschstein, Riidiger Kéhling, Publication: Clinical EEG and Neuroscience, Publisher:
SAGE Publications, Date: 07/01/2009 Copyright © 2009, © SAGE Publications

Gamma oscillations have been associated with functional inhibition, cortical activation,
information processing, conscious perception, and maintenance of memory contents (Herrmann
etal., 2016).

I Relative power

The frequency-domain analysis uses the Fast Fourier Transform (FFT) algorithm to
calculate absolute power (LWV2/Hz), relative power (%), and mean frequency (Hz) within each
of the sub-bands. The absolute power of a band is 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.

ii “Bird-eye” view EEG. Topographical maps of the relative power

EEG recordings can be performed during the resting-state (Y. J. Kim et al., 2017; Wang
et al., 2015) or during a given task (Fernandez et al., 1995). The oscillations (measured at scalp
level EEG) originate from synchronized pyramidal cell activity at the cortical level (delta-alpha
range) as shown in Figure 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 activity breaks up and is replaced by a signal with higher frequencies and lower
amplitude (beta-gamma range) (Figure 1-2, B). In normal participants, event-related
desynchronization (ERD) and event-related synchronization (ERS) are considered to indicate
the activation and subsequent recovery of the motor cortex during planning, executing, and
completing a movement (Pfurtscheller & Aranibar, 1977). ERD and ERS are different
responses of neuronal structures in the brain and are both time-locked to the event (Aoh et al.,
2019).

A “bird-eye” view map is nowadays a term used to describe a topographical map of the
brain seen from above, with the nasium anteriorly. 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 a
task with the resting state (Fernandez et al., 1995; Y. J. Kim et al., 2017; Wang et al., 2015), or
just as a complementary diagnostic tool for neurological diseases like stroke, brain tumor or
spinocerebellar ataxia (Aoh et al., 2019; Psatta, 2000). This method may be the most suitable
for measuring vigilance, as it allows objective and quantitative evaluation of the brain regions



(Saletu et al., 2005). Histogram graphs of absolute and relative power can be used to detect
outliers (Fernandez et al., 1995) before data interpretation on group levels.

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

A good example of the “bird-eye” view map and the usefulness of the QEEG is the study
of Kimet al (Y. J. Kim et al., 2017). In their study, 20 patients with internet gaming disorder
(IGD) were assessed 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 (%)
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Figure 1-3 Topographical maps of the absolute and relative powers in patients with Internet gaming disorder (IGD) before and
after the 6-month treatment with SSRI. Reprinted with permission from Wolters Kluwer Health, Inc.: Kim, Yeon Jin; Lee, Jun-
Young, Oh, Sohee; Park, Minkyung; Jung, Hee Yeon; Sohn, Bo Kyung, Choi, Sam-Wook; Kim, Dai Jin; Choi, Jung-Seok.
“Associations between prospective symptom changes and slow-wave activity in patients with Internet gaming disorder”
Medicine96(8): e6178, February 2017. doi: 10.1097/MD.0000000000006178., License date Nov 04, 2021

was selected for the spectral analysis, and the absolute and relative power for the accepted
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 electrodes) (Y. J. 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 region (p = 0.021) (Figure 1-3). 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
in Young’s Internet Addiction Test (IAT) score (r=0.57, P=0.011).

\Y Graph theory and network organization

Graph theory is a branch of mathematics and combinatorics with many applications in
diverse fields, ranging from physics, communication science, and electrical engineering to
genetics, linguistics, and sociology (Sporns, 2003). Graphs are mathematical structures used to
model pairwise relations between objects. A graph in this context is made up of vertices or
nodes which are connected by edges or links. A distinction is made between 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 popular puzzle about bridges in 1735 (Newman, 2003). The East
Prussian city of Konigsberg (now Kaliningrad) occupies both 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/graph-theory-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 home? Long thought to be impossible, the first mathematical demonstration

Figure 1-4 The Seven Bridges of Kénigsberg. File licensed under the Creative Commons Attribution-Share Alike 3.0 Unported

that this is impossible was presented by Euler to the members of the Petersburg Academy on
August 26, 1735 (Alexanderson, 2006) using a graph (Figure 1-4).

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, weighted 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 contributors 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) matrix, which in brain dynamics can be derived from several different
sources like databases of cortico-cortical and cortico-thalamic pathways (Sporns, 2003). The
adjacency matrix contains binary entries (i.e., aij). The entry aij = 1 if the connection from j to
i is present, and aij = 0 if the connection is absent and, all-zero being the main diagonal. An
important concept in graph theory is the path. Paths are all ordered sequences of distinct edges
and vertices, linking a source vertex j to a target vertex i. If j=i, the corresponding paths link
the source vertex to itself and are called cycles (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 regular and random states. This network organization in between regular and random
states was named small worldness (SW) (Watts & Strogatz, 1998). Small-world networks
represent the shortest path (minimum number of edges) along the existing edges (links) between
each pair of nodes in the network. In small-world networks, the clustering coefficient (i.e., the
abundance of connected triangles in a network) is high, and the average path length is short
(Farahani et al., 2019). The SW index is calculated by the clustering coefficient (C) and the
characteristic path length (L) ratio by size-matched L/L(random) network (Watts & 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 embedded in the network (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 as the degree of an
individual node which is equal to the number of links connected to that node (Rubinov &
Sporns, 2010). Graph theory has great applications in brain networks analysis. The networks
which show the ability for specialized processing to occur within densely interconnected groups
of brain regions are characterized by segregation and the main measures for network
segregation are the clustering coefficients and modularity (Cao et al., 2016). If the networks
show the ability to rapidly combine specialized information from distributed brain regions, they

4 Seven bridges of Konigsberg
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are characterized by functional integration and they are better measured by quantifying the
flow between pairs of brain regions (e.g., length of path) (Rubinov & Sporns, 2010). The
average shortest path length between all pairs of nodes in the network is known as the
characteristic path length (Watts & Strogatz, 1998) (Figure 1-5).

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

Figure 1-5 Measures of network topology. Measures of integration are based on shortest path lengths (green), while measures
of segregation are based on triangle counts(blue). Measures of centrality may be based on node degree (red). Hub nodes
(black) often lie on a high number of shortest paths and consequently often have high betweenness centrality. Patterns of
local connectivity are quantified by network motifs (yellow). Reprinted from Rubinov, M., & Sporns, O. (2010). Complex
network measures of brain connectivity: Uses and interpretations. Neurolmage, 52(3), 1059-1069 with permission from
Elsevier. License date Nov. 5, 2021. https://doi.orq/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). The most used graph tools for characterizing the functional brain
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Figure 1-6 Summary of global (graph) measures. (A) Segregation measures include clustering coefficient, Whlch quantify
how much neighbors of a given node are interconnected, modularity, which is related to clusters of nodes, called modules.
(B) Integration measure include characteristic path length, determined as the average shortest path length across all pairs
of nodes. (C) A small-world network (middle) illustrates an intermediate balance between regular and random networks
reflecting a high clustering coefficient and a short path length. (D) The assortativity index measures the extent to which a
network can resist failures in its main components. Reprinted with permission granted from Dr. Waldemar Karwowski, Nov
6th, 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 directional information) 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®.
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Centrality and hubs Degree centrality Betweenness centrality Closeness centrality
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Provinial hubs Eigenvector centrality Participation coefficient PageRank &
@
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Figure 1-7 Summary of local (graph) measures. Participation coefficient (a metric we used in Study 3) is a characteristic of a
node and represents the distribution of its connections among separate modules. Reprinted with permission 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 average path length.
A small-world network illustrates an intermediate balance between regular and random
networks reflecting a high clustering coefficient and a short path length (Watts & Strogatz,
1998). Brain neural networks in patients with schizophrenia were found to be characterized by
dysconnectivity and altered network connectivity was suggested as a potential endophenotype
of schizophrenia (P. 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 and sensory gating

Event-related potentials (ERPs) are EEG changes that are time-locked to the sensory,
motor, or cognitive events that provide a safe and noninvasive approach to study
psychophysiological correlates of mental processes. ERPs in humans can be classified as
‘sensory’ or ‘exogenous’ within the first 100 milliseconds after the stimulus and ‘cognitive’ or
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Figure 1-8 Representative examples of the P50 of the first and second click of a single subject after placebo (A,B) and after
diazepam (C,D). X-axis div = 5ms. Reprinted from Neuroscience Letters Volume 341, Issue 1, Author: Gilles van Luijtelaar, The
effects of diazepam on sensory gating in healthy volunteers, Pages 65-68, ISSN 0304-3940, https://doi.orq/10.1016/50304-
3940(03)00155-1. Copyright © 2003, with permission from Elsevier. License date Nov 15, 2021

‘endogenous’ ERPs as they examine information processing (Sur & Sinha, 2009). According
to their latency and morphology, the waves are named with “N” if the component is a negative
wave or with “P” if the component is a positive wave (e.g., N100 is a negative component at
100 ms). In some works, the ERP components are presented following the similar rule like in
EEG, with upward negativity (Van Luijtelaar, 2003), while other studies present the negative
components with a downward deflection like the negative Q wave from the electrocardiogram
ventricular complex (Understanding the Normal ECG | Thoracic Key, n.d.).

[ Mid latency auditory evoked potentials (MLAEP)

The MLAEPs have been reported to be abnormal in several 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 50-100 ms, N140 at 110-140 ms, and P200 at 160—-200 ms (Buchsbaum,
1977). Later, the term mid-latency was used to describe potential components occurring
between 50 and 200 ms and these components are P50, N100, and P200 (Nash N Boutros et al.,
2006). It was suggested that latency reflects the complexity and efficiency of the synaptic
pathway mediating the response and speed of information processing and that amplitude
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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 elaborated (Nashaat N
Boutros et al., 2004).

i P300

The P300 wave or the P3 component was discovered in 1965 (Sutton et al., 1965) and
since then has been the major component of research in the field of ERP. For auditory stimuli,
the latency range is 250-400. The latency is usually interpreted as the speed of stimulus
classification, shorter latencies indicating superior mental performance relative to longer
latencies. P3’s higher amplitude seems to reflect greater attention (Sur & Sinha, 2009). P300 is
usually recorded during two-tone discrimination (oddball) tasks. The waves N100, P200, N200,
P300 are elicited by the rare stimuli, whereas frequent stimuli elicit only N100 and P200 (Ogura
etal., 1991). The mean amplitudes of the N100 and P300 auditory responses were decreased in
patients with schizophrenia in comparison to the healthy participants (Earls et al., 2016; Ogura
etal., 1991).

iii 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
predominantly preconscious neuronal level process is referred to as sensory gating. The P50,
an early (~50 ms) positive potential, is used to physiologically index the sensory gating (Adler
etal., 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 suppressed (Aidelbaum et al., 2018) (Figure
1-8).

Sensory gating deficits were found in schizophrenia (Adler et al., 1985) and have been
studied mostly with P50, which likely reflects pre-attentive information processing (Thoma et
al., 2017). Alterations in P50 gating are not always related to cognitive deficits (Sanchez-Morla
et al., 2008) or to the expression of positive and negative symptoms (Potter et al., 2006).
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1.2.3 Transcranial magnetic stimulation and RTMS
i Mechanisms of TMS

Transcranial electrical stimulation (TES) in the non-exposed human cortex was
performed with a short current duration and one high-voltage discharge to avoid discomfort and
pain (Merton & Morton, 1980). The non-invasive transcranial magnetic stimulation (TMS) was
developed in 1984 (Barker et al., 1985). During 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, 1892) and later showed that a pulse of electric current passing
through a coil made of wire can generate a magnetic field (Heshmati, 2017).

Faraday's experiment, 1831

Figure 1-9 Faraday's experiment. Coil right-hand 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 field. Modified (Poyser, 1892 p.285),
public domain.

A magnetic field in a coil is induced by an electric current from a capacitor discharging
through it. The changing magnetic field in the coil reaches the brain surface and induces an
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Figure 1-10 Simplified diagram of the electrical and magnetic fields generated during TMS. Reprinted from Neurosurgery
Clinics of North America, 25(4), 819-832.Young, Nicole A.; Sharma, 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 neurons. In Figure 1-9 it is shown the experiment
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 coil
(B). But when the small coil is moved in or out of the large coil (B), the magnetic flux through
the large coil changes, inducing a current which is detected by the galvanometer (G) (Poyser,
1892).

In the same way, the magnetic field induced in the coil used for RTMS rises
instantaneously to its maximum when the capacitor discharges electrical current (Rothwell,
1997) (Figure 1-10). The coil can be monophasic with a switch or a diode that determine the
current and magnetic field to rise and fall to zero or biphasic when the inductance and resistance
of the circuit are set so that the first rise and fall of the coil current is the major component of
the stimulating electrical field, with subsequent oscillations being dampened effectively (Terao
& Ugawa, 2002). It has been suggested that there is preferential activation of the horizontally
positioned cells within the cortex when the coil is placed tangentially to the scalp. The

Figure 1-11 (A) The positioning of a wire coil (MagVenture) to motor cortex. (B) Identifying stimulation site with Localite.
Reprinted from Neurosurgery Clinics of North America, 25(4), 819-832.Young, Nicole A.; Sharma, Mayur; Deogaonkar,
Milind (2014). Transcranial Magnetic Stimulation for Chronic Pain with permission from Elsevier. License Oct 30,2021

interneurons are supposed to be preferentially stimulated while cortical pyramidal neurons are
activated trans-synaptically because of their vertical orientation within the cortex (Figure 1-11)
(Young et al., 2014b).

ii 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 humans should be
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 informed consent. The protocol will specify the
level of risk, the risk-benefit 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 about prescribing 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
physician. 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 managed (Rossi 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 is valid for both
single coil and figure-8 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
(Figure 1-12) (Karlstrom et al., 2006).

Figure 1-12 RTMS applied at left temporo-parietal region
(T3-P3) using a mechanical arm. Copyright 2021 ©
Neurophysiology Plus Iceland, OC Banea

iii Clinical applications of RTMS

Level A evidence (definite efficacy) was reached for neuropathic pain, depression, and
post-acute stage of stroke. Level B evidence (probable efficacy) was reached for improving
quality of life or pain in fibromyalgia; for improving motor impairment or depression,
respectively, in Parkinson’s disease or for promoting motor recovery at the post-acute stage of
stroke; for lower limb spasticity in multiple sclerosis; in posttraumatic stress disorder and in
chronic post-stroke non-fluent aphasia. Level A/B evidence was not reached concerning the
efficacy of RTMS in any other condition (J. P. Lefaucheur et al., 2020).



1.2.4 Auditory-motor task to trigger gamma oscillations

Resting-state 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 independent local
organizations in clusters that do not connect with other regions (Tanaka-Koshiyama et al.,
2020). For the resting-state 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 contradictory (Newson & Thiagarajan, 2019). Therefore,
conditions with more engagement of gamma and beta activity would help to quantify better the
EEG changes. Studies have shown that evoked (stimulus-locked) and induced (“triggered” but
not locked to stimuli) beta and gamma activity can be elicited during visual discrimination
(Lachaux et al., 2000) or auditory cued movement (Nagasawa et al., 2010).

Using subdural electrodes to study free of epileptiform activity EEG segments in
patients with epilepsy it was observed that during a simple auditory-motor task the auditory-
verbal stimuli elicited augmented gamma-oscillations in the posterior portion of the superior
temporal gyrus, whereas hand-motor responses elicited gamma-augmentation in the pre and
postcentral gyri (Nagasawa et al., 2010). A left-lateralized region in the posterior Sylvian fissure
at the parietal-temporal boundary showed particularly robust MEG (magnetoencephalography)
(Levelt et al., 1998) and electrocorticography (Kambara et al., 2018) gamma-band responses to
both sensory and motor phases of visual picture naming and auditory naming tasks. These tasks
are related to the working memory (WM). The high gamma activity was higher prior to motor
cortex activity or speech articulation. The auditory-motor integration circuit is represented by
a small set of areas in the superior temporal and temporoparietal cortex, temporal, and frontal
areas (Hickok et al., 2003). During naming task judgement, left middle-frontal activation
appeared to be well-attributable to WM scanning function, whereas left orbitofrontal activation
may be attributable less to WM scanning but more largely to syntactic/semantic processing
(Kambara et al., 2018). It was observed that during picture naming test, a region in the left
posterior temporal lobe showed prominent activation (i.e., peak activity of dipole sources in the
individual magnetic response) starting about 200 msec after picture onset and peaking at about
350 msec, with congruent consistent activation 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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Figure 1-13 First schematic representation of ACA, MCA and NCA epochs during the auditory-motor task. ACA and NCA
epochs length were set initially with 1 sec with 200 ms baseline correction. MCA was set 500 ms after Hand Reaction.
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AVH-TMS Icelandic study®’ started in summer 2018 with the first healthy subjects
resting-state EEG recordings. Right after, we added to the protocol the auditory-motor task
employed by Nagasawa et al (2010) with the hope to trigger gamma oscillations and observe
the cortical distribution of this activity. Our intention was to quantify the changes before and
after left temporoparietal RTMS treatment in patients with schizophrenia and AVH using the
relative power measurements during the auditory-motor task.

Reference
Period (DE)

Resting state
EO 90sec

Left Hand
Visual (VCA)
command

Reference i
Period (DE) H

Figure 1-14 Auditory and visual motor task Power spectral density of alpha, beta and gamma activity performed with the left
hand. Data is shown for 500 ms epoch starting with hand reaction (MCA) (upper rows) and 1000ms reference period (NCA or

DE). Recorded with dense array 256 channel EEG system, Ant Neuro, Netherlands. Copyright 2021 © Neurophysiology Plus
Iceland https://sites.qoogle.com/view/neurophysiologyplus E ivarsson & OC Banea

In March 2019, the auditory-motor task was completed with a visual-motor task in a
single healthy participant. For the visual-motor task, we presented two commands, “press” and
“no press”, in a written form directly from a screen.

We looked to understand the gamma activity behavior we observed in the first subjects
with the auditory stimuli. We hypothesized that the cortical fragmentation and “hand laterality”
were not exclusively present due to auditory cortical activation (ACA) or motor cortical
activation (MCA). Data were preprocessed together with Eysteinn Ivarsson (Figure 1-14). We
presented this technique in Coimbra, Portugal (Eysteinn ivarsson et al., 2019). Surprisingly,
this was the first time when high-density 256 channel “bird-eye” view EEG mapping showed a
difference in the reference period, we located between the command “press” and “no press”.
Higher power spectral density was observed during this “non-cortical activation” epoch (NCA),
how we named it, in comparison with the epochs of auditory cortical activation (after the 11
and 12 codes for the commands “press” and “no press”) and motor cortical activation (after the
hand reaction button code 64) (Figure 1-15).

& AVH-TMS Icelandic clinical trial lasted three years, between 2018-2021 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

7 https://sites.google.com/view/schizophreniaplus
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Figure 1-15 Auditory motor task in a healthy participant. Power spectral density (bird-eye map) are shown for 10, 16, 25, 35,
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 Neuro, Netherlands. Copyright 2021 © Neurophysiology Plus Iceland
https://sites.qoogle.com/view/neurophysiologyplus E ivarsson & OC Banea

1.2.5 Silent period
i Cortical silent period

When TMS is delivered 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 the silent period (Terao &
Ugawa, 2002). At the cortical level, the cortical silent period (CSP) induced by TMS is an index
of GABAB-mediated intracortical inhibition, which allows investigating motor inhibition
within the primary motor cortex (M1) (Paci et al., 2021). A shorter CSP (poorer GABAB
mediated cortical inhibition) is associated with more severe manic symptoms (Mehta et al.,
2021), while an enhanced CSP duration was observed after ethanol acute consumption at
euphoric / dis-concentration level (A. D. Jénasson, 2020; Turco et al., 2020; Ziemann et al.,
1995). Diazepam, a benzodiazepine exerting its anxiolytic, anticonvulsant, muscle-relaxant and
sedative-hypnotic properties by allosterically enhancing the action of GABA at GABAA
receptors (Richter et al., 2012), shortened the duration of CSP probably by acting on subcortical
structures (Inghilleri et al., 1996).

ii Cutaneous silent period

EMG inactivity from a voluntarily contracting muscle can also be induced peripherally,
by an electrical stimulus applied to a cutaneous nerve (Caccia et al., 1973). This period of
inactivity is named the cutaneous silent period (CuSP). The presence of a CuSP is dependent
on intact small-diameter A-delta fibers, while the efferent reflex arm is formed by the
large-diameter alpha motoneurons (Kofler & Poustka, 2004; Leis, 1998; Mota et al., 2015). A
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minimal stimulus intensity of 40 mA and a minimal stimulus duration of 0.2 ms elicit maximal
CuSP duration (J. 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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Figure 1-16 The cutaneous silent period showed prolonged duration after 700 ml of acute ethanol intake. Y-axis division =
500 uV, X-axis division = 500 ms

postsynaptic inhibition of spinal motoneurons; (2) pre- or post-synaptic 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 mechanisms (Leis,
1998). The contribution of the central nervous system to this peripheral cutaneous-muscular
reflex is less investigated. The CuSP latency was significantly longer in patients with the
pyramidal syndrome than in 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 1 week after the
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 syndrome (Glinduz 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 (9.76) to 51 ms (SD
10.23) (A. D. Jonasson, 2020). The change of CuSP duration after acute ethanol intake in one
healthy subject is shown in Figure 1-16.

1.3 State of the art

Schizophrenia is characterized by delusions, hallucinations, disorganized speech and
behavior, and other symptoms that cause social or occupational dysfunction (American
Psychiatric Association, 2013) with patients experiencing abnormal language processing
(Hirano et al., 2019) and cognitive deficits (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 others (Braham et al., 2004).
Despite the progress achieved with antipsychotic medications, 25-30% of schizophrenia
patients suffer from treatment-resistant hallucinations (Goghari et al., 2013; Meltzer, 1997,
Shergill et al., 1998). Advances were done in the treatment of pharmaco-resistant AVH with
cognitive-behavioral therapies (Jauhar et al., 2019), neurofeedback (Dyck et al., 2016; Rieger
etal., 2016), or repetitive transcranial magnetic stimulation (RTMS) (Bais et al., 2017; Hoffman
etal., 1999).



MLAE and sensory gating P50 suppression and P300 deficits in patients with
schizophrenia were found to be of similar magnitude as findings reported in neuroimaging and
neuropsychology (Bramon et al., 2004). N100 as a biomarker of neural plasticity (Gonzalez-
Heydrich et al., 2016) together with P50, N100, and P200 sensory gating has been used to assess
neuromodulation induced by low and high-frequency RTMS in healthy participants (Clement
Nathou et al., 2015; Clément Nathou et al., 2018). N&atanen 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 the initial conscious
awareness of a stimulus (Lijffijt et al., 2009; Naatanen & Picton, 1987). Studies have shown
that patients with schizophrenia exhibit reduced N100 and P200, but similar P50 amplitudes,
compared to controls (Rosburg et al., 2008; Schwarzkopf et al., 1995). It was found that sensory
gating abnormalities in schizophrenia patients can be detected throughout the entire mid-latency
range of information processing (50-400 ms) and are not limited to the pre-attentive stages
(P50). Therefore, it was strongly suggested to assess N100 and P200 gating to this patient’s
category (Nashaat N Boutros et al., 2004). A meta-analysis of 29 studies using N100 sensory
gating revealed no evidence for an auditory N100 gating 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 patients and healthy controls (Rosburg, 2018). In a study of patients with
schizophrenia, during AVH experience, P50, N100, and P200 were reduced indicating impaired
sensory gating and this was correlated with hallucinations severity derived from PSYRATS
(Thoma et al., 2017).

P50 and P300 topography While P300 topography in chronically ill schizophrenic and
psychotic bipolar patients was associated with a specific left-lateralized posterior abnormality,
suggesting underlying posterior temporal lobe dysfunction of a generator located in the left
superior temporal gyrus (STG) (Morstyn et al., 1983; Salisbury et al., 1999), the scalp
topography of P50 remains largely unknown (Kurthen et al., 2007) and has been less
investigated.

EEG oscillations and connectivity Patients with 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, 2010). Quantitative EEG (QEEG) was modified by psychotropic
medications among patients with a schizophrenia spectrum disorder (Hyun et al., 2011; Ozaki
et al., 2021). EEG studies showed that schizophrenia is associated with hyperconnectivity
across different brain regions of multiple frequency bands (Di Lorenzo et al., 2015) and that
aberrant gamma-band coupling between auditory cortices is related to the emergence of AVH
(Steinmann et al., 2017). Gamma activity has been investigated in one of the following
paradigms: (1) at rest, (2) during “bottom-up” sensory stimulation, or (3) “top-down”
cognitively driven tasks. Pre-stimulus baseline gamma activity was elevated, and task-driven
‘evoked’ gamma-band responses were reduced in schizophrenia (Gandal et al., 2012). During
an auditory cued motor task schizophrenia patient, especially those with severe auditory
hallucinations, had reduced gamma-band response directly preceding the motor response (Ford,
2016; Ford et al., 2007). It was suggested that the auditory, language, and memory cortical
networks are significantly disturbed, and interconnected neural oscillation deficits in these
networks during processing or perception of speech underlie the pathophysiology of
schizophrenia (Ford, 2016).

Graph theory and network organization Graph theory was used to study functional and
effective connectivity using functional magnetic resonance imaging (fMRI) in patients with
schizophrenia (Xiang et al., 2020) and with dense-array 128 channel EEG in patients with major
depressive disorder (Sun et al., 2019). In patients with chronic pain, acceptance and



22

commitment therapy (ACT) reduced the connectivity in the pain network (including left
putamen, right insula, left insula, and right thalamus) as revealed by graph theory obtained from
resting-state fMRI (Young et al., 2014a). Repetitive transcranial magnetic stimulation
aftereffects were assessed with graph-theoretical 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
(Sunetal., 2019). Using brain network analysis including degree, betweenness centrality, 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 % (Xiang et al., 2020).

Cortical and cutaneous silent period Transcranial magnetic stimulation (TMS) may also
be a potential method by which sensory processing can be assessed since TMS paradigms like
the cortical silent period (CSP) can be used to measure GABAB-mediated cortical inhibition
that is linked with sensory gating. The patients with schizophrenia showed prolonged CSP, and
this had a positive correlation with an increased symptom score of the positive and negative
symptom scale (Tang et al., 2014). Another study showed that clozapine-treated persons with
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 related to the severity of psychotic symptoms (Daskalakis et al., 2008). In
patients with first-episode schizophrenia, risperidone showed an increment of CSP at four
weeks, suggesting an association between risperidone monotherapy and an increase in GABAB
mediated inhibitory neurotransmission (Ustohal 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 cutaneous silent period (CuSP), little is known on how the
corticospinal tract and central inhibitory mechanisms affect the peripheral cutaneous-muscular
reflex, and if this neurophysiological test can be used in patients with schizophrenia.

RTMS treatment and schizophrenia Non-invasive brain stimulation techniques like
repetitive transcranial magnetic stimulation (RTMS) have been proposed to disrupt mechanisms
of AVH in patients with treatment-resistant schizophrenia. Several meta-analyses found
moderate to high effect size for the AVH treatment with low-frequency 1Hz RTMS applied
over left temporoparietal junction (T3-P3 EEG location) (Aleman et al., 2007; J.-P. Lefaucheur
et al., 2014; Slotema et al., 2014; Sommer et al., 2012). Most of these studies investigated the
effects of RTMS in treatment-resistant patients as an ad-on or second-line treatment using as
outcomes psychometric scores. A more recent meta-analysis including eleven randomized
controlled studies was unable to definitively support or refute the routine use of 1-Hz RTMS in
treating AVH in clinical practice (J. Li et al., 2020). At the moment of writing this dissertation,
there is only one study® in which RTMS at 1Hz was applied in patients with the first episode of
psychosis and without antipsychotic drugs (NCT03544333, 2018). The RTMS was delivered
in four sessions with 1000 pulses (1Hz) applied within one day. The results available for four
patients (two with real T3-P3 treatment and two with sham treatment) showed increased
Hallucination Change Score in the patients of the treatment group, while control patients
remained with stable scores.

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

The 2" Chapter of this thesis includes the aim, the research questions, subjects’
characteristics, and the protocol design of the AVH-TMS study®. The 3" Chapter, named
“Exploratory works” includes the pilot studies of this thesis. In Study 1 is described the
methodology used to obtain P50 and P300 responses. In Study 2, we attempted to use a simple
method of auditory-motor task with the exploratory objective to trigger beta and gamma
activity, hypothesizing that patients with schizophrenia elicit more power spectral density
(PSD) and relative power of beta and gamma activity during a cognitively-driven task compared
with the resting state. In Study 3, we explored cortical and cutaneous silent period as
neurophysiological markers of inhibitory system. The 4" Chapter contains three hypotheses-
generating studies. In Study 4, we looked to investigate the “triggered attention” and “‘sensory
gating” responses after RTMS. We proposed a method of sampling the signal from 7 regions
of interest and we measured N100 and P200 obtained with the paired-click paradigm. Further,
Study 5 was focused on P300 responses and here we analyzed time, frequency domains, and
connectivity with participation coefficient. In Study 6, we assessed changes induced by RTMS
to the brain functional connectivity by analyzing data of the auditory-motor task with graph
theory and small-worldness (Figure 1-17). The 5" Chapter contains a critical view on the
neurophysiological concepts described in this thesis and the strengths of this work. After the
Bibliography, in the Appendix, three original articles and two oral communications are
reprinted following the journal reprint 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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e | Paired-click Auditory Paradigm Study 2
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Figure 1-17 Outline of the study

9 AVH-TMS Icelandic clinical trial lasted three years, between 2018-2021 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
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This dissertation is original work by the author, Ovidiu C. Banea. Much of the thesis 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 AVH-TMS Icelandic clinical trial is available online®®. 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, iv, and v).
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2 Chapter. The Present Investigation

2.1 Study aim

The aim of this work was to determine the degree to which repetitive transcranial
magnetic stimulation (RTMS) 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 low-frequency 1Hz RTMS and to explore if
neurophysiological tests like quantifying auditory event-related responses (P50 suppression,
N100-P300 complex), EEG (electroencephalography) relative power, functional connectivity,
and the cortical silent period (CSP) show changes after the RTMS treatment.

2.2 Research questions

Exploratory Study 1. Sensory gating is impaired in patients with schizophrenia (Adler
et al., 1985; Olincy et al., 2010) and P300 showed decreased amplitude in patients when
compared to healthy controls (Turetsky 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 Pz and Cz electrodes and P50 researchers consistently reported analysis
at Cz and thus only this location was used for analysis (Bramon et al., 2004). We looked mostly
to reproduce paired-click, and oddball auditory paradigms in healthy controls and patients with
schizophrenia and to develop a quantitative method of ERP with dense-array 256 channel EEG.

Exploratory Study 2. It has been suggested that schizophrenic symptoms can be
explained by over-arousal causing depression in neural activity or inverted-U relationship
between performance and arousal, the also called Yerkes-Dodson Law (Grossberg, 2000;
Yerkes & Dodson, 1908). Our study followed this suggestion and we expected that in
schizophrenia the high-beta 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 auditory-motor task was suggested as “triggering beta and gamma neural
synchrony” in the cortical regions involved in the working memory and auditory-motor
cortices.

Exploratory Study 3. Results pertaining to CSP in schizophrenia patients are
controversial. Prolonged CSP was observed among both first-episode patients and clozapine
medicated chronic patients compared with healthy controls, suggesting alterations within the
GABAB-mediated neurotransmitter system (Daskalakis et al., 2002). One 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 patients (Fitzgerald et al., 2002;
S.-K. Liu et al., 2009). Based on these findings, the working hypothesis was that CSP will be
prolonged after RTMS as a signal of improvement in the inhibitory system related 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 that RTMS would reduce AVH severity (hypothesis H1), that
stress and anxiety would be reduced, and that quality of life would be increased after the RTMS
(hypothesis H2). Based on the assumption that there is impaired triggering of attention in
patients with schizophrenia, as made evident by reduced N100 amplitude (Rosburg et al., 2008)
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we expected that N100 amplitude would be higher after the RTMS (hypothesis H3) and that
N100 and P200 sensory gating which appeared to be impaired in patients with schizophrenia
and AVH will improve (hypothesis H4).

Study 5. In this study, we looked at the N100-P300 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-P3 EEG location. PSD has been performed from the event-related
oscillations and we looked to the network organization and the difference between T2 (post-
TMS) and T1 (pre-TMS) conditions. Network organization was analyzed with participation
coefficient, a metric of functional segregation. The question was if P300 related oscillations and
local connectivity participation index derived from a dense-array 256 channel EEG system can
be considered as candidates for biomarkers of the patients with schizophrenia.

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 to monitor patients 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
and gamma bands. Auditory-motor task results were compared with the resting state. Later, it
would be of extreme importance to evaluate if there are congruent changes in brain connectivity.
We expected that network organization measured with the graph theory and small 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. Three other patients were
excluded from the study prior to RTMS treatment (Table 1). 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 between 18-55 years of age and had treatment
resistant AVH for at least 1 year. Treatment-resistant AVH was defined as a lack of clinically
meaningful response to two trials of pharmacotherapy at the recommended dosage, lasting at
least 6 weeks. Exclusion criteria included 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). The patients were taking one or more antipsychotic medications.
Healthy subjects were Reykjavik University students, exchange students, or Clinical
Neurophysiology Unit employees. Two patients and two healthy participants were left-handed
on the Edinburgh handedness inventory (Oldfield, 1971).

Table 1 Characteristics of the Enrolled Patients: TG = T3-P3 RTMS, CG = Cz RTMS, 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 Sertraline, Quetiapine, Pregabalin and Zopiclone Schizoaffective disorder

S19TG m 30 Clozapine and Flupenthixol Paranoid Schizophrenia
S20TG m 30 No pharmacological treatment Paranoid Schizophrenia
S21TG f 31 Perphenazine, Olanzapine, Escitalopram Unspecified psychosis

5m2f 34;6,51

Control Group, vertex (Cz) RTMS

S22CG m 26 Clozapine, Pregabalin, Amisulpiride Hebephrenic
Schizophrenia
S23CG f 30 Aripiprazole, Olanzapine, Chlorprothixene and Paranoid Schizophrenia
Pregabalin
S24CG m 27 Clozapine, Olanzapine, Bupropion and Propranolol Paranoid Schizophrenia
S25CG m 26 Paliperidone, Quetiapine, and Perphenazine Paranoid Schizophrenia
S26CG f 39 Clozapine, Flupenthixol, Zopiclone, Mirtazapine, Paranoid Schizophrenia

Escitalopram, Metformin, Metoprolol and
Chlorpromazine
S27CG  f 50 Zuclopenthixol, Alprazolam Paranoid Schizophrenia

3m3f 33; 9,67

2.4 Study protocol

All study patients, care providers, and psychologists were blinded to treatment group
assignment except the neurotechnicians who set up the proper coil location. Patients agreeing
to take part in the study were first administered psychometric scales and then had EEG recorded
with five blocks paired-click paradigm, P300 oddball paradigm, and auditory-motor 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 auditory-motor task analyses within one week after the RTMS treatment
(T2) (Figure 2-1). The third group of six healthy subjects (HS) with no RTMS treatment served
as a comparison for the auditory evoked responses and auditory-motor task of patients’ groups.
All HS were submitted to a Mini-International Neuropsychiatric Interview (M.1.N.I.) (Sheehan
etal., 1997) to ensure that they were in good mental health conditions. The study was approved
by the Ethics Committee of the National University Hospital of Iceland (Approval No 21.
2018).

The procedures and all the risks were explained to all participants and all questions were
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 take a pre-paid
taxi to and from the hospital or university where the treatment and EEG analyses were
performed.
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Figure 2-1 Study and protocol design

2.5 Psychometric scales
Quality of Life (QoL)

Quality of Life (QoL) is a 16 item self-report scale consisting of five conceptual
domains of quality of life: material and physical well-being, 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 to have good test-retest reliability and
good convergent and discriminant validity (Flanagan, 1978).

Depression Anxiety Stress Scales (DASS)

DASS is a measure of mental health focusing on three traits of depression, anxiety, and
stress. The list consists of 42 items, rated on a four-point Likert type scale of how much that
symptom occurred in the last week. In clinical samples, the scale maximum score is 126 and
has shown excellent internal consistency and temporal stability as well as excellent discriminant
validity and good convergent validity (Brown 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 on a five-point
ordinal scale (0-4). The maximum score of AHS is 44. The scale measures the severity of AVH
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 control. PSYRATS has shown excellent inter-rater
reliability and good discriminant and convergent validity for both chronic and first-episode
psychosis (Drake et al., 2007; Haddock et al., 1999).

2.6 Neurophysiological tests

i.  EEG recordings in three conditions: Resting-state (RS), auditory-motor task with the
left hand (AMT-I), auditory-motor task with the right hand (AMT-r)
ii.  Auditory paired-click paradigm (Figure 2-2)
ii.  Oddball auditory paradigm
iv.  Cortical silent period
v.  Cutaneous silent period

Figure 2-2 During the paired-click paradigm, the patients looked to a
silent film to avoid drowsiness.

2.7 RTMS treatment

A Medtronic MagPro stimulator TMS device and a figure-of-eight coil (MC-B70) were
used. The resting motor threshold (RMT) was defined as the lowest intensity producing an MEP
of 50 uV, peak-to-peak, in five out of ten trials in relaxed abductor pollicis brevis (APB) muscle
(Daskalakis et al., 2008). Stimulation was delivered at 100% of the APB resting motor evoked
potential threshold, determined before each treatment session. The treatment consisted of ten
consecutive sessions over two weeks with an interval at the weekend. Each RTMS session
lasted 15 minutes and included 900 pulses at a frequency of 1 Hz. The RTMS was delivered
with the same parameters at the left temporoparietal region for TG (T3-P3 EEG location) and
at the vertex (Cz EEG location) for CG.
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3 Chapter. Exploratory works

3.1 Exploratory Study 1. Using high-density EEG to assess
TMS treatment in patients with schizophrenia (Marcu et al.,
2020)

Deficits in sensory gating are an important endophenotype for schizophrenia (Toyomaki
et al., 2015) and P300 was suggested as a robust marker of both positive symptoms and
decreased cognitive and functional capacity in patients with this chronic (Turetsky et al., 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 paired-click paradigm was performed to elicit the P50 component. A pure tone
(1500 Hz, 6-ms duration at comfortable hearing noise) was used as the click sound and
presented during a 500-ms interval through headphones. We presented 150 paired stimuli in 5
blocks with an inter-pair interval of 10 seconds, which provided 25 minutes of EEG
measurement (Light et al., 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 identified as the
most prominent peak in the 40 to 80 ms post-stimulus windows. 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 suppression was calculated as the ratio of the
mean value of the S2 amplitude to the mean value of the S1 amplitude (S2:S1) (Hall et al.,
2011; Olincy et al., 2010; Van Luijtelaar, 2003). The difference of S1 minus S2 amplitude was
also used as a comparison.

Oddball auditory paradigm

N100-P300 complex. In our study P300 response was measured with an auditory
oddball paradigm attention task. The recordings were carried out between 11:00 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 constant 1.1 sec. For each subject, there was 1 trial of
160 tones which occurred randomly with a probability of 0.2 (Stefansson & Jénsdottir, 1996).

We instructed the participants to pay attention to the 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 auditory-motor task and frequency-domain studies.

EEG preprocessing and analysis



The EEG was recorded using a 256-channel 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 neck. Data pre-processing and analysis were performed with Brainstorm
(Tadel etal., 2011) and MATLAB 2018b. The data were sampled at 1024 Hz and re-referenced
to the average of left and right mastoid electrodes (R19R, L19L). A bandpass filter was set
between 0.1-80 Hz and a notch filter from 49-51 Hz was used to remove undesired
monomorphic artifacts from 50 Hz mains electricity. Bad channels were removed when EEG
voltage was greater than £80 pV; if more than 10% of the channels showed too much noise or
bad signal, the whole trial was rejected. For P50 analysis the signals were digitized for an epoch
of 500 ms starting 100 ms prior to the presentation of each auditory stimulus (-100 ms 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 stimulus (-100 to +900 ms). Baseline
correction was performed using a pre-stimulus 100 ms window and “bad “channels were
removed and interpolated. Individual trials were visually inspected and rejected when indicative
of excessive muscle activity, eye movements, or other artifacts (see Chapter 5, Discussions).
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Figure 3-1 The regions of interest employed in Study 1 and Study 4. S1 is the response to conditioning stimulus and S2 is the
response to testing stimulus. The 0 to 0.1 segment on X-axis corresponds 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 (RP) (Figure 3-1). Fifteen electrodes
were selected from 3 parallel lines for each region (105 electrodes). We measured the peak-to-
peak P50 amplitude from a preceding negative trough to the positive peak at 30-70 ms range
from the stimulus onset (Figure 3-1). 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 80-500 ms. In this work, the P50 suppression ratio and N1-P3 wave’s
signals were represented as the average of the fifteen channels of every ROI.

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

Recording event-related potentials with a high-density EEG system is challenging and
difficult. Data recorded from two patients and two healthy participants showed major P50
suppression (reduced ratio) in healthy participants (Figure 3-2) compared with P50 suppression
of both patients. The 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

Figure 3-2 The P50 gating in two patients with schizophrenia (T1) and two HS. Ratio method $2:51

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

Healthy participants showed better responses over the right posterior or temporoparietal
region (lower value of S2:S1 ratio). S1-S2 P50 amplitude difference (method) showed similar
results with more gating in patients over left anterior and left posterior regions (Figure 3-3).

N100-P300 components were obtained and visible in the healthy group. Data 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 reduced amplitude of the N1-P3 complex. Even so, the automatic
maximum-minimum voltage measurements for 15 electrodes in each ROI detected higher
responses in the patient’s group on a few occasions which at visual inspection resulted to be
erroneous due to original signal difficulty acquisition or data processing.
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Figure 3-4 P50 topography in a patient with schizophrenia and AVH after RTMS (T2). The gating of P50 is visible at both
anterior and temporoparietal regions.
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N100-P300 complex

N100-P300 complex was measurable for all selected regions and it appears to be a
helpful neurophysiological marker in assessing if ERPs components change after RTMS
treatment at the stimulation site or in other different cortical areas.
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Figure 3-6 N100-P300a complex in a healthy participant.
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Figure 3-5 N100-P300 complex in a patient with schizophrenia and AVH before (blue), within one week after RTMS
(red), and after three months from the treatment (green).



At baseline, healthy subjects showed N100-P300 complex topography with higher
values at left and right anterior regions which are located over the frontal lobes, and midline
(MA and MC regions), while the patients with SCZ showed higher voltage over left and right
anterior and posterior regions and less amplitude from the midline (Figure 3-7).

N100-P300 Complex voltage / Regions of Interest N100-P300 Complex voltage / Regions of Interest

Healthy Subjects (n4) (Vx10-6) Patients (n5) T1-Baseline (Vx10-6)
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Figure 3-7 Topography of N100-P300 complex in four healthy subjects (left) and in five patients with schizophrenia and AVH
before the treatment (T1). ROl from the left to the right: Left Anterior (LA), Left Posterior (LP), Medial Anterior (MA), Medial
Central (MC), Medial Posterior (MP), Right Anterior (RA) and Right Posterior (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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mLP = MA MC MP RP

Figure 3-8 N100-P300 complex topography in 4 HS and 5 Patients with SCZ in T1 and T2 (after RTMS).

After RTMS, all patients (TG + CG, N=5) showed reduced N100-P300 complex voltage
at the mid posterior (MP) region, with TG patients (N=2) showing the major global difference
with reduced voltages in all regions (Figure 3-8). Individual data showed reduced P300
amplitude in all patients after RTMS treatment, with the S15 subject showing no values after
RTMS in MP region (Figure 3-9). P300 was elicited with passive task conditions in which the
subject did not respond to either the standard or target stimuli (Polich & Mclsaac, 1994). These



results are in contrast with our hypothesis.
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Figure 3-9 Individual data of N100-P300 topography in patients with schizophrenia and AVH before (T1-blue) and after 10
days of RTMS (T2-orange). 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 Technique to Trigger High
Beta and Low Gamma Activity in Patients with
Schizophrenia (E. Ivarsson et al., 2020)

3.2.1 Methods

The auditory-motor task (AMT) was employed in a sound-attenuated room, and each
patient was awake, un-sedated, 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 each subject to press
the button using the thumb when the pre-recorded verbal command “press” was given and not
to press the button when the verbal command “no press” was given fig. Subsequently, each
subject completed two auditory-motor tasks (one for each hand). The AMT task contained 40
trials: 20 auditory verbal “press” commands and 20 “no press” commands. The interstimulus
interval was 3 seconds (Nagasawa et al., 2010). The commands were presented in a
pseudorandom sequence during each task. The AMT was performed with the dominant hand
(AMT-r), and non-dominant hand (AMT-I) one time in HC and two times in the patients (SCZ),
before the RTMS treatment (SCZ-T1) and within one week after completing ten sessions of
RTMS treatment (SCZ-T2).

EEG recording and preprocessing

The EEG was recorded using a high-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 EEG was recorded at a sampling rate of 1024
Hz. The raw EEG was exported and analyzed using the EEGLAB toolbox (v14.2.2) in
MATLAB 2018b. EEG signals were first notch filtered at 50 Hz, and a later band-pass filter
was applied between 0.1 and 80 Hz (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 resulting resting-state pre-processed data was 40 sec + 10 sec for each participant. Finally,
the remaining artifact-free continuous data were analyzed.

Data analysis

First, we analyzed 40 + 10 sec resting-state EEG with eyes closed for three patients with
schizophrenia and we compared it with the EEG of three healthy control participants. For the
auditory-motor task, epochs related to the cognitively driven “motor cortical activation” (MCA)
were segmented between -500 ms to +500 ms (1000 ms) relative to the onset of the button code
(hand reaction) seen in the EEG trace. The reference period was set between +1500 ms to +2500
ms post-verbal command or auditory stimulus onset (1000 ms). Finally, the remaining artifact-
free trials were analyzed. Here are presented the results of motor cortical 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 sensory-motor regions. Later,
ACA, MCA, and NCA epochs were modified (Study 6) to avoid overlapping of the EEG data
(Figure 3-10). We looked at specific frequencies related to the motor reaction: low beta (13-20
Hz), high beta (20-30 Hz), low gamma (30-45 Hz), and high gamma (45-80 Hz). The brain
maps showed topographical changes on specific frequencies: 16, 25, 35, and 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
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Figure 3-10 AMT windows of interest (top left): ACA from 0-500 ms after "Press" and "No press", MCA from 0-500 ms after
the Hand Reaction code, NCA or Delay Epoch from -2500 to -1500 ms before “Press” and “No Press” codes. ROl (bottom right):
left and right sensorimotor regions (blue) and left and right auditory temporoparietal regions (yellow).

3.2.2 Results

Healthy subjects
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Figure 3-11 PSD and "bird-eye" view EEG maps for three HS. Resting state, eyes closed.

Patients
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Figure 3-12 PSD and "bird-eye" view EEG maps for three patients with SCZ and AVH. Resting state, eyes closed.

The aim of this experiment (E. fvarsson et al., 2020) was to investigate whether there
are differences in cortical activity between healthy subjects and patients with schizophrenia
during resting state and during an auditory-motor task. Furthermore, we wanted to investigate
if the auditory-motor task would modulate beta and gamma activity. Our hypotheses were that:
1) The resting-state EEG shows differences of cortical activity in beta and gamma frequencies
between healthy control participants and patients with schizophrenia, being more clustered in
schizophrenia patients and 2) The auditory-motor task would reduce beta and gamma cortical
distribution, compared to the RS in SCZ patient when compare it with the HC participant.

The results appeared to be congruent with our hypotheses, showing more clustered and
fragmented cortical distribution in patients with schizophrenia (Figure 3-11, Figure 3-12) and
reduced activity during the auditory-motor task, even during the reference period between the
auditory commands. The activity seems to be stable during the task, with little lateralization
effect of hand response.
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Figure 3-13 Motor cortical activation during the AMT in a patient with schizophrenia (S15) in baseline condition T1.
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 GABAB-mediated cortical
inhibition that is linked with sensory gating and to CuSP which is a peripherally spinal
cutaneous-muscular reflex that seems to be modulated also from the central corticospinal tract
or intracortical inhibitory neurons. We expected that RTMS treatment might influence CSP and
CuSP in patients with schizophrenia and pharmaco-resistant auditory verbal hallucinations by
enhancing the total duration.

3.3.1 Methods

The cortical silent period (CSP) duration was measured in sub-maximally contracted
abductor pollicis brevis muscle by stimulating the motor cortex using TMS with an intensity of
140% resting motor threshold (RMT). RMT has been classically defined as the amount of
transcranial magnetic stimulation (TMS) machine output (intensity) necessary to produce a
motor-evoked potential (MEP) that exceeds a defined peak-to-peak amplitude (usually 50 uV)
50% of the time in a finite number of trials (Borckardt et al., 2006). Calculations of CSP were
determined from the motor evoked potential (MEP) onset to the recovery of any voluntary EMG
activity. Three to five trials were repeated to obtain the average CSP duration for each subject
(Figure 3-14). To obtain cutaneous 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 brevis muscle while the patient was requested to continuously sustain a
submaximal contraction. When the stimulus produced a clear and visible silent period, three
trials were collected for each subject.
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Figure 3-14 Cortical silent period (TMS).

Subjects In 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 females), and six HC (mean age
28.5, SD 5.4, one female). CSP and CuSP were measured before treatment (T1), within one



week after the RTMS (T2), one month after RTMS (T3), and three months after RTMS (T4)
(Table 2). Descriptive analysis is presented for both groups.

3.3.2 Results

CSP in the baseline condition (T1) had a duration of 161.33 ms (SD 19.87) in the HC
group, 137.25 ms (SD 19.35) in TG, and 167.33 ms (SD 67.93) in CG. After the RTMS, the
cortical silent period increased or decreased in patients from both groups (Figure 3-15)
suggesting that this marker is difficult to interpret in patients taking many drugs and having
difficult therapeutic management (Table 1).

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

T 12 T3 T4
#TG-CSP ®CG-CSP ®=HC-CSP

Figure 3-15 CSP in patients with schizophrenia before (T1), after (T2), 1 month after (T3) and 3 months after (T4) RTMS

At baseline, the cutaneous silent period showed a similar duration in all analyzed groups
(TG, GC, and HC). After RTMS, the duration of CuSP increased in patients stimulated at both
T3-P3 or Cz EEG locations with more marked changes in CG. The CuSP duration decreased
after 1 month (T3) (Figure 3-17).

CuSP changes in a representative patient (S16-TG) from the T3-P3 stimulation group
are shown in (Figure 3-16). CSP and CuSP neurophysiological tests were done before (T1) and
three different times after the RTMS (T2, T3, and T4).



42

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

T
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Figure 3-17 Cutaneous silent period before and after RTMS

|

i

)
ﬁW. |

aal 88,50ms
T2  11850ms
d 30.00ms

-14.8pv
“14.3uv
050

78.00ms

T2  13050ms

® CG-CuSP

T3
HC-CuSP

T4

Figure 3-16 Cutaneous silent period in APB muscle obtained with electricity applied with ring electrodes at 3rd finger

(7th dermatome) in a patient with schizophrenia and AVH, S16-TG. The CuSP changed from 30 ms (T1) to 52 ms (T2).
Divisions: Y-axis 500 uV and X-axis 500 ms.

Table 2 Patients recruited for Cz and T3-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 auditory hallucinations and mid latency auditory
evoked potentials in patients with schizophrenia and AVH

Banea OC, Jonasson VD, Aubonnet R, Stefansson SB, Magnusdottir BB, Haraldsson M,
Ivarsson E, Jonasson AD, Sirica R and P Gargiulo (2020). Not published elsewhere

In this work, we looked to mid-latency auditory sensory-evoked responses 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 primary outcomes. Additionally, we measured N1
component (N100) and P2 component (P200) neurophysiological markers as a secondary
outcome. A paired-click paradigm was performed to elicit the P50, N100, and P200
components. In this study, we focused on N100 and P200 responses. 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 inter-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 measurement (Light et al., 2010). Participants were instructed to watch a silent film
during the task, to minimize drowsiness and discomfort during the task.

EEG preprocessing and analysis

EEG was recorded using a 256-channel system (ANT Neuro, Netherlands) with an

$1 $2

n

Figure 4-1 N100-P200 gating in a healthy participant. A delay is observed for S2 corresponding N100-P200 complex.
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electrooculogram (EOG) electrode placed below the right eye and a ground electrode placed on
the left side of the neck. Data pre-processing and analysis were performed with Brainstorm
(Tadel etal., 2011) and MATLAB 2018b (MathWorks, Inc., Natick, 158 Massachusetts, USA).
The data was sampled at 1024 Hz and re-referenced to the average of left and right mastoid
electrodes (R19R, L19L). Data were epoched and baseline correction was set at the time when
the raw data was imported to Brainstorm. For S1 we used an epoch of 1000 ms (-500 to 500
ms), baseline correction from -500 to -100 ms while for S2 we used an epoch of 1500 ms (-
1000 to 500 ms), and baseline correction from -1000 to -600 ms. A bandpass filter was set
between 0.5-20 Hz and a notch filter from 49-51 Hz was used to remove undesired
monomorphic artifacts from 50 Hz mains electricity. If EEG voltage was higher than £80 puV
the channels were 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 bad data quality 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 recording. For N1 and P2 analyses, the signals were examined separately
to avoid S1 to S2 auditory stimuli jitter produced by a possible time gap between the software
(code initiating the stimulus generation) and the hardware (stimulus generation) (T. Rosburg,
pers. comm., Feb 2", 2020) (Figure 4-1, Figure 4-2).
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Figure 4-2 Paired-click paradigm in HS 10 showing the delay of second generated S2 click.

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 measures of triggering attention (N1) and initial
consciousness awareness (P2) were performed for S1 auditory evoked responses (Figure 4-3):

1) N1S1Bm = N100 amplitude from baseline to the most negative peak in 80 - 150 ms
time window range (Clément Nathou et al., 2018),

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 et al., 2017) in 80 - 250 ms time window range,



4) P2S1BM = P200 amplitude from baseline to the most positive peak in 150 - 250 ms
time window range and

5) N1S1Lat = N100 peak latency from S1 onset to the most negative peak in the 80-150
ms window range.

For sensory gating analysis we calculated eight values for both S1 and S2 stimuli to
provide four other metrics (i.e., the ratio between S2 and S1 responses) with two different
methods, from baseline (SB) and peak-to-peak (SA):

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

7) N100SA = 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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Figure 4-3 Characteristics of N1 and P2 components. There are different methods of measurement described previously.
Conditioning stimulus S1 metrics (blue) and testing stimulus metrics S2 (red).

For a better understanding of possible local effects on auditory evoked potentials by the
left temporoparietal (T3-P3) or vertex (Cz) RTMS, we divided the cortical EEG 256 channels
in seven regions of interest (ROI), each of them with an averaged signal derived from 15
electrodes selected from 3 parallel lines (105 electrodes out of a total of 256) (O.C. Banea et
al., 2020). The ROI 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), Right
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 + 9) independent metrics.

Statistical analysis was performed with SPSS (version 26). The patient groups 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 with a Chi-square test.
Outcome measure scores were compared between the two patient groups using ANCOVA when
Levene test was non-significant and mixed ANOVA when Levene was significant. If the
assumption of sphericity was violated, the Greenhouse-Geisser correction was used. At the end,
Bonferroni correction was used to adjust the significance level (i.e., 1 metric in 7 ROI, 7 comp.).



4.1.2 Results

Baseline condition

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=10). From 72 variables, five S1 measures showed significant
differences (Table 3, Table 4). N100 and P200 auditory gating metrics (S2:S1) did not show
significant differences between the HS and the patients (PG) in baseline condition.

Table 3 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

Table 4 ANOVA, p-value, effect size (n2), and power for the variables showing the most marked changes between healthy
subjects and patients in the baseline condition (T1). PG=TG+CG

Variable F n? Power
HS-PG

N1S1Bm_LP 6,055 0,027 0,302 0,629
N1SIMm_MA 9,395 0,008 0,402 0,813
N1S1Mm_MC 8,695 0,011 0,383 0,783
N1S1IMm_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

There were no significant changes in AVH 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) for T3-P3 treatment group while for Cz



treatment group it decreased from 30.4 (SD 1.52) to 29 (SD 4.35) (F =2.843, p=0.130,12 =
0.262). From all 11 items, the AVH duration showed a significant difference between pre and
post RTMS conditions. It decreased from 2.4 to 2.2 for TG while for the CG it increased from
3.41t04.0 (F=5.65p<0.049, 12 = 0.447). QoL global score increased after RTMS with 9.6
out of 112 points in the TG and with 3.6 points in CG (p=0.379) (Table 5) 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 (no significant
changes) and the alternative hypotheses, that both T3-P3 and Cz RTMS treatments produce
similar changes to clinical symptoms are not true because of type 2 error (sample size). Even
s0, all psychometric scales showed similar direction changes of clinical symptoms for both T3-
P3 and Cz patient groups.

Table 5 Changes of psychometric scores at baseline (T1) and after RTMS (T2). AVH duration (in Italic) showed significant
change in TG.

VARIABLE Group T1 M(SD) T2 M (SD) F p n?

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 3,4

Duration of AVH

ANCOVA TG 2,4 2,2 5,65 0,049 0,447
CG 3,4 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 of negative content

ANOVA TG 2,2 2,4 0,144 0,716 0,02
CG 3,4 2,4

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
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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 0,384 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%, T2S2 63%,
and for CG: T1S1 70%, T1S2 70%, T2S1 68%, T2S2 69%). This means that for patients, from
the 25-minute 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 with HS

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 CG (Table 6). 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 N1SIMm MA or N100 amplitude measured “peak to peak” for the mid anterior region
and N1S1Mm MC or N100 amplitude “peak to peak” for the mid-central region. The changes
were similar as at baseline condition (Table 6) (H3). Sensory gating measurements for N100
and P200 did not show significant changes after RTMS (H4).

Table 6 Changes of N1 and P2 components HC-TG and HC-CG in baseline (T1) and after RTMS (T2). The variables which
showed p<0.05 after RTMS are marked in italic. Here are presented the metrics with an effect size > 0.3 in T1 condition.

Baseline After RTMS
Variable F p n? Power F p n? Power
HS-TG
N1SIMm_MA 7,29 0,024 0,447 0,672 6,91 0,027 0,434 0,649
N1SIMm_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
P2S1ImM_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

HS-CG




N1SIMm_MA 5,02 0,052 0,358 0,516 1,31 0,282 0,127 0,176

N1SIMm_MC 4,71 0,058 0,344 0,491 0,08 0,781 0,009 0,058
N1SIMm_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
P251BM_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
N1Silat_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

Patient’s pre-post analysis

TG and CG neurophysiological data measured separately in pre-post RTMS 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 in both groups
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 pre-study calculated N to achieve statistical power was 16). 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 calculated pre-
post RTMS changes for all 72 metrics in all patients (N=10). Two variables showed the most
marked changes after the treatment (Table 7, Table 8) with small-medium effect size:
NIS1BmLP or N100 to S1 measured “baseline to peak™ in left posterior region, which changed
from -0.57 puV (SD 0.97) to -2.39 uV (SD 1.59), (p = 0.006, n2 = 0.346) and N1S1BmMP or
N100 to SI measured “baseline to peak” in medial posterior region (p = 0.038, n2 = 0.218).
Using Bonferroni correction by conducting 7 comparisons (as for each ROI), an adjusted p-
value less than 0.00714 would be necessary to accept that N100 amplitude (e.g., N1S1BmLP,
N1S1BmMP) change is statistically significant.

Table 7 RTMS changes induced to MLAEP in patients with schizophrenia and AVH (PG in T1 and T2) (N=10).

Variable F p n? Power
N1S1Bm_LP 9,53 0,006 0,346 0,831
N1S1Bm_MP 5,01 0,038 0,218 0,562

Table 8 Variables with the most marked changes between baseline (T1) and after RTMS (T2). PG=TG+CG.

PGT1-PGT2 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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Figure 4-6 Sensory gating (N1 and P2) in a patient (525) with SCZ and AVH, Baseline (T1)
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Figure 4-7 Sensory gating (N1 and P2) in a patient (S25) with SCZ and AVH (T2) after T3-P3 RTMS



x10% LEFT ANTERIOR

4 j:;
yq/\ MA/\ T
BTy / /\/

‘.f

2 /
-4
0.1 0 01 02 03 04 05
s
S 2108 LEFT POSTERIOR
st ‘
A
N
XY
2 i
0.1 0 01 02 03 04 05

-0.1 0 0.1 02 03 04 05

s
x10% MEDIAL CENTRAL
st
2 e
X A ~LN
A\ /] e | .,
' ST Kom . / \ /]
2
| I (N S S SR B
-0.1 o 0.1 02 0.3 04 05
s
x|06 ) MEDIAL POSTERIOR
———sz
L oS N/\& //\>/\\7\/\}
o) L . " i .
-0.1 0 0.1 0.2 03 0.4 05

8

52

Figure 4-8 Sensory gating (N1 and P2) in a patient (S16) with SCZ and AVH, Baseline (T1)
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4.2 Study 5. P300 Analysis Using High-Density EEG to
Decipher Neural Response to RTMS in Patients with
Schizophrenia and Auditory Verbal Hallucinations
(Aubonnet et al., 2020)

Here, we compared alterations in the P300 response after left temporal and vertex RTMS
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
P300 Recordings

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 presented binaurally through
headphones at an interstimulus interval between tones of constant 1.1 s (Moller 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 the rare stimuli without counting or
moving a finger.

EEG Pre-processing and Analysis

The EEG was recorded using a 256-channel 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 neck. Data pre-processing and analysis were performed with Brainstorm
(Tadel etal., 2011) and MATLAB 2018b (MathWorks, Inc., Natick, 158 Massachusetts, USA).

Pre-processing

The data were sampled at 1,024 Hz and re-referenced to the average of left and right
mastoid electrodes (R19R, L19L). A bandpass filter was set between 0.5 and 70 Hz and a notch
filter from 49 to 51 Hz was used to remove undesired monomorphic artifacts from 50 Hz mains
electricity. Bad channels were manually removed when EEG voltage was higher than £80 pV;
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, starting 500 ms before the
presentation of each auditory stimulus (=500 to +700 ms). Baseline correction was performed
using pre-stimulus 500 ms to pre-stimulus 100 ms window and channels marked as bad were
removed and interpolated. Individual trials were visually inspected and rejected when indicative
of excessive muscle activity, eye movements, or other artifacts (Figure 4-11).



Data Analysis

pre-TMS
P300 protocol
) oo

FFFRFRF

HD-EEG  analysis

E , EEG

-

Temporal

Spectral

<

=X
~

@y (o

Connectivity

S

rTMS treatment

CG/%”S

TG

post-TMS

Figure 4-10 P300 protocol, QEEG and RTMS design. Study 4

Frequency Domain

The power spectral density (PSD) was computed for each epoch with Welch's method,
using Brainstorm, with the following frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha
(8-13 Hz), beta (13-30 Hz), gamma (30-70 Hz). The PSD has been divided by the associated

bandwidth for each frequency band.

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 stimuli, pre- and post-treatment for each

subject. The PSD difference T2-T1 and frequent-rare were computed for each subject.
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Time Domain

N100-P300 complex values of both frequent and rare stimuli were calculated and plotted
via MATLAB 2018b for each subject (pre- and post- treatment for patients’ groups).
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 for the Right Temporal lobe (RT), and 23 for the Left Temporal lobe (LT)
(Schartner et al., 2015). N1-P3 wave signals were calculated for the entire N100-P300 complex
from the average of channels of every ROI as the difference between the most negative voltage
value within the time range of 80-150 ms (N100) and the most positive voltage value within
the time range of 250-500 ms (P300). 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 interest -
ROI) and then computing the statistical coupling between these reconstructed sources. The
weighted minimum norm estimate (WMNE) and the Phase Locking Value (PLV) was used 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 window length constraints (here
700 ms). The source-space networks were estimated for each trial, subject and condition. The
networks were quantified using network measures that allow the extraction of the topological
properties of the networks. To quantify the network integration, we used the participation
coefficient (PC), to calculate the interactions between brain modules (distant sub-networks), on
the threshold connectivity matrices (here 20%). We used the brain connectivity toolbox!2 (BCT)
to compute the PC (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 subjects remained neutral or
reported worse psychometric scores. In the time domain analysis, the N1-P3 amplitude was
globally higher post-treatment than pre-treatment, for six subjects, two in TG and four in CG.
The PSD increased post-treatment mainly for the alpha band 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 connectivity results showed an increased network integration (increase
in participation coefficient) during post-treatment for frequent, for the beta band especially, for
seven subjects, four in CG, three in TG. There were no significant changes in AVH severity
measured with PSYRATS AHS, in QoL and DASS global scores after RTMS 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 hitp://www.brain-connectivity-toolbox.net
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psychometric score and neurophysiological results, independent of treatment. Two subjects
(S17,in TG and S23, in CG) presented an improvement in the psychometric score post-TMS,
and the two others presented a stagnation in the psychometric (S26, in CG) or a decrement (S15,
inTG).

Improvement in Psychometric Score

The two patients detailed in this section presented an improvement in their psychometric
score post-treatment. We chose to describe them in this section due to their higher values post-
treatment in the neurophysiological data.

Patient S17-TG

Patient S17 is a man with paranoid schizophrenia, in the TG, who took part in the study
while taking Clozapine, Olanzapine, Perphenazine, Alprazolam, Levomepromazine,
Oxazepam, and Melatonin. The psychometric tests showed an improvement of the QoL, a
decreased DASS, and decreased PSYRATS in T2 (after RTMS). The temporal analysis showed
a lower N1-P3 amplitude post-treatment, except for the parietal and left temporal parts. The
PSD showed higher alpha power post-TMS. However, the beta power is lower post-TMS. The
connectivity revealed a clear higher participation coefficient (represented by the larger green
nodes), especially in the left central, left orbitofrontal, and the right occipital brain regions. The
frontal area showed a relatively lower participation coefficient. (Figure 4-12)
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Figure 4-12 Results of patient S17-TG: (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity;
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Patient S23-CG

A B Frequent lv : Alpha Rare
Psychometrics |Pre | Post
QoLS 41 79
DASS 80 42
PSYRATs 32 31 ‘ I ;
| " ] Frequent [ Beta Rare
@ Decreased PC
nb Increased PC
rACC } . i
l ‘c R Pl
cAcCy " '}
' .' 2
£ ® | ' : =
podit.
LT s
SMAR - 1
"_,L ";cc,&f {c R I
LNG 4 & g I
st B 2
\ 7 .

Figure 4-13 Results of patient S23-CG: (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity;
(D) Scalp-level time analysis. The yellow areas in frequency analysis are related to a higher PSD in T2, whereas the blue ones
are related to a higher PSD in T1. The size of the node in the connectivity is related to the amount of increase (green) or
decrease (orange) participation coefficient (PC) values. The positive bars in time analysis are related to a higher N1-P3
amplitude in T2, and the negative bars show lower amplitude of the N1-P3 complex in T2.

Patient S23 is a woman with paranoid schizophrenia, in the CG, who took part in the
study while taking: Aripiprazole, Olanzapine, Chlorprothixene, and Pregabalin. The
psychometric outcome revealed an improvement after the treatment. The QoL increased, the
DASS decreased, while the PSYRATS did not change. The time-domain analysis showed a
higher amplitude of the N1-P3 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 PSD in T2. Finally, the
connectivity study displayed a globally improved participation coefficient, principally in the
frontal, occipital, and central areas of the brain (Figure 4-13).

Stagnation in Psychometric Score

The patient detailed in this section presented a stagnation in her psychometric score
post-treatment

Patient S26-CG

Patient S26 is a woman with paranoid schizophrenia, in the CG. Her treatment included
Clozapine, Flupenthixol, Zopiclone, Mirtazapine, Escitalopram, Metformin, Metoprolol, and
Chlorpromazine. The psychometric data showed that RTMS treatment did not have a lot of
impact on this scale. The QoL, DASS, and PSYRATS remained similar in T2. The time-domain
showed a global increase of N1-P3 amplitude post-TMS, 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 stimulus responses in the alpha band).



58

The connectivity analysis revealed a balanced participation evolution. Globally the left
hemisphere (mainly the entorhinal and frontal) showed a decreased participation coefficient,
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Figure 4-15 Results of patient S26-CG: (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity;
(D) Scalp-level time analysis

and the right areas (mainly the frontal and occipital) showed an increased participation
coefficient (Figure 4-15).
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Figure 4-14 Results of patient S15-TG: (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity;
(D) Scalp-level time analysis.



Decrease in Psychometric Score

The patient detailed in this section presented a decrease in psychometric score post-
treatment.

Patient S15-TG

Patient S15 is a man with paranoid schizophrenia, in the TG, who took part in the study
while taking: Clozapine, Amisulpiride, Propranolol, and Clonazepam. The psychometric data
showed very little effect of treatment on this scale. The QoL remained the same, the DASS
increased and the PSYRATS slightly increased. The time-domain showed a global decrease of
N1-P3 amplitude post-TMS (mostly for the deviant stimulus at the left temporal region) and
showed a slight deviant stimulus increment at the parietal 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 frontal, left central, and occipital
brain regions (Figure 4-14).
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4.3 Study 6. Network signatures of RTMS treatment in patients
with schizophrenia and auditory verbal hallucination during
an auditory-motor task using HD-EEG (Ovidiu C. Banea et
al., 2021)

The results from the exploratory work (Study 2) showed that the auditory-motor 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 treatment, the EEG
cortical activity was increased and fragmented. The “bird-eye” view maps are not sufficient to
quantify the possible change induced by RTMS in patients with schizophrenia.

The objective of this work was to identify a robust methodology of quantifying the EEG
data obtained from different regions involved in the auditory-motor brain functional networks.
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 brain connectivity
Previous work-up of recorded EEG data during the auditory-motor task

Although EEG PSD could characterize the group differences between the HS group and
the patients with schizophrenia and AVH in the 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 applied to collect relative power (RP)
data from the absolute power obtained with FFT, PSD was calculated, and RP “bird-eye” view
maps were plotted. Initially, data were obtained for the HS group by averaging the signal
obtained from 17 electrodes in each area of interest. The index of the 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, physiologic changes, and new experiences. Plastic changes occur by modifying
pre-existing neuronal connections through changes in cortico-cortical and cortico-sub-cortical
networks in response to new afferent impulses or efferent demands. Changes have a place at
the molecular and cellular levels and can be followed by the establishment of new dendritic
growth (Pascual-Leone et al., 2005). In 2017, Amo et al., described an index of plasticity for
the motor cortex as the ratio between gamma-band activity (GBA) induced to event related-
synchronization (ERS) EEG obtained after a given task (e.g., moving a finger) divided by GBA
at baseline condition (Amo 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 after RTMS. We constructed
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.e., arousal) while increases in EEG power have been associated
with predominantly inhibitory activities. Here we looked at T3-P3 and Cz RTMS offline effects
on EEG spectral relative power within one week after 10 days of RTMS treatment for patients
with schizophrenia and AVH during the auditory-motor task (see Study 2). 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 that beta activity would show higher (mu desynchronization)
relative power over contralateral (CSM) and ipsilateral sensorimotor (ISM) hand regions after
RTMS (H1) and that gamma relative power would increase after RTMS in all 4 ROls.

Methods
Five patients (mean age = 32,4, three males, two females) and two healthy subjects
(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
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Figure 4-16 The window of interest during AM Task including Bereitschaftspotential. Work-up to assess index of brain
plasticity (offline RTMS aftereffects) 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 filter, before the trials were epoched —1500 to 500 ms relative to the button
“press” code (hand reaction) (Figure 4-16). The time window was determined to include the
readiness potential window or Bereitschaftspotential (Jahanshahi & Hallett, 2003). Before
averaging the epochs, baseline correction was performed using the 100ms prestimulus interval.
Epochs were later averaged and FFT was applied to 30-40 trials of 2 seconds (evoked
oscillations). To measure the relative power of each band, the raw EEG was separated into delta
(2-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), low beta (13-18 Hz), high beta (18-30 Hz), and
gamma (30-70 Hz). The signal was processed from 4 regions of interest (ROI) including both
sensorimotor cortices (SM) and both supratemporal gyri and temporoparietal regions (TP).
Each ROI contained 17 electrodes. FFT and ROI analyses were performed using MATLAB
scripts. To assess changes between pre and post RTMS we used the T2 (post RTMS) / T1 (pre
RTMS) ratio as an index of plasticity (e.g., GBA index would be the relative power of the
gamma band during AM task performed after RTMS divided to gamma power during AM task
performed in baseline condition). An index > 1 suggests increased relative power after RTMS
and < 1 suggests decreased relative power after RTMS).



62

25,00

20,00 s B

1500 H— — —— T

= HS10

1000 Ha—M1-— Wbkl
= H512

0.00
S & PO AN
@\,}g‘@f ‘5\ éo x’f'g\\fﬂ? .55969@

eﬁé@dﬁ@ @'(fs" "-"*%@ds@ f

Figure 4-17 Relative power (%) Low beta, High beta, and gamma EEG distribution over sensorimotor (SM) and
temporoparietal (TP) regions. Data are presented for two healthy subjects during the resting state.

Results - Resting State

In resting-state conditions, HS showed higher low beta and high beta activity in
comparison with the patients (Figure 4-17, Figure 4-18). After RTMS, the S22 patient showed
increased relative power of high beta in all four regions (Figure 4-18).

Resting State High Beta Relative Power before and after
Cz rTMS in two patients with Schizophreniaand AVH
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Figure 4-18 Resting state EEG High Beta band changes after Cz RTMS in two patients, S22 (first three columns -
T1, T2 and T2/T1 and S23 (columns at right t1, T2, T2/T1).



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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Figure 4-19 Delta activity changes during AM task. It is visible how the S23 patient showed visible change over (ipsilateral
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 the non-dominant hand, contralateral
SM cortex showed a decreased low beta band index (Figure 4-21). 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
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Figure 4-20 Theta band activity changes during AM task after RTMS

High Beta index was generally below 1 with a patient (S17-TG) showing indexes < 0.5
in all ROI while the task was performed with the dominant hand. The highest positive change
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over the left temporoparietal region while the task was performed with the left (non-

dominant) hand (HBBA ITP = 2.88) (Figure 4-23).

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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Figure 4-22 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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Figure 4-21 Low Beta band activity changes during AM task.

Gamma activity index of plasticity (during MCA epoch including Bereitschaftspotential
period) showed maximum changes over all the ROI, especially over the ipsilateral sensorimotor

cortex when the task was performed with the dominant hand (Figure 4-24).



High 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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Figure 4-23 High Beta band activity changes during AM task.

Conclusions
The patients showed inter-subject and inter-group variability when we analyzed the
relative power changes after 10 days of RTMS. Even so, we observed that beta activity

GAMMA 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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Figure 4-24 Gamma band activity changes during AM task.

measured with T2/T1 index showed major changes after RTMS over ipsilateral sensorimotor
cortex when the AM task was performed with the non-dominant hand while gamma activity
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changes were more sensitive to the dominant hand in all regions. This study has serious
limitations like sample size and the different medications which might have interfered with the
physiological responses.

Relative power EEG maps

Histogram graphs (Figure 4-25) were used to assess data distribution over the regions of
interest and detect easier the local changes in relative power. “Bird-eye” view EEG maps were
helpful to understand the changes in HS. Initially, we did not normalize the inter-subject data
and we could observe the cortical distribution of EEG activity during MCA, ACA, or NCA
epochs.

AM Task, Non Dominant Hand: RP over Ipsilateral TP Region, T3-P3 rTMS
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Figure 4-25 Changes of Relative Power, locally. Subject S17 showed increased gamma activity over left temporoparietal
region, GBA Index = 4,55. The last raw, showed AVG data.

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., 2014b). RP calculation was performed in MATLAB (Figure 4-26).

Relative Power (myRP.m)

function RP=myRP (pad, f)
idxTOT=(find (f==8): find|(f==100)):
band=s=[8,13,30,4%,100];

Ptot=trapz (pad(:,idrT0T),2):

P= zeros(zize(p=ad,l),4):

for i=1:4
idzx=(find(f==bands=s (1)) :find (f==band= (i+1)}))):
P(:,i)=trapz(p=sd(:,id=x),2);

end

RP=100*F./repmat (Ptot,1,4):

Figure 4-26 Relative power function used during the work-up of EEG data
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Figure 4-27 HS (n6) showed increased beta band activity during the working memory related epoch, NCA, when the task is
performed with the Dominant Hand. Data is not normalized. 2021 © S Marcu & OC Banea, Neurophysiology Plus
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Figure 4-28 HS (n6) showed higher low gamma-band activity during the working memory-related epoch, NCA, when the task is
performed with the Non-dominant Hand. Data is not normalized. 2021 © S Marcu & OC Banea, Neurophysiology Plus
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Figure 4-29 RTMS effects on “bird-eye” view maps (relative power) during NCA of the AMT and RS in a patient with SCZ
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Power spectral density during auditory-motor task

PSD (uV?/Hz) is performed with different windowing methods and is a type of spectral
analysis. Data derived from PSD T2/T1 index was used to visualize inter-subject variability in
six regions of interest, which are related to the auditory-motor brain network regions.
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Figure 4-30 PSD T2/T1 index during resting state (grey), AMT-left (red) and AMT-right (blue) obtained from 6 ROI. TG1=516,
TG2=S17, TG3=519, CG1=S23 and CG2=S22. An index > 1 represents increment of PSD and <1 represents decrement of PSD
activity.

4.3.2 Methods
Subjects

For this work, we included subjects from both groups (TG and CG), and they were
analyzed before (SCZ-T1) and after RTMS (SCZ-T2). Six patients (mean age = 30.2, SD 2.9,
5 males and 1 female) diagnosed with schizophrenia following the ICD-10 schizophrenia
classification (F20) (SCZ group) and six healthy controls (HC) (mean age = 28.7, SD 4.3, 4
males and 2 females) participated in this study. The patients were recruited from the psychiatric
wards and outpatient clinics at the National Hospital. The following inclusion criteria were
applied to recruit SCZ patients: 1) age between 18 and 60-year-old, 2) refractory AVH due to
schizophrenia or schizoaffective disorder for at least 1 year, and 3) presence of daily verbal
hallucinations. Refractory AVH symptoms refer to two pharmacotherapy attempts with the
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recommended dosage for at least 6-8 weeks. Moreover, the following exclusion criteria were
applied: 1) history of epilepsy; 2) daily cannabis use; 3) use of other hard drugs within one
month before the study or during the study; 4) alcohol abuse for more than three units of alcohol
daily; 5) use of benzodiazepine daily or antiepileptic agents; and 6) meet any of the exclusion
criteria on the TMS safety (Rossi et al., 2021). The study was approved by the Health Research
Ethics Committee of Landspitali University Hospital (Approval No 21. 2018).

Auditory motor task

The AMT task was employed in a sound-attenuated room, and each patient was awake,
un-sedated, 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 each subject to press the button using the
thumb when the pre-recorded verbal command “press” was given and not to press the button
when the verbal command “no press” was given (Figure 4-31, C). Subsequently, each subject
completed two auditory-motor tasks (one for each hand). The AMT task contained 40 trials: 20
auditory verbal “press” commands and 20 “no press” commands. The interstimulus interval
was 3 seconds (Nagasawa et al., 2010). The commands were presented in a pseudorandom
sequence during each task. The AMT was performed with the dominant hand (AMT-r), and
non-dominant hand (AMT-I) one time in HC and two times in the SCZ group, before the RTMS
treatment (T1) and within one week after completing ten sessions of RTMS treatment (T2).

EEG preprocessing

The raw EEG data of the three different files, RS, AMT-I, and AMT-r were imported
for each subject. Channels were located and the sample rate was set at 256 Hz. A bandpass 1-
100 Hz filter and 49-51 Hz notch filter were applied, followed by common average re-reference.
Artifacts were classified with Independent Component Analysis (ICA) and bad components
were semi-automatically excluded using ICLabel (Pion-Tonachini et al., 2019) and SASICA
algorithms. For the AMT we defined three epochs in the time-series continuous data as follows:
1) delay epoch (DE) between -2.5 to -1.5 seconds before “press” and “no press” triggers (Peled
et al., 2001); 2) auditory cortical activation (ACA) epoch, from 0 to 500 ms relative to the
triggers “press” and “no press”; and 3) motor cortical activation (MCA) epoch, between 0 and
500 ms relative to the button "press” (hand reaction code). All epochs and trials were corrected
using 200 ms of baseline.

Regions of interest

Working memory (WM) deficits are related to ventromedial prefrontal - parietal control
deactivation (Eryilmaz et al., 2016), frontoparietal connectivity dysfunction (Nielsen et al.,
2017), or lack of frontotemporal activations (Peled et al., 2001). The change of beta and gamma
synchronization during auditory-motor tasks was previously described over supratemporal and
sensorimotor gyri (Nagasawa et al., 2010). Based on these previous studies, we selected six
regions of interest (ROI) involved in auditory-motor integration to observe the network
organization at the cortical level. Each ROI is represented by 17 electrodes. The total number
of electrodes was 102 (6 x 17 sensors). The ROIs were selected using MATLAB script as
follows: left frontal (LF), left sensorimotor (LSM), left temporoparietal (LTP), right frontal
(RF), right sensorimotor (RSM), and right temporoparietal (RTP) (Figure 4-31, E).

Outcomes



Clinical symptoms were used as primary outcomes (QoL, DASS, and PSYRATS AHS).
Additionally, we measured power spectral density and network organization using graph theory
algorithms as secondary neurophysiological outcomes.

Electrophysiological outcome

The power spectral density (PSD) was calculated for each subject in those electrodes
that were classified as good, by performing Fast Fourier Transform (FFT)-based analysis using
Welch’s method with 250 ms Hamming window and 50% overlap. The estimation of PSD was
carried out by dividing the time signal into (overlapping) subsequences, forming the
periodogram for each subsequence, and averaging. Relative power was then computed for the
following frequency bands of interest: alpha (8-13 Hz), beta (13-30 Hz), low gamma (30-49
Hz), and high gamma (51-100 Hz). The units of PSD are micro-Volts-squared per Hz (uV2/Hz).

To describe the network organization using graph-theory algorithms, we calculated the
Magnitude Squared Coherence (MSC) between each possible pair of ROIs electrodes into the
DE, ACA, and MCA epochs to measure the undirected phase connectivity between the
electrodes for each subject (Equation 1). We used a 250 ms Hamming window with 90%
overlap for each pairwise measure that results in a 102 x 102 connectivity matrix containing all
values among the six predefined ROls.

_Pxy(H)P?
MSc(f) = Pxx(f)Pyy(f) @

A threshold was applied after the creation of the connectivity matrices to remove the
connections above and below 0.5 standard deviations of the average MSC of the entire matrix,
resulting in significant values that represent the average activity of the scalp network. The
significant matrices were then transformed in a directed graph (G) composed of vertices V(G),
edges E(G), and weights. The electrodes represent nodes (or vertex), and the connections
between phase connectivity measured by MSC represent the edges. The complex dynamic of
the scalp network was described using the following variables: number of nodes, number of
edges, mean degree centrality, clustering coefficient (Equation 2), characteristic path length
(Equation 3), and small-worldness (Equation 4).

The clustering coefficient measures the local clustering coefficients of all the vertices:

1

n

2t

ZiEN ki(ki_l) (2)

k;represents all connected neighbors to node i

C =

ti represents the number of links between them.

The characteristic path length (L) is a measure of the efficiency of connection among nodes. It

is measured by the average shortest path length between all pairs of nodes:
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n represents the number of vertices of a Graph.

The small-worldness (SM) measures directly the randomness of a complex network.
The SM index is calculated by the clustering coefficient (C) and the characteristic path length
(L) ratio by size-matched L/L(random) network (Watts & Strogatz, 1998):

_ C/Crand
SW N L/ Lrand (4)

Statistics

Descriptive statistics are based on median and standard deviation per group and
variable. Kruskal-Wallis nonparametric for non-normal data and Two-Way Mixed ANOVA for
normal distributed variables tests were performed in each ROl and frequency bands considering
the three groups (HC, SCZ-T1, and SCZ-T2) as independent variables. Wilcoxon paired tests
were applied as post hoc with a corrected p-value for multiple comparisons in those
significantly different frequencies and ROIs for PSD analysis. Dunn’s post hoc tests were
applied within each group in the network analysis. Non-parametric Kendall's tau-b correlation
was also applied to describe the relationships between EEG (PSD or connectivity with graphs)
variables and psychometric scales before and after the RTMS protocol. Differences were
significant if the corrected p-value was < 0.05.
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4.3.3 Results

Effects of RTMS on psychotic symptoms
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A one-way repeated subject ANOVA showed a significant improvement on psychotic
symptoms as measured by PSYRATS between pre - RTMS (M = 28,6, Std = 4,17) and post -
RTMS (M = 23,6, std = 5,27) conditions, F (1, 5) = 23,44, p < 0,05, np> = 0,967 (Figure 4-32).
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Figure 4-32 RTMS changed PSYRATS AHS score at a significant level

PSD during resting-state EEG, T1 and T2

Over the left sensorimotor ROI, we found differences in the gamma spectrum,
specifically in Low-gamma (30-49 Hz) and High-gamma (51-100 Hz) oscillations. In detail,
SCZ patients showed increased Low-gamma power in both SCZ-T1 (Med = 0.2, Std = 0.16)
and SCZ-T2 (Med = 0.16, Std = 0.023), when compared with HC power (Med = 0.029, Std =
0.013). Kruskal-Wallis test showed an effect size of ? (2) = 7.71, p = 0.021, with a mean rank
pain score of 3.60 for HC, 10.60 for SCZ-T1 and 10.83 for SCZ-T2. Post hoc showed significant
differences between HC and SCZ-T1 (W = 16, p = 0.016) and between HC and SCZ-T2 (W =
15, p <0.01). We also observed the same trend in the high-gamma spectrum in the three groups:
SCZ-T1 (Med = 0.19, Std = 0.16), SCZ-T2 (Med = 0.17, Std = 0.18) and HC (Med = 0.016,
Std = 0.017). The Kruskal-Wallis H test showed a difference in high-gamma PSD within left
sensorimotor region ¥2 (2) =9.05, p=10.011, with a mean rank pain score of 3.20 for HC, 10.60
for SCZ-T1 and 10.17 for SCZ-T2. Post hoc indicated that both SCZ-T1 (W =18, p =0.05) and
SCZ-T2 (W =17, p = 0.017) are different from HC subjects. No significant differences were
found between SCZ-T1 and SCZ-T2 in Low and High-gamma bandwidths (p > 0.05).

SCZ patients also showed increased High-gamma (51-100 Hz) over the right
sensorimotor ROI [SCZ-T1(Med = 0.12, Std = 0.07); SCZ-T2(Med = 0.11, Std = 0.022); HC
(Med = 0.013, Std = 0.019)]. Kruskal-Wallis H test showed differences between groups (y* (2)
= 6.5, p = 0.03) with a mean rank pain score of 4.0 for HC, 10.20 for SCZ-T1 and 10.33 for
SCZ-T2. Post hoc Wilcoxon test indicated differences only between HC and SCZ-T2 (W = 17;
p =0.017).

Low-gamma (30-49 Hz) oscillations were increased in SCZ patients regardless of
RTMS protocol over the left temporoparietal cortex [SCZ-T1(Med = 0.08, Std = 0.11); SCZ-
T2(Med = 0.23, Std = 0.15); HC (Med = 0.018, Std = 0.04)]. Kruskal-Wallis H confirmed a
main effect between groups (¥* (2) = 6.62, p = 0.036) with a mean rank pain score of 4.40 for
HC, 7.5 for SCZ-T1 and 11.3 for SCZ-T2. Corroborating with the right sensorimotor activity,
low-gamma spectrum showed difference between HC and SCZ-T2 (W = 17; p = 0.017),
suggesting a RTMS modulation over this region in SCZ patients.

Moreover, high-gamma oscillations seem to be a hallmark of RTMS in SCZ-T2 in both



frontal regions. In detail, Kruskal-Wallis H test confirmed a main difference over the left (2
(2) = 7.7, p = 0.021) and right (3> (2) = 7.91, p = 0.019) frontal ROIs. Post hoc Wilcoxon W
test confirmed the effect between HC and SCZ-T2 in left (U = 15; p < 0.01) and right (U = 16;
p < 0.01) frontal ROIs, respectively (Figure 4-33).
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PSD during auditory-motor task EEG (T1 and T2)

We analyzed the same parameters for all ROIs and groups in the EEG recordings
performed consecutively with the behavioral auditory-motor task. ACA and MCA windows of
interest did not show significant differences between groups when PSD was analyzed for all
regions and conditions. Interestingly, patients showed a significant difference in both gamma
oscillations over left temporoparietal ROI within NCA or “delay epoch” (Peled et al., 2001)
(Table 1). Post hoc analysis showed the same pattern observed in resting-state recordings, with
a difference only between HC and SCZ-T2 (W = 24, p = 0.01).

Table 9 PSD (NCA) of Low and High gamma EEG activity changes after RTMS. * = Rank Pain Score, ** = Post Hoc Analysis

Auditory-motor task, Non-Dominant Hand, Left Temporoparietal Region (T3-P3), Reference Period (Delay Epoch or NCA)

EEG Band / Group HC* SCZT1*  |SCZT2* [HC,SCZT1,SCZT2 HC vs SCZT1** [HCvs SCZT2** |SCZT1vws SCZT2"
PSD Low Gamma h 5,332 10,174 13[¥2(2)=6.32, p=0.04 W:24, p:0,01 p> 0,05

PSD High Gamma [ 5 9,67|% 13,83|x% (2) = 8.22, p=0.016 W21, p<0,01  |p>0,05

High-gamma power also exhibits a similar pattern over the left temporoparietal ROI
(Table 7) () (2) = 8.22, p = 0.016) with a mean rank pain score of 5 for HC, 9.67 for SCZ-
T1land 13.83 for SCZ-T2. Post hoc confirms a unique pairwise difference between HC and SCZ-
T2 (W =21, p<0.01). The different epochs of the auditory-motor task showed clear differences
of PSD interhemispheric laterality depending on the hand involved in the task.

MCA epoch (Figure 4-34) showed higher PSD in all regions during baseline (T1) when
the task was performed with the non-dominant hand and from the left temporoparietal region
when the task was performed with the ipsilateral hand. In T2, beta and gamma activity from
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left temporoparietal ROI showed similar behavior as that for the HC group when the task was

performed with the dominant hand.
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Figure 4-34 PSD during MCA epoch from both frontal (upper figures), sensory-motor (figures in the middle row), and
temporoparietal (lower figures) ROI. 8-90Hz. Non-dominant (Top). Copyright 2020 © LG Bandeira Dos Santos & OC Banea

During the epoch of ACA, PSD interhemispheric laterality showed similar responses to
the MCA epoch with higher values obtained in all ROI while the task was done with the non-
dominant hand and over the left temporoparietal region when the dominant hand was used for

the task (Figure 4-35).
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Figure 4-35 PSD during ACA epoch from both frontal (upper figures), sensory-motor (figures in the middle row), and
temporoparietal (lower figures) ROI. 8-90Hz. Non-dominant (Top). Copyright 2020 © LG Bandeira Dos Santos & OC Banea

The NCA or “delay epoch”, a period in between commands “Press” and “Do not press”,
which is related to the working memory (Peled et al., 2001), was the only one where the patients
with schizophrenia showed higher low- and high-gamma PSD after RTMS (Figure 4-36). In the
figure describing individual PSD T2/T1 index change, we could observe an increment of
gamma activity up to 9 times for Patient S17 (Figure 4-36). This might be outlined data that can

produce bias to this graphic representation.

Therefore, another method is needed to assess the connectivity degree of the anatomical

regions involved in the auditory-motor task.
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Figure 4-36 PSD during NCA epoch from both frontal (upper figures), sensory-motor (figures in the middle row), and
temporoparietal (lower figures) ROI. 8-90Hz. Non-dominant (Top). Copyright 2020 © LG Bandeira Dos Santos & OC Banea

Network organization

To characterize the whole-scalp connectivity through graph-based networks, we applied
pair-wise Magnitude Squared Coherence (MSC) on each possible pair of connections between
the electrodes participating in the determined ROIs for the RS, AMT-r, and AMT-I. The MCS
estimate is a function of frequency with values between 0 and 1. These values indicate how
well PSD calculated for the electrode x corresponds to PSD of electrode y at each frequency.
The magnitude-squared coherence is a function of the power spectral densities, Pxx(f) and
Pyy(f), and the cross power spectral density, Pxy(f), of x and y (see in Methods). The network
organization is then “calculated” with the metrics of the graph constructed with adjacency



connectivity matrix done with cross power spectral density values (Figure 4-37).

The results described here are related to the “delay epoch” since the PSD results
indicated differences only in this EEG recording window. ACA and MCA windows of interest
did not show significant differences between groups when network organization was analyzed
with graphs and SWN. Graph’s theory networks of low gamma activity resulting from the NCA
epoch of the auditory-motor task performed with the non-dominant hand is shown for two
patients (one of each group), before (T1) and after the RTMS (T2) (Figure 4-43).
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Figure 4-37 Network organization derived from cross power spectral density

Alpha networks

For Alpha (8-13 Hz) networks, Two-Way Mixed ANOVA showed that there was a
significant main effect of the condition (RS, AMT-r, and AMT-I) in the characteristic path
length (F (1, 2) = 13.482, p < 0.01, np* = .442). Dunn’s post hoc within each group with a
corrected p-value for multiple comparisons showed differences between RS and AMT-1 of HC
(p <0.01) (Figure 4-38).
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Figure 4-38 Alpha network Characteristic
Path Length and SW index.



80

No differences were found among conditions in SCZ-T1 (p > 0.05) and SCZ-T2 (p >
0.05). We also found a main effect of the condition in the small-worldness scores (F (1, 1.235)
=12.614, p < 0.01, np* = .426). Post hoc analysis showed interaction between RS and AMT-I
within HC (p > 0.02) and SCZ-T2 (p > 0.04) groups. Surprisingly, SCZ patients significantly
decreased the small-worldness of their alpha networks between RS and AMT-r (dominant hand)
before (p = 0.02) and after (p = .04) the RTMS.

Beta networks

For Beta (13-30 Hz) networks, Two-Way Mixed ANOVA showed a significant main
effect of the condition (RS, AMT-r and AMT-I) in characteristic path length (F (1, 2) = 15.347,
p < .01, np? = .474). Dunn’s post hoc within each group with corrected p-value for multiple
comparisons showed differences between RS and AMT-I in HC (p < 0.01) and RS and AMT-r
after RTMS (SCZ-T2 group). We also found a main effect of condition in beta small-worldness
(F (1,2)=15.347, p < .01, np> = .474). Dunn’s post hoc showed differences in RS and AMT-I
of HC (p < 0.043) and SCZ-T2 (p < 0.01) groups. Patients after RTMS also exhibit lower small-
worldness in AMT-r when compared with RS (p < 0.001) (Figure 4-39).
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Figure 4-39 Beta network Characteristic Path Length and SW index

Gamma networks

For Low-gamma (30-49 Hz), Two-Way Mixed ANOVA showed a significant main
effect of the condition (RS, AMT-r, and AMT-I) only in SW (F (1, 1.037) = 10.774, p < 0.01,
np? = 0.388). Dunn’s post hoc within each group with a corrected p-value for multiple
comparisons showed differences between RS and AMT-r and RS and AMT-l in HC (p < 0.01).



The same pattern was observed in SCZ patients in T2 (p < 0.01), suggesting that RTMS
modulates the network and restores the randomicity of their networks at different conditions
(RS, AMT-r, and AMT-I). High-gamma networks also showed a significant main effect of the
condition (RS, AMT-r and AMT-1) only in SW (F (1, 1.030) = 8.528, p < 0.01, np> = 0.334).
Postdoc analysis showed that HC subjects exhibit different SW effects between RS and AMT-
I (p <0.01) and AMT-r (p < 0.01), however, this was not observed in SCZ-T2 patients,
suggesting that RTMS modulates the small-worldness only in low-gamma networks (Figure
4-40).
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Figure 4-40 Gamma network Characteristic Path Length and SW
index

Correlation between psychotic symptoms and small-worldness

After identifying that RTMS was able to show the same differences between the
conditions in SCZ-T2 that resemble the HC group in low-gamma, we performed the Kendall's
Tau correlation to investigate which of these conditions could be related to the improvement of
psychotic symptoms after RTMS. Kendall’s tau-b correlation showed a strong, negative
correlation between the small-worldness of low-gamma phase oscillations of SCZ-T1 and
PSYRATS scores, which was statistically significant (tb = -0.788, p = 0.032). On the other
hand, Kendall’s tau-b correlation showed a strong positive and significant correlation between
the same measurements after RTMS (SCZ-T2 group), (tb = 0.733, p = 0.039). This result
suggests that the small-world effect is correlated with the improvement of psychotic
symptomatology after the RTMS in a different way than observed before RTMS (SCZ-T1
group), and furthermore, this can be a network signature in low-gamma of a possible treatment
effect expressed through graph theory and EEG during an AMT performed with the non-



dominant hand (Figure 4-42).
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Figure 4-42 Correlation between PSYRATS AHS and low-gamma small-world
effect in patients with schizophrenia and AVH before (green) and after 10 days
of RTMS (magenta). NCA of auditory-motor task with the non-dominant hand.
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Figure 4-44 Auditory-motor task performed with the non-dominant hand during DE (NCA). PSD of low and high gamma
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RSD

8D

Left Frontal
Right Frontal

Left sensory-motor
Right sensory-motor
Left temporo-parietal

$19_TG_NCA_L T S19_TG_NCA_L T2

12z

L8D
L10Z
Z3
L7F o

L70

L6F
LSF

6D

$23_CG_NCA_L fer T $23_CG_NCA_L T2
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5 Chapter. Discussion

The aim of the research presented in this thesis dissertation was to analyze the effects
of RTMS treatment in patients with schizophrenia and pharmaco-resistant auditory verbal
hallucinations by looking at changes in psychometric scores. Exploratory objectives were to
investigate a set of neurophysiological markers like ERP, EEG relative power, network
connectivity, and inhibitory systems of sensory gating measured with TMS or finger electricity.

Concepts

5.1.1 Sensory gating with P50 and P300 passive task

In Study 1, it was expected that sensory gating measured with P50 sensory potential
would improve after RTMS and that P300 wave measured from an auditory oddball paradigm,
which is known to be impaired in patients with schizophrenia would increase after the treatment.
The work showed that P50 gating is a very difficult measurement when the EEG signal is
obtained from high-density EEG. Thus, it would be hazardous to evaluate the effectiveness of
RTMS using P50 obtained from 256-channel EEG (Marcu et al., 2020). The work proved that
paired-click and oddball auditory paradigms used in our study elicited visible P50 and P300
event-related potentials from seven regions of interest we have proposed. Fifteen electrodes
selected from 3 parallel lines were selected for each region (Figure 5-1).

Figure 5-1 Regions of interest, Study 1 and Study 4. Epochs were set -100 to 900 ms, N1-P3 complex.

Despite the difficulties we faced with data acquisition and preprocessing, we measured
P50 waves (from their peak to the next valley) and we observed that the averaged P50 signal
from left temporoparietal and left anterior regions showed major gating in two patients with
schizophrenia whereas in two healthy subjects the major P50 gating was observed in mid-
central and left temporoparietal regions. Technical aspects of the testing stimulus (S2) and the
afferent generated P50 or other MLAEP were criticized because of their latency delay, which
appeared later than physiologically expected (Figure 5-2). A reason for this might be a temporal
gap between the software code initiating the generation of the stimulus and the hardware
generating the stimulus (Timm Rosburg, 4th of March 2020, personal communication).
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Figure 5-2 Preprocessing and data inspection of P50 in a HS. Red bars are drawn vertically at 50 ms from 0 and 500 ms.
These markers correspond to S1 and S2 auditory stimuli (black bars).

P300 waves were obtained using the auditory oddball paradigm. For the P300
amplitude, we calculated the maximum voltage between the most negative wave (i.e., N1
component) and the following most positive wave (i.e., P2-for frequent or P3-for deviant
components) within the time range of 80-500 ms.

e

As available in the online literature, a single study used this type of measurement, by
calculating a maximum voltage of the N1 and P3 ERP components. This was an Icelandic study
aiming to investigate the pharmacodynamic response to nasally administered diazepam. The
authors called this type of measure P300-N100 difference (Lindhardt et al., 2001). This
represents the sum of N1 and P2 components (for the frequent stimulus) or N1 and P3
components (for the rare stimulus). We named it the N100-P300 complex.
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Figure 5-3 Active auditory oddball paradigm (Left) and Passive auditory oddball paradigm (Right). ERPs at the vertex
electrode elicited by frequent nontarget events (1000 Hz tones, thin line) and rare target events (2000 Hz tones, thick line),
respectively. Mean value from seven healthy subjects (Left). Reprinted from British Journal of Clinical Pharmacology, Authors:
Lindhardt, K., Gizurarson, S., Stefdnsson, S.B., Olafsson, D.R. and Bechgaard, E. (2001), Electroencephalographic effects and
serum concentrations after intranasal and intravenous administration of diazepam to healthy volunteers., 52: 521-527. With
permission from John Wiley and Sons, License, Nov 13, 2021 https.//doi.org/10.1046/j.0306-5251.2001.01486.x Data from
one healthy participant (Right). P300 latency is shorter during the passive task (P300a).

At baseline, our results showed differences in N100-P300 complex topographical
distribution between patients and healthy subjects. HC showed higher amplitudes on the graphs
with topographical representation in the left and right anterior regions, mid anterior and mid-
central regions, while the patients with schizophrenia showed better representation over left
anterior, right anterior, and posterior regions and less amplitude from the midline (Figure 3-7,
Figure 3-8, Figure 3-9). These results of P300 reduced amplitude at Cz and Pz electrodes in
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patients with schizophrenia compared with healthy subjects followed similar observations like
in previous studies (Ford et al., 2001; Stefansson & Jonsdottir, 1996).

After 10 sessions of low-frequency 1Hz RTMS, all patients (TG + CG) showed reduced
N100-P300 complex voltage at the mid posterior region, with two TG patients showing reduced
voltages in all regions (Figure 3-8). This was in contradiction with our hypothesis that RTMS
will increase P300 amplitude after the treatment.

5.1.2 Habituation of the P300 wave, the passive task

Typically, auditory, or visual oddball paradigms are performed with active or passive
subjects’ participation. The P300 ERP component is sensitive to the nature of the subject's
response during discrimination tasks (Polich, 1987). In the normal "active™ oddball paradigm,
subjects are asked to count or make some active behavioral response to, the infrequent stimulus.
It was suggested that these responses are "controlled” and require voluntary attention. In
“passive” oddball experiments the subject is not asked to identify the infrequent stimulus. This
passive discrimination task reflects "automatic” processes, using resources of limited capacity
(Zurrén & Diaz, 1997). Two distinct late-positive components of the P300 wave were
identified. The earlier component, called "P3a" (latency about 240 msec) was elicited by
infrequent and unpredictable stimuli whether the subjects ignored the tones. The later
component, called "P3b" (latency about 350 msec), occurred only when the subject was actively
attending to the tones (Squires et al., 1975).

In our experiments of the auditory oddball paradigm (Study 1 and Study 5), we didn’t
ask patients to count or to move their fingers when they heard the infrequent stimulus. This
method of eliciting P300 was preferred for two reasons: first, to do not affect induced EEG
oscillations at parietal regions (i.e., by counting) or sensory-motor areas (i.e., by moving a
finger), and secondly, we tried to avoid additional workload or neural effort from the patients,
who might have been at different arousal states during the baseline or post-RTMS conditions.
By performing the task with a minimum of attentional resources for all patients and healthy
subjects we hoped to ensure the uniformity within-subjects and posterior inter-group
comparisons.

Habituation can be interpreted as a basal form of neuronal plasticity and can be
described as learning that a stimulus becomes without biological significance. A well-known
reflex that habituates is the orienting reflex (OR) described by Pavlov (1927) in which the active
(voluntary) attention is replaced by passive (involuntary) attention to the novel stimulus
(Stekelenburg, 2002). P300 evoked potential obtained from a passive oddball paradigm, in
which target stimuli are following the frequent stimuli was found to show habituation processes
(i.e., decreased amplitude) in a manner similar to that for OR habituation (Polich, 1989). This
habituation process, in which P300 amplitude declines with repeated stimulus presentations is
more evident in passive auditory oddball paradigms, but the rate of habituation appears to be
much less than phenomena related to the orienting response elicited with auditory or visual
stimuli (Bennington & Polich, 1999).

As mentioned before, the hypothesis was that RTMS might modulate the P300 event-
related potential by improvements in cognitive function similarly as seen with the antipsychotic
quetiapine treatment (Park et al., 2010).
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Figure 5-4 The N100-P200 complex (blue) averaged from 161 frequent stimuli and N100-P300 complex (orange) averaged
from 31 deviant stimuli. Passive auditory oddball paradigm in one healthy participant.

In our study, the N100-P300 complex is formed by N100 and P200 waves (frequent
stimulus) and by N100 and P300a (infrequent or rare stimulus) (Figure 5-4), and the expected
amplitude increment did not occur after RTMS treatment. Conversely, the P300 amplitude
decreased with RTMS in most of the patients, especially over the mid-central region. If this
process is related to a worsening of the patient symptoms or to the technical limits of dense-
array 256 channel EEG acquisition and preprocessing remains unclear as it remains unclear that
a possible higher habituation rate after the RTMS closer to that observed in healthy controls
(Polich, 1989) can be interpreted as a sign of improvement.

Therefore, our data must be carefully interpreted and to avoid any conclusion. Further
research and measuring the P300a habituation rate are necessary for patients with
schizophrenia and antipsychotic effective medication (done before and after the treatment), to
demonstrate the theory that RTMS modulates in a positive way the habituation automatic
properties in patients with schizophrenia.
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5.1.3 Silent period elicited with TMS and finger electricity

In the work presented here (Study 3) we hypothesized that RTMS treatment might
influence CSP and CuSP in patients with schizophrenia and pharmaco-resistant auditory verbal
hallucinations by enhancing the total duration.

Cortical silent period duration showed circadian changes increasing from the morning
to the evening with up to 15 ms (Lang et al., 2011), and it was prolonged after antipsychotic
medication (Daskalakis et al., 2008; S.-K. Liu et al., 2009) or with other drugs like lorazepam,
zolpidem, vigabatrin, carbamazepine, gabapentin, and citalopram (Caipa et al., 2018). Our
patients were poly-medicated and sometimes they arrived with a diminished arousal state.
CSP and CuSP duration showed variability after RTMS with increased or decreased values in
both TG and CG patients. An interesting result we obtained in the S15 subject who was treated
at the left temporoparietal region. At baseline (T1), the CSP duration was reduced in
comparison with CSP from other younger subjects or healthy participants and it showed similar
values within one week after RTMS and after 3 months from the treatment. In change, the CuSP
showed increased duration after RTMS which decreased after 3 months (T4).

CSP Before Treatment, After Treatment and After 3 Months
B CSP Before (m: B CSP After (m P After 3 montt .

Silent period (ms)

S22 CG26y/o S15TG48y/o S23 30vy/o

Figure 5-5 Cortical silent period in patients with schizophrenia before T1 (blue) and after
RTMS T2 (red), and T4 (yellow).

CuSP Before Treatment, After Treatment and After 3 Months
B CusP Before (ms) [l CuSP After (ms) CuSP After 3 montt

Silent period (ms)

S22CG26y/o S15TG48y/o S23CG 30y/o

Figure 5-6 Cutaneous silent period in patients with schizophrenia before T1 (blue) and
after RTMS T2 (red), and T4 (yellow).



5.1.4 N100 and gating of MLAEP

Study 4 was oriented to investigate the sensory gating based on larger components of
the mid-latency evoked potentials and data was compared with psychometric scores. We
hypothesized that T3-P3 RTMS would improve AVH severity, QoL, and DASS. Additionally,
we looked to N100 and P200 evoked potentials with two techniques: “baseline to peak™ as
previously performed by Nathou et al (Clément Nathou et al., 2018) and “peak to peak™ as
analyzed in previous studies by Boutros et al and Thoma et al (Nashaat N Boutros et al., 2004;
Thoma et al., 2017). We did not find any significant RTMS effects on AVH severity, DASS, or
QoL global scores between T3-P3 and Cz RTMS treatments. Regarding neurophysiological
data, when compared to HC, TG patients showed the most marked change after T3-P3 RTMS
in N100 “peak to peak” measured at mid anterior and mid-central scalp regions which were like
the pre-RTMS. No significant effects were seen after RTMS when the coil delivered RTMS at
the Cz EEG location. Sensory gating measurements did not show significant changes after
RTMS. Thus, all four hypotheses (H1-H4) were false. The study has a small number of
participants and therefore it lacks the power to accept the alternative hypotheses.

Despite the encouraging neurophysiological observations seen in patients stimulated
over T3-P3 EEG location the results derived from this study are not conclusive to assume that
T3-P3 location is superior to Cz EEG location when treating patients with schizophrenia and
pharmaco-resistant AVH. Even so, we observed a trend of similar clinical change for both
groups with more effects for the T3-P3 RTMS group. There was also a change for the Cz RTMS
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Figure 5-5 Mid-latency evoked potentials (N100-P200) gating in a healthy subject. The "error of jitter" (red arrow).

group suggesting that this coil location and active treatment might have induced effects on
clinical and neurophysiological outcomes. In fact, vertex stimulation may not always be the
ideal control condition as it was observed that short bursts of 1Hz stimulation do lead to
widespread changes in neural activity in brain regions associated with the default mode network
(Jung et al., 2016). Exploratory and based on the clinical observations we calculated the
neurophysiological data for all patients (N=10) (T3-P3 and Cz) in pre-post RTMS conditions
and we observed significant changes after RTMS of N100 amplitude to S1 measured “baseline
to peak” locally, at left posterior region and central posterior region. The Bonferroni correction
adjusted the significance when it was used for one metric (e.g., N1S1Bm) with 7 possible
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comparisons (i.e., ROI).

The sample size of our work was small. Thus, we cannot interpret the analysis of a group
level, and any certain conclusions should be avoided.

A second inconvenience of this study was the EEG data quality, which can be traced
back to the challenge of using a high-density EEG system. During the paired-click paradigm,
the sounds S1 (i.e., conditioning stimulus) and S2 (i.e., testing stimulus) are delivered in a
coupled way with an interstimulus interval at 500 ms and an inter-pair interval of 10 seconds to
avoid habituation. When the preprocessing was performed with large epochs including both S1
and S2 stimuli, the evoked responses of the second stimulus were seen with a variable delay
induced by the software-hardware gap of transmission (T. Rosburg, pers. comm., 2020) (Figure
5-7). Thus, N100 latency in epochs of -0.5 to 1 second was not representing the physiological
response. To correct this anomaly, the analyses were performed after the EEG epoching of the
signal from both S1 and S2 stimuli (from -0.1 to 0.5 second), separately.

The third limitation we faced in this study was the EEG data quality, which can be traced
back to the challenge of using a high-density EEG system. This resulted in up to 70% of trial
exclusion in each patient group, where 45-75 paired stimuli were analyzed instead of the aimed
150 paired stimuli per participant. ERP recordings with the patients in the supine position,
control EEG data online at the time of acquisition, and pretest visualization of the ERP if
possible, with routine ERP analysis in 1-2 channels would probably improve the setup of an
experiment using 256-channel EEG system.

5.1.5 The multimodal analysis

Study 5 revealed the importance of a multimodal approach while analyzing RTMS
treatment effectiveness in patients with schizophrenia and pharmaco-resistant AVH. Two other
different neurophysiological measurements were performed to the segments of P300 event-
related potentials. These were spectral analyses of event-related oscillations and source-space
connectivity.

Here, considering that our auditory oddball paradigm elicited only P300a waves when
the infrequent (rare) stimulus was delivered, the P300 described in our paper (Aubonnet et al.,
2020) as being related to the frequent stimulus is the P200 wave (N100-P200 complex).

Spectral analyses were assessed with PSD of P300 segments (Study 5), during the
resting-state or auditory-motor task (Study 6).

An index of plasticity was proposed to identify RTMS offline changes. We calculated
the difference T2-T1 to observe the change of alpha and beta PSD in case of P300 related
oscillations (Study 5) or T2/T1 ratio using relative power and PSD when we analyzed EEG
activity changes induced by an auditory-motor task (Study 2 and Study 6). We represented the
change with histogram graphs or “bird-eye” view EEG maps. The relative power of beta activity
measured with T2/T1 index showed major changes after RTMS over ipsilateral sensorimotor
cortex when the auditory-motor task was performed with the non-dominant hand while gamma
activity changes were more sensitive to the dominant hand in all regions.

The PSD increased post-treatment mainly for the alpha band and beta band globally, for
six subjects, two in TG and four in CG. No trends were detectable for the gamma and theta
bands in the P300 oscillations (Study 5). In Study 6, we looked to low gamma and high gamma
activity changes during the auditory-motor task, in different epochs: motor cortical activation
(MCA) (i.e., 500 ms period after the hand reaction), auditory cortical activation (ACA) (i.e.,
500 ms period after the auditory commands), and non-cortical activation (NCA) (i.e., 1 second
period in-between the auditory commands). The NCA or “delay epoch” was the only one where
the patients with schizophrenia showed higher low- and high-gamma PSD after RTMS .



5.1.6 Network organization and graph theory

Functional specialization and efficient global communication of a brain network are
given by the network segregation and integration properties (Figure 5-8) which represent crucial
information for the brain processing patterns (Rubinov & Sporns, 2010; Sporns, 2003).
Specifically, topological segregation (or local clustering) refers to the neuronal processing
carried out among groups of regions or within modules while integration refers to the efficiency
of global information communication or the ability to integrate distributed information in the
network (Cao et al., 2016).

In this work, we used two different metrics of graph-theoretical analyses. In Study 5,
the connectivity results using Phase Locking Value (a measure of the phase synchrony between
two time-series) showed an increase in participation coefficient after RTMS for the beta band
oscillations evoked by the frequent stimulus of the passive P300 auditory oddball paradigm.
This change was seen for seven subjects, four in CG and three in TG, showing that the network
became more locally efficient in patients which were stimulated at the left temporoparietal
region, but also when they were treated at the vertex (Aubonnet et al., 2020).

A Network segregation B Network integration C  Hubs and rich-club

v AV RV

Figure 5-6 Properties of the brain graph network: (A) Segregation (i.e., connections within modules are much denser than
connections between them). (B) Integration (i.e., capacity of the network to communicate between remote regions). (C)
High-degree nodes or hubs (i.e., central rich club within the overall network structure). Reprinted with permission granted
from Dr. Yong He, Nov 6, 2021. Copyright © 2016 Cao, M., Huang, H., Peng, Y., Dong, Q., & He, Y. (2016). Toward
Developmental Connectomics of the Human Brain. Frontiers in Neuroanatomy, 0, 25.
https://doi.orq/10.3389/FNANA.2016.00025

local clustering

In Study 6, we used the small world index and characteristic path length to investigate
the phase connectivity derived from Magnitude Squared Coherence (MSC) calculations
between each possible pair of ROIs electrodes. Six regions of interest selected at bilateral
frontal, sensorimotor and auditory cortices scalp level, (which are supposed to be involved in
the auditory-motor anatomical and functional network) provided 102 pairs of cross EEG power
spectral density values (17 electrodes/region).

We showed that the small-worldness phenomenon is correlated with the improvement
of psychotic symptomatology after the RTMS (SCZ-T2) in a different way than observed before
RTMS (SCZ-T1), and we suggested that the small worldness can be a network signature in low-
gamma of a possible treatment effect expressed through graph theory and EEG during an AMT
performed with the non-dominant hand (Ovidiu C. Banea et al., 2021).
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Until now, most brain network studies have
focused on undirected graphs (Liao et al., 2017)
and functional connectivity. Weighted and
directed graph (Figure 5-9) analyses would
represent the next neurophysiological approach to
assess the causal dynamics of neural plasticity
with effective connectivity (Z. Liu et al., 2017).

Binary graph (Undirected) Weighted graph (Undirected)

<2

Binary graph (Directed) Weighted graph (Directed)

Figure 5-7 Binary (A, C), weighted (B, D), undirected (A, B) and directed (C, D) graphs. Reprinted with permission granted
from Dr. Waldemar Karwowski, Nov 6th, 2021. Copyright © 2019 Farahani, F. V, Karwowski, W., & Lighthall, N. R. (2019).
Application of Graph Theory for Identifying Connectivity Patterns in Human Brain Networks: A Systematic Review. In
Frontiers in Neuroscience (Vol. 13, p. 585). https://www.frontiersin.org/article/10.3389/fnins.2019.00585
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Statistical analyses

This dissertaion work was structured as a hypothesis-generating study and it laks of
sufficient sample size to draw any certain conclusions, based on statistically significant results.

In Study 4, the patient groups 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 with a Chi-square test. Outcome measure scores were compared between
the two patient groups using ANCOVA when Levene test was non-significant and mixed
ANOVA when Levene was significant. If the assumption of sphericity was violated, the
Greenhouse-Geisser correction was used. In the end, Bonferroni correction was used to adjust
the significance level (i.e., 1 metric in 7 ROI, leading to 7 comparisons). There were no pre-
post RTMS differences of clinical symptoms or N100 and P200 waves between TG (patients
treated at left temporoparietal region) and CG (patients treated at the vertex). We also performed
the analysis for all the patients (N=10) (since we observed similar trends for the clinical
outcome in both groups) and one variable, the N100 amplitude measured from baseline to the
negative peak showed significant change at the left posterior region with a change from -0.57
uV (SD 0.97) to -2.39 uV (SD 1.59), (p = 0.006, n2 = 0.346, power 0.83).

In Study 5, the data analysis is descriptive at the group and individual levels. 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 subjects
remained neutral or reported worse psychometric scores. In the time domain analysis, the N1-
P3 amplitude was globally higher post-treatment than pre-treatment, for six subjects, two in TG
and four in CG. The PSD increased post-treatment mainly for the alpha band and beta band
globally, for six subjects as well, two in TG and four in CG. The connectivity results showed
an increase in participation coefficient during post-treatment for N100-P200 complex, for the
beta band especially, for seven subjects, four in CG, three in TG. Due to the small sample size
and high variability of the results, we selected study cases and presented them individually
(Aubonnet et al., 2020).

Based on the controversial results observed in Study 4 and Study 5, with TG and CG
patients showing similar changes on psychometric scores we selected 6 patients from both
groups, having the criterion of acceptable EEG data quality, in Study 6. Descriptive statistics
were based on median and standard deviation per group and variable. Kruskal-Wallis
nonparametric for non-normal data and Two-Way Mixed ANOVA for normal distributed
variables tests were performed in each ROI and frequency bands considering three groups (HC,
SCZ-T1, and SCZ-T2) as independent variables. Wilcoxon paired tests were applied as post
hoc with a corrected p-value for multiple comparisons in those significantly different
frequencies and ROIs for PSD analysis. Dunn’s post hoc tests were applied within each group
in the network analysis. Non-parametric Kendall's tau-b correlation was also applied to describe
the relationships between EEG (PSD or connectivity with graphs) variables and psychometric
scales before and after the RTMS protocol. Differences were significant if the corrected p-value
was < 0.05.

A one-way repeated subject ANOVA showed a significant improvement on psychotic
symptoms as measured by PSYRATS between pre - RTMS (M = 28,6, Std = 4,17) and post -
RTMS (M = 23,6, std = 5,27) conditions, F (1, 5) = 23,44, p < 0,05, np> = 0,967. Power spectral
density was calculated at the group level (HC, SCZ-T1, and SCZ-T2) during resting state and
during a simple auditory-motor task (Nagasawa et al., 2010). The NCA or “delay epoch” was
the only one where the patients with schizophrenia showed higher low- and high-gamma PSD
after RTMS. Thus, graph theory analysis was used only for this epoch.
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Strengths and weaknesses

For this work, we used two active RTMS protocols, at T3-P3 and Cz EEG locations.
This approach is very important since the sham conditions of RTMS and placebo effects are
considered a major source of bias in the assessment of RTMS efficacy in patients with
schizophrenia and AVH (Dollfus et al., 2016). The main strength of the studies presented in
this thesis (Study 5 and Study 6) is that they present a multimodal approach with spectral
analysis and two different network organization methods with data obtained from a dense-array
256-channel EEG system. By using this technique, we were able to identify functional network
properties specific to network segregation and the small worldness effect. Another strength of
this work is the use of a simple auditory-motor task which showed major PSD and EEG
connectivity differences of low-gamma oscillatory activity during the reference period, in a
window located in between the commands, a period related to working memory which is known
to be impaired in patients with schizophrenia.

The weaknesses of the works presented here are that they are based on a small sample
size. The patients were also undergoing their usual treatment, including antipsychotic and
sedative medications. This did not change between pre-and-post RTMS conditions but might
have influenced the background neural activity and the generation of the ERPs (Javitt et al.,
2008). The experimental procedure was long (1 hour) and tiring and some patients had difficulty
cooperating and maintaining tasks engagement, which may have affected data quality. Muscle
and movement artifacts added noise to the EEG signal, requiring a thorough pre-processing and
the exclusion of many trials.

Summary

This thesis has presented the principles of the diagnosis and the treatment plan for
patients with schizophrenia. TMS mechanisms, EEG oscillations, ERP, network organization,
cortical and cutaneous silent period, the auditory-motor task, and RTMS are described as
methods of neurophysiological investigation.

Study 1 and Study 4 showed that a dense-array 256 channel EEG system is not an easy
option to record ERP in patients with schizophrenia when the data is to be analyzed in the time
domain. To quantify the RTMS aftereffects in EEG gamma oscillatory activity and network
organization, in Study 2 we triggered beta and gamma activity with a cognitively driven
auditory-motor task.

Study 3 contains data of the cortical silent period as a measure of central GABAB-
mediated cortical inhibition that is linked with sensory gating. The cutaneous silent period
which is a peripherally spinal cutaneous-muscular reflex showed similar changes after RTMS
in both groups of patients. It remains to complete the work to suggest that this
neurophysiological marker is modulated at central CST level or intracortical inhibitory neurons.

Study 5 focused on the relation between psychometric scores and EEG data analysis in
time, frequency domains, and functional connectivity. After conducting RTMS, most patients
showed an evolution in psychometric data as well as on the neurophysiological quantitative
data, independent of the stimulation site. When the psychometric improved post-TMS, we could
observe an increased network organization mainly, through the participation coefficient in the
beta bands, a higher alpha and beta band power, and different N1-P2 or N1-P3 behavioral
responses. In Study 6, we measured the change in phase connectivity and EEG coherence before
and after the RTMS by analyzing EEG data obtained from the auditory-motor task with graph
theory and small worldness.



Conclusion

This thesis dissertation is a hypothesis-generating research analyzing the influence of RTMS on
brain mechanisms in patients with schizophrenia and pharmaco-resistant AVH. Based on the patient’s
clinical evaluations and all the neurophysiological measurements it might be suspected that both, left
temporoparietal and vertex RTMS induce positive changes in patients with schizophrenia and auditory
verbal hallucinations.

By dividing the scalp regions and analyzing ERP data in seven regions of interest we were able
to observe local changes of N100 amplitude after the RTMS. This finding suggests that this auditory
evoked potential of triggering attention might be an interesting marker of RTMS induced neural
plasticity to be analyzed in patients with schizophrenia and AVH.

P300 evoked EEG oscillations spectral analysis did not show group differences before and after
RTMS treatment. However, the results suggest that brain connectivity, through the participation
coefficient, and PSD, were highly related to the psychometric score and that N1-P3 complex, despite
the variability, should be further investigated.

This report revealed for the first time that patients with schizophrenia exhibit higher gamma
power spectral density during the auditory-motor task compared to healthy controls, which was modified
by RTMS without being significant. PSD of alpha, beta, and gamma oscillatory EEG activity and
network organization showed the most marked changes in the prestimulus period or "delay epoch”
compared with “auditory” or “motor” windows. The change of low and high gamma PSD was visible,
locally, over the left temporoparietal region, when the auditory-motor task was done with the non-
dominant hand, showing that during this condition, gamma synchronization can be a marker of “neural
effort” and workload during the working memory-related time.

Small worldness index of low gamma activity analyzed in patients with schizophrenia and AVH
during the working memory period of an auditory-motor task, when it is performed with the non-
dominant hand, showed changes after RTMS similarly to those found in healthy controls. This might
represent an interesting biomarker for RTMS treatment effectiveness.



96



Bibliography

Adler, L. E., Waldo, M. C., & Freedman, R. (1985). Neurophysiologic studies of sensory
gating in schizophrenia: Comparison of auditory and visual responses. Biological
Psychiatry, 20(12), 1284-1296. https://doi.org/10.1016/0006-3223(85)90113-1

Aidelbaum, R., Labelle, A., Baddeley, A., & Knott, V. (2018). Assessing the acute effects of
CDP-choline on sensory gating in schizophrenia: A pilot study:
Https://D0i.Org/10.1177/0269881117746903, 32(5), 541-551.
https://doi.org/10.1177/0269881117746903

Aleman, A., Sommer, I. E., & Kahn, R. S. (2007). Efficacy of slow repetitive transcranial
magnetic stimulation in the treatment of resistant auditory hallucinations in
schizophrenia: A meta-analysis. Journal of Clinical Psychiatry.
https://doi.org/10.4088/JCP.v68n0310

Alexanderson, G. (2006). About the cover: Euler and Konigsberg’s Bridges: A historical
view. Bulletin of the American Mathematical Society, 43(4), 567-573.
https://doi.org/10.1090/S0273-0979-06-01130-X

American Psychiatric Association. (2013). American Psychiatric Association: Diagnostic and
Statistical Manual of Mental Disorders Fifth Edition. In Arlington.

Amo, C., De Santiago, L., Luciafiez, D. Z., Alonso-Cortés, J. M. L., Alonso-Alonso, M.,
Barea, R., & Boquete, L. (2017). Induced gamma band activity from EEG as a possible
index of training-related brain plasticity in motor tasks. PLOS ONE, 12(10), e0186008.
https://doi.org/10.1371/JOURNAL.PONE.0186008

Aoh, Y., Hsiao, H.-J., Lu, M.-K., Macerollo, A., Huang, H.-C., Hamada, M., Tsai, C.-H., &
Chen, J.-C. (2019). Event-Related Desynchronization/Synchronization in
Spinocerebellar Ataxia Type 3. Frontiers in Neurology, 0(JUL), 822.
https://doi.org/10.3389/FNEUR.2019.00822

Aubonnet, R., Banea, O. C., Sirica, R., Wassermann, E. M., Yassine, S., Jacob, D.,
Magnusdottir, B. B., Haraldsson, M., Stefansson, S. B., Jénasson, V. D., ivarsson, E.,
Jonasson, A. D., Hassan, M., & Gargiulo, P. (2020). P300 Analysis Using High-Density
EEG to Decipher Neural Response to rTMS in Patients With Schizophrenia and
Auditory Verbal Hallucinations. Frontiers in Neuroscience.
https://doi.org/10.3389/fnins.2020.575538

Bais, L., Liemburg, E., Vercammen, A., Bruggeman, R., Knegtering, H., & Aleman, A.
(2017). Effects of low frequency rTMS treatment on brain networks for inner speech in
patients with schizophrenia and auditory verbal hallucinations. Progress in Neuro-
Psychopharmacology and Biological Psychiatry.
https://doi.org/10.1016/j.pnpbp.2017.04.017

Banea, O.C., Pegolo, E., Marcu, S., Fridriksdéttir, R., Ivarsson, E., Jonasson, A. D., Jonasson,
V. D., Magnusdottir, B. B., Haraldsson, M., Wassermann, E., & Gargiulo, P. (2020). P50
and P300 Event Related Potentials in Patients with Schizophrenia Recorded from High-
Density EEG. IFMBE Proceedings, 76. https://doi.org/10.1007/978-3-030-31635-8 130

Banea, Ovidiu C., Bandeira dos Santos, L. G., Marcu, S., Stefannson, S. B., Wassermann, E.
M., fvarsson, E., Jonasson, V. D., Aubonnet, R., Jonasson, A. D., MagnUsdéttir, B. B.,
Haraldsson, M., & Gargiulo, P. (2021). Network signatures of rTMS treatment in
patients with schizophrenia and auditory verbal hallucination during an auditory-motor
task using HD-EEG. Schizophrenia Research.
https://doi.org/10.1016/J.SCHRES.2021.06.002



XXXVi

Barker, A. T., Jalinous, R., & Freeston, I. L. (1985). NON-INVASIVE MAGNETIC
STIMULATION OF HUMAN MOTOR CORTEX. In The Lancet (Vol. 325, Issue 8437,
pp. 1106-1107). Lancet. https://doi.org/10.1016/S0140-6736(85)92413-4

Barr, M. S., Farzan, F., Arenovich, T., Chen, R., Fitzgerald, P. B., & Daskalakis, Z. J. (2011).
The Effect of Repetitive Transcranial Magnetic Stimulation on Gamma Oscillatory
Activity in Schizophrenia. PLOS ONE, 6(7), e22627.
https://doi.org/10.1371/JOURNAL.PONE.0022627

Bennington, J. Y., & Polich, J. (1999). Comparison of P300 from passive and active tasks for
auditory and visual stimuli. International Journal of Psychophysiology, 34, 171-177.
www.elsevier.comllocateJphyscho

Borckardt, J. J., Nahas, Z., Koola, J., & George, M. S. (2006). Estimating resting motor
thresholds in transcranial magnetic stimulation research and practice: A computer
simulation evaluation of best methods. Journal of ECT, 22(3), 169-175.
https://doi.org/10.1097/01.YCT.0000235923.52741.72

Boutros, Nash N, Trautner, P., Korzyukov, O., Grunwald, T., Burroughs, S., Elger, C. E.,
Kurthen, M., & Rosburg, T. (2006). Mid-latency auditory-evoked responses and sensory
gating in focal epilepsy: a preliminary exploration. The Journal of Neuropsychiatry and
Clinical Neurosciences, 18(3), 409-416.

Boutros, Nashaat N, Korzyukov, O., Jansen, B., Feingold, A., & Bell, M. (2004). Sensory
gating deficits during the mid-latency phase of information processing in medicated
schizophrenia patients. Psychiatry Research, 126(3), 203-215.

Bowie, C. R., & Harvey, P. D. (2006). Cognitive deficits and functional outcome in
schizophrenia. Neuropsychiatric Disease and Treatment, 2(4), 531.
https://doi.org/10.2147/NEDT.2006.2.4.531

Braham, L. G., Trower, P., & Birchwood, M. (2004). Acting on command hallucinations and
dangerous behavior: A critique of the major findings in the last decade. Clinical
Psychology Review, 24(5), 513-528.
https://doi.org/https://doi.org/10.1016/j.cpr.2004.04.002

Bramon, E., Rabe-Hesketh, S., Sham, P., Murray, R. M., & Frangou, S. (2004). Meta-analysis
of the P300 and P50 waveforms in schizophrenia. Schizophrenia Research, 70(2-3),
315-329.

Brown, T. A., Chorpita, B. F., Korotitsch, W., & Barlow, D. H. (1997). Psychometric
properties of the Depression Anxiety Stress Scales (DASS) in clinical samples.
Behaviour Research and Therapy. https://doi.org/10.1016/S0005-7967(96)00068-X

Buchsbaum, M. S. (1977). The Middle Evoked Response Components and Schizophrenia.
Schizophrenia Bulletin, 3(1), 93-104. https://doi.org/10.1093/SCHBUL/3.1.93

Buzsaki, G., & Wang, X.-J. (2012). Mechanisms of Gamma Oscillations.
Http://Dx.D0i.0rg/10.1146/Annurev-Neuro-062111-150444, 35, 203-225.
https://doi.org/10.1146/ANNUREV-NEURO-062111-150444

Caccia, M. R., McComas, A. J., Upton, A. R. M., & Blogg, T. (1973). Cutaneous reflexes in
small muscles of the hand. Journal of Neurology, Neurosurgery, and Psychiatry, 36(6),
960. https://doi.org/10.1136/JNNP.36.6.960

Caipa, A., Alomar, M., & Bashir, S. (2018). TMS as a tool to investigate the effect of
pharmacological medications on cortical plasticity. European Review for Medical and
Pharmacological Sciences, 22(3), 844-852.
https://doi.org/10.26355/EURREV_201802_14321

Campana, M., Falkai, P., Siskind, D., Hasan, A., & Wagner, E. (2021). Characteristics and
definitions of ultra-treatment-resistant schizophrenia — A systematic review and meta-



analysis. Schizophrenia Research, 228, 218-226.
https://doi.org/10.1016/J.SCHRES.2020.12.002

Cao, M., Huang, H., Peng, Y., Dong, Q., & He, Y. (2016). Toward Developmental
Connectomics of the Human Brain. Frontiers in Neuroanatomy, 0, 25.
https://doi.org/10.3389/FNANA.2016.00025

Chadwick, P., & Birchwood, M. (1994). The Omnipotence of Voices. British Journal of
Psychiatry. https://doi.org/10.1192/bjp.164.2.190

Chakos, M., Lieberman, J., Hoffman, E., Bradford, D., & Sheitman, B. (2001). Effectiveness
of second-generation antipsychotics in patients with treatment-resistant schizophrenia: A
review and meta-analysis of randomized trials. In American Journal of Psychiatry.
https://doi.org/10.1176/appi.ajp.158.4.518

Daskalakis, Z. J., Christensen, B. K., Chen, R., Fitzgerald, P. B., Zipursky, R. B., & Kapur, S.
(2002). Evidence for Impaired Cortical Inhibition in Schizophrenia Using Transcranial
Magnetic Stimulation. Archives of General Psychiatry, 59(4), 347-354.
https://doi.org/10.1001/ARCHPSY C.59.4.347

Daskalakis, Z. J., Christensen, B. K., Fitzgerald, P. B., Moller, B., Fountain, S. I., & Chen, R.
(2008). Increased cortical inhibition in persons with schizophrenia treated with
clozapine. Journal of Psychopharmacology, 22(2), 203—2009.
https://doi.org/10.1177/0269881107084002

Dellazizzo, L., Potvin, S., Phraxayavong, K., Lalonde, P., & Dumais, A. (2018). Avatar
therapy for persistent auditory verbal hallucinations in an ultra-resistant schizophrenia
patient: A case report. Frontiers in Psychiatry. https://doi.org/10.3389/fpsyt.2018.00131

Delwaide, P. J., & Pennisi, G. (1992). Quantitative evaluation of the results of restorative
neurology. Principles and Practice of Restorative Neurology, 16-31.
https://doi.org/10.1016/B978-0-7506-1172-5.50009-0

Di Lorenzo, G., Daverio, A., Ferrentino, F., Santarnecchi, E., Ciabattini, F., Monaco, L., Lisi,
G., Barone, Y., Di Lorenzo, C., Niolu, C., Seri, S., & Siracusano, A. (2015). Altered
resting-state EEG source functional connectivity in schizophrenia: the effect of illness
duration. Frontiers in Human Neuroscience, 9, 234.
https://doi.org/10.3389/fnhum.2015.00234

Dickinson, D., Schaefer, J., & Weinberger, D. R. (2013). The multi-faceted, “global”
cognitive impairment profile in schizophrenia. Cognitive Impairment in Schizophrenia,
24-49. https://doi.org/10.1017/CB09781139003872.003

Dold, M., & Leucht, S. (2014). Pharmacotherapy of treatment-resistant schizophrenia: A
clinical perspective. In Evidence-Based Mental Health. https://doi.org/10.1136/eb-2014-
101813

Dollfus, S., Lecardeur, L., Morello, R., & Etard, O. (2016). Placebo Response in Repetitive
Transcranial Magnetic Stimulation Trials of Treatment of Auditory Hallucinations in
Schizophrenia: A Meta-Analysis. Schizophrenia Bulletin, 42(2), 301-308.
https://doi.org/10.1093/SCHBUL/SBV076

Drake, R., Haddock, G., Tarrier, N., Bentall, R., & Lewis, S. (2007). The Psychotic Symptom
Rating Scales (PSYRATYS): their usefulness and properties in first episode psychosis.
Schizophrenia Research, 89(1-3), 119-122.

Dyck, M. S., Mathiak, K. A., Bergert, S., Sarkheil, P., Koush, Y., Alawi, E. M., Zvyagintsev,
M., Gaebler, A. J., Shergill, S. S., & Mathiak, K. (2016). Targeting Treatment-Resistant
Auditory Verbal Hallucinations in Schizophrenia with fMRI-Based Neurofeedback —
Exploring Different Cases of Schizophrenia. Frontiers in Psychiatry, 0(MAR), 37.
https://doi.org/10.3389/FPSYT.2016.00037



XXXViii

Earls, H. A, Curran, T., & Mittal, V. (2016). A Meta-analytic Review of Auditory Event-
Related Potential Components as Endophenotypes for Schizophrenia: Perspectives From
First-Degree Relatives. Schizophrenia Bulletin, 42(6), 1504-1516.
https://doi.org/10.1093/SCHBUL/SBWO047

Eryilmaz, H., Tanner, A. S., Ho, N. F., Nitenson, A. Z., Silverstein, N. J., Petruzzi, L. J., Goff,
D. C., Manoach, D. S., & Roffman, J. L. (2016). Disrupted working memory circuitry in
schizophrenia: Disentangling fMRI markers of core pathology vs other aspects of
impaired performance. Neuropsychopharmacology. https://doi.org/10.1038/npp.2016.55

Farahani, F. V, Karwowski, W., & Lighthall, N. R. (2019). Application of Graph Theory for
Identifying Connectivity Patterns in Human Brain Networks: A Systematic Review . In
Frontiers in Neuroscience (Vol. 13, p. 585).
https://www.frontiersin.org/article/10.3389/fnins.2019.00585

Fernandez, T., Harmony, T., Rodriguez, M., Bernal, J., Silva, J., Reyes, A., & Marosi, E.
(1995). EEG activation patterns during the performance of tasks involving different
components of mental calculation. Electroencephalography and Clinical
Neurophysiology, 94(3), 175-182. https://doi.org/10.1016/0013-4694(94)00262-J

Fitzgerald, P. B., Brown, T. L., Daskalakis, Z. J., & Kulkarni, J. (2002). A transcranial
magnetic stimulation study of inhibitory deficits in the motor cortex in patients with
schizophrenia. Psychiatry Research: Neuroimaging, 114(1), 11-22.
https://doi.org/10.1016/S0925-4927(02)00002-1

Flanagan, J. C. (1978). A research approach to improving our quality of life. American
Psychologist. https://doi.org/10.1037/0003-066X.33.2.138

Ford, J. M. (2016). Studying auditory verbal hallucinations using the RDoC framework.
Psychophysiology, 53(3), 298-304. https://doi.org/10.1111/PSYP.12457

Ford, J. M., Mathalon, D. H., Kalba, S., Marsh, L., & Pfefferbaum, A. (2001). N1 and P300
abnormalities in patients with schizophrenia, epilepsy, and epilepsy with
schizophrenialike features. Biological Psychiatry, 49(10), 848-860.
https://doi.org/10.1016/S0006-3223(00)01051-9

Ford, J. M., Roach, B. J., Faustman, W. O., & Mathalon, D. H. (2007). Synch Before You
Speak: Auditory Hallucinations in Schizophrenia. American Journal of Psychiatry,
164(3), 458-466. https://doi.org/10.1176/ajp.2007.164.3.458

Frank, E., Landgrebe, M., Poeppl, T. B., Schecklmann, M., Kreuzer, P. M., Prasser, J.,
Rupprecht, R., Eichhammer, P., Hajak, G., & Langguth, B. (2014). Antipsychotic
treatment with quetiapine increases the cortical silent period. Schizophrenia Research,
156(1), 128-132. https://doi.org/10.1016/J.SCHRES.2014.03.028

Gandal, M. J., Edgar, J. C., Klook, K., & Siegel, S. J. (2012). Gamma synchrony: Towards a
translational biomarker for the treatment-resistant symptoms of schizophrenia. In
Neuropharmacology. https://doi.org/10.1016/j.neuropharm.2011.02.007

Gilio, F., Bettolo, C. M., Conte, A., lacovelli, E., Frasca, V., Serrao, M., Giacomelli, E.,
Gabriele, M., Prencipe, M., & Inghilleri, M. (2008). Influence of the corticospinal tract
on the cutaneous silent period: A study in patients with pyramidal syndrome.
Neuroscience Letters, 433(2), 109-113. https://doi.org/10.1016/J.NEULET.2007.12.055

Goghari, V. M., Harrow, M., Grossman, L. S., & Rosen, C. (2013). A 20-year multi-follow-
up of hallucinations in schizophrenia, other psychotic, and mood disorders.
Psychological Medicine. https://doi.org/10.1017/S0033291712002206

Gonzalez-Heydrich, J., Bosquet Enlow, M., D’Angelo, E., Seidman, L. J., Gumlak, S., Kim,
A., Woodberry, K. A., Rober, A., Tembulkar, S., & O’Donnell, K. (2016). N100
repetition suppression indexes neuroplastic defects in clinical high risk and psychotic



youth. Neural Plasticity, 2016.

Grossberg, S. (2000). The imbalanced brain: From normal behavior to schizophrenia. In
Biological Psychiatry. https://doi.org/10.1016/S0006-3223(00)00903-3

Giindiiz, A., Aydin, S., & Kiziltan, M. E. (2020). Cutaneous Silent Period: A Literature
Review. https://doi.org/10.4103/NSN.NSN_38_20

Haddock, G., McCarron, J., Tarrier, N., & Faragher, E. B. (1999). Scales to measure
dimensions of hallucinations and delusions: The psychotic symptom rating scales
(PSYRATYS). Psychological Medicine. https://doi.org/10.1017/S0033291799008661

Hall, M.-H., Taylor, G., Salisbury, D. F., & Levy, D. L. (2011). Sensory Gating Event—
Related Potentials and Oscillations in Schizophrenia Patients and Their Unaffected
Relatives. Schizophrenia Bulletin, 37(6), 1187.
https://doi.org/10.1093/SCHBUL/SBQ027

Herrmann, C. S., Striiber, D., Helfrich, R. F., & Engel, A. K. (2016). EEG oscillations: From
correlation to causality. International Journal of Psychophysiology, 103, 12-21.
https://doi.org/10.1016/J.1JPSYCHO.2015.02.003

Heshmati, P. (2017). The history of Transcranial Magnetic Stimulation (TMS) and ethical
concerns. Brain Stimulation, 10(4), e32. https://doi.org/10.1016/J.BRS.2017.04.048

Hickok, G., Buchsbaum, B., Humphries, C., & Muftuler, T. (2003). Auditory-motor
interaction revealed by fMRI: Speech, music, and working memory in area Spt. Journal
of Cognitive Neuroscience. https://doi.org/10.1162/089892903322307393

Hirano, S., Spencer, K. M., Onitsuka, T., & Hirano, Y. (2019). Language-Related
Neurophysiological Deficits in Schizophrenia:
Https://D0oi.Org/10.1177/1550059419886686, 51(4), 222-233.
https://doi.org/10.1177/1550059419886686

Hoffman, R. E., Boutros, N. N., Berman, R. M., Roessler, E., Belger, A., Krystal, J. H., &
Charney, D. S. (1999). Transcranial magnetic stimulation of left temporoparietal cortex
in three patients reporting hallucinated “voices.” Biological Psychiatry, 46(1), 130-132.

Howes, O. D., McCutcheon, R., Agid, O., De Bartolomeis, A., Van Beveren, N. J. M.,
Birnbaum, M. L., Bloomfield, M. A. P., Bressan, R. A., Buchanan, R. W., Carpenter, W.
T., Castle, D. J., Citrome, L., Daskalakis, Z. J., Davidson, M., Drake, R. J., Dursun, S.,
Ebdrup, B. H., Elkis, H., Falkai, P., ... Correll, C. U. (2017). Treatment-
ResistantSchizophrenia: TreatmentResponse and Resistance in Psychosis (TRRIP)
Working Group Consensus Guidelines on Diagnosis and Terminology. American
Journal of Psychiatry. https://doi.org/10.1176/appi.ajp.2016.16050503

Hurley, K. (2017). What is Schizophrenia? DSM-5 Schizophrenia Definition & Symptoms. In
Psycom.

Hyun, J., Myung, J. B., & Ung, G. K. (2011). Effects of psychotropic drugs on quantitative
EEG among patients with schizophrenia-spectrum disorders. Clinical
Psychopharmacology and Neuroscience, 9(2), 78-85.
https://doi.org/10.9758/CPN.2011.9.2.78

ICD-10 Version:2019. (n.d.). Retrieved November 27, 2021, from
https://icd.who.int/browse10/2019/en#/F20-F29

ICD-11 for Mortality and Morbidity Statistics. (n.d.). Retrieved November 27, 2021, from
https://icd.who.int/browse11/I-
m/en#/http%3A%2F%2Fid.who.int%2Ficd%2Fentity%2F1683919430

Inghilleri, M., Berardelli, A., Marchetti, P., & Manfredi, M. (1996). Effects of diazepam,
baclofen and thiopental on the silent period evoked by transcranial magnetic stimulation
in humans. Experimental Brain Research 1996 109:3, 109(3), 467-472.



x|

https://doi.org/10.1007/BF00229631

fvarsson, E., Shaw, A., Georgsdattir, A. O., Magnusdottir, B. B., Jonasson, A. D.,
Wassermann, E., Gargiulo, P., Stefansson, S. B., & Banea, O. C. (2020). A Novel
Technique to Trigger High Beta and Low Gamma Activity in Patients with
Schizophrenia. IFMBE Proceedings, 76. https://doi.org/10.1007/978-3-030-31635-8 129

Ivarsson, Eysteinn, Banea, O. C., Magnusdattir, B. B., Jénasson, A. D., Gargiulo, P.,
Haraldsson, M., Wassermann, E., & Stefansson, S. (2019). P56-F Auditory-motor task
triggers gamma and beta oscillations in patients with schizophrenia and auditory verbal
hallucinations. Clinical Neurophysiology. https://doi.org/10.1016/j.clinph.2019.04.506

Jahanshahi, M., & Hallett, M. (2003). The Bereitschaftspotential: What Does It Measure and
where Does It Come from? The Bereitschaftspotential, 1-17.
https://doi.org/10.1007/978-1-4615-0189-3 1

Jauhar, S., Laws, K. R., & McKenna, P. J. (2019). CBT for schizophrenia: a critical
viewpoint. Psychological Medicine, 49(8), 1233-1236.
https://doi.org/10.1017/S0033291718004166

Javitt, D. C., Spencer, K. M., Thaker, G. K., Winterer, G., & Hajos, M. (2008).
Neurophysiological biomarkers for drug development in schizophrenia. Nature Reviews
Drug Discovery 2007 7:1, 7(1), 68-83. https://doi.org/10.1038/nrd2463

Jonasson, A. D. (2020). DGKN 2020 & NIBS 2020.
https://programm.conventus.de/index.php?id=dgkn2020&tx_coprogramm_programm%2
55Bprogramm%255D=714&tx_coprogramm_programm%?255Bsession%255D=158&tx
_coprogramm_programm%255BcurrentPage%255D=&tx_coprogramm_programm%:25
5Baction%255D=programm&tx_coprogramm_programm%255Bcontroller%255

Jonasson, V., Banea, O., Magnusdottir, B., & Haraldsson, M. (2019). brélatra radda i
heyrnarofskynjunum a Landspitala arin 2012-2018.
https://doi.org/10.13140/RG.2.2.36021.83689

Jung, J., Bungert, A., Bowtell, R., & Jackson, S. R. (2016). Vertex Stimulation as a Control
Site for Transcranial Magnetic Stimulation: A Concurrent TMS/fMRI Study. Brain
Stimulation. https://doi.org/10.1016/j.brs.2015.09.008

Kambara, T., Brown, E. C., Silverstein, B. H., Nakai, Y., & Asano, E. (2018). Neural
dynamics of verbal working memory in auditory description naming. Scientific Reports
2018 8:1, 8(1), 1-12. https://doi.org/10.1038/s41598-018-33776-2

Kanal, E., Barkovich, A. J., Bell, C., Borgstede, J. P., William G. Bradley, J., Froelich, J. W.,
Gilk, T., Gimbel, J. R., Gosbee, J., Kuhni-Kaminski, E., James W. Lester, J., Nyenhuis,
J., Parag, Y., Schaefer, D. J., Sebek-Scoumis, E. A., Weinreb, J., Zaremba, L. A.,
Wilcox, P., Lucey, L., & Sass, N. (2012). ACR Guidance Document for Safe MR
Practices: 2007. Http://Dx.Do0i.0rg/10.2214/AJR.06.1616, 188(6), 1447-1474.
https://doi.org/10.2214/AJR.06.1616

Kane, J., Honigfeld, G., Singer, J., & Meltzer, H. (1988). Clozapine for the Treatment-
Resistant Schizophrenic: A Double-blind Comparison With Chlorpromazine. Archives of
General Psychiatry, 45(9), 789-796.
https://doi.org/10.1001/ARCHPSY C.1988.01800330013001

Karlsson, J. L. (1988). Partly dominant transmission of schizophrenia in Iceland. British
Journal of Psychiatry, 152(MAR.), 324-329. https://doi.org/10.1192/BJP.152.3.324

Karlstrom, E. F., Lundstrom, R., Stensson, O., & Mild, K. H. (2006). Therapeutic staff
exposure to magnetic field pulses during TMS/rTMS treatments. Bioelectromagnetics,
27(2), 156-158. https://doi.org/10.1002/BEM.20194

Keepers, G. A., Fochtmann, L. J., Anzia, J. M., Benjamin, S., Lyness, J. M., Mojtabai, R.,



Servis, M., Walaszek, A., Buckley, P., Lenzenweger, M. F., Young, A. S., Degenhardt,
A., & Hong, S. H. (2020). The American psychiatric association practice guideline for
the treatment of patients with schizophrenia. American Journal of Psychiatry.
https://doi.org/10.1176/appi.ajp.2020.177901

Kim, J. Y., Han, S. J., & Yoon, T. S. (2009). Minimal electrical stimulation intensity and
duration to elicit maximal cutaneous silent period in hand. Neurophysiologie
Clinique/Clinical Neurophysiology, 39(6), 291-294.
https://doi.org/10.1016/J.NEUCL1.2009.10.002

Kim, Y. J., Lee, J. Y., Oh, S,, Park, M., Jung, H. Y., Sohn, B. K., Choi, S. W., Kim, D. J., &
Choi, J. S. (2017). Associations between prospective symptom changes and slow-wave
activity in patients with Internet gaming disorder A resting-state EEG study. Medicine
(United States), 96(8). https://doi.org/10.1097/MD.0000000000006178

Kirschstein, T., & Kohling, R. (2009). What is the Source of the EEG?:
Https://D0i.0Org/10.1177/155005940904000305, 40(3), 146-149.
https://doi.org/10.1177/155005940904000305

Kofler, M., & Poustka, K. (2004). Interside comparison of cutaneous silent periods in thenar
muscles of healthy male and female subjects. Clinical Neurophysiology, 115(9), 2123—
2127. https://doi.org/10.1016/J.CLINPH.2004.04.014

Kurthen, M., Trautner, P., Rosburg, T., Grunwald, T., Dietl, T., Kiihn, K.-U., Schaller, C.,
Elger, C. E., Urbach, H., Elisevitch, K., & Boutros, N. N. (2007). Towards a functional
topography of sensory gating areas: invasive P50 recording and electrical stimulation
mapping in epilepsy surgery candidates. Psychiatry Research, 155(2), 121.
https://doi.org/10.1016/J.PSCYCHRESNS.2006.10.003

Lachaux, J.-P., Rodriguez, E., Martinerie, J., Adam, C., Hasboun, D., & Varela, F. J. (2000).
A quantitative study of gamma-band activity in human intracranial recordings triggered
by visual stimuli. European Journal of Neuroscience, 12(7), 2608-2622.
https://doi.org/https://doi.org/10.1046/j.1460-9568.2000.00163.x

Lang, N., Rothkegel, H., Reiber, H., Hasan, A., Sueske, E., Tergau, F., Ehrenreich, H.,
Wuttke, W., & Paulus, W. (2011). Circadian Modulation of GABA-Mediated Cortical
Inhibition. Cerebral Cortex, 21(10), 2299-2306.
https://doi.org/10.1093/CERCOR/BHR003

Langlois, T., Sanchez-Rodriguez, R., Bourcier, A., Lamy, P., Callahan, S., & Lecomte, T.
(2020). Impact of the group intervention “Accept Voices©” for the management of
auditory hallucinations. In Psychiatry Research.
https://doi.org/10.1016/j.psychres.2020.113159

Lefaucheur, J.-P., André-Obadia, N., Antal, A., Ayache, S. S., Baeken, C., Benninger, D. H.,
Cantello, R. M., Cincotta, M., de Carvalho, M., & De Ridder, D. (2014). Evidence-based
guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS).
Clinical Neurophysiology, 125(11), 2150-2206.

Lefaucheur, J. P., Aleman, A., Baeken, C., Benninger, D. H., Brunelin, J., Di Lazzaro, V.,
Filipovi¢, S. R., Gretkes, C., Hasan, A., Hummel, F. C., Jadskeldinen, S. K., Langguth,
B., Leocani, L., Londero, A., Nardone, R., Nguyen, J. P., Nyffeler, T., Oliveira-Maia, A.
J., Oliviero, A., ... Ziemann, U. (2020). Evidence-based guidelines on the therapeutic
use of repetitive transcranial magnetic stimulation (rTMS): An update (2014—2018).
Clinical Neurophysiology, 131(2), 474-528.
https://doi.org/10.1016/J.CLINPH.2019.11.002

Lehman, A. F., Lieberman, J. A., Dixon, L. B., McGlashan, T. H., Miller, A. L., Perkins, D.
0., Kreyenbuhl, J., Mcintyre, J. S., Charles, S. C., Altshuler, K., Cook, I., Cross, C. D.,
Mellman, L., Moench, L. A., Norquist, G., Twemlow, S. W., Woods, S., Yager, J., Gray,



xlii

S. H., ... Regier, D. (2004). Practice Guideline for the Treatment of Partients with
Schizophrenia, Second Edition. In American Journal of Psychiatry.
https://doi.org/10.1176/appi.books.9780890423363.45859

Leis, A. A. (1998). Cutaneous silent period. In Muscle and Nerve (Vol. 21, Issue 10, pp.
1243-1245). https://doi.org/10.1002/(SI1CI)1097-4598(199810)21:10<1243::AlD-
MUS1>3.0.CO;2-B

Levelt, W. J. M., Praamstra, P., Meyer, A. S., Helenius, P., & Salmelin, R. (1998). An MEG
Study of Picture Naming. Journal of Cognitive Neuroscience, 10(5), 553-567.
https://doi.org/10.1162/089892998562960

Li, J., Cao, X., Liu, S., Li, X., & Xu, Y. (2020). Efficacy of repetitive transcranial magnetic
stimulation on auditory hallucinations in schizophrenia: A meta-analysis. Psychiatry
Research, 290, 113141. https://doi.org/10.1016/j.psychres.2020.113141

Li, P, Fan, T. T., Zhao, R. J., Han, Y., Shi, L., Sun, H. Q., Chen, S. J., Shi, J., Lin, X, & Lu,
L. (2017). Altered Brain Network Connectivity as a Potential Endophenotype of
Schizophrenia. Scientific Reports 2017 7:1, 7(1), 1-9. https://doi.org/10.1038/s41598-
017-05774-3

Liao, X., Vasilakos, A. V., & He, Y. (2017). Small-world human brain networks: Perspectives
and challenges. Neuroscience & Biobehavioral Reviews, 77, 286-300.
https://doi.org/10.1016/J.NEUBIOREV.2017.03.018

Light, G. A., Williams, L. E., Minow, F., Sprock, J., Rissling, A., Sharp, R., Swerdlow, N. R.,
& Braff, D. L. (2010). Electroencephalography (EEG) and event-related potentials
(ERPs) with human participants. Current Protocols in Neuroscience, 52(1), 6-25.

Lijffijt, M., Lane, S. D., Meier, S. L., Boutros, N. N., Burroughs, S., Steinberg, J. L., Gerard
Moeller, F., & Swann, A. C. (2009). P50, N100, and P200 sensory gating: relationships
with behavioral inhibition, attention, and working memory. Psychophysiology, 46(5),
1059-1068.

Lindhardt, K., Gizurarson, S., Stefansson, S. B., Olafsson, D. R., & Bechgaard, E. (2001).
Electroencephalographic effects and serum concentrations after intranasal and
intravenous administration of diazepam to healthy volunteers. British Journal of Clinical
Pharmacology, 52(5), 521-527. https://doi.org/10.1046/J.0306-5251.2001.01486.X

Liu, S.-K.,, Fitzgerald, P. B., Daigle, M., Chen, R., & Daskalakis, Z. J. (2009). The
Relationship Between Cortical Inhibition, Antipsychotic Treatment, and the Symptoms
of Schizophrenia. Biological Psychiatry, 65(6), 503-509.
https://doi.org/10.1016/J.BIOPSYCH.2008.09.012

Liu, Z., Zhang, M., Xu, G., Huo, C., Tan, Q., Li, Z., & Yuan, Q. (2017). Effective
connectivity analysis of the brain network in drivers during actual driving using near-
infrared spectroscopy. Frontiers in Behavioral Neuroscience, 11, 211.
https://doi.org/10.3389/FNBEH.2017.00211/BIBTEX

Lopes da Silva, F. (1991). Neural mechanisms underlying brain waves: from neural
membranes to networks. Electroencephalography and Clinical Neurophysiology, 79(2),
81-93. https://doi.org/10.1016/0013-4694(91)90044-5

Lopes Da Silva, F. H., & Storm Van Leeuwen, W. (1977). The cortical source of the alpha
rhythm. Neuroscience Letters, 6(2-3), 237-241. https://doi.org/10.1016/0304-
3940(77)90024-6

Luhmann, H. J. (2013a). EEG (Electroencephalogram). Encyclopedia of Sciences and
Religions, 696-696. https://doi.org/10.1007/978-1-4020-8265-8_200675

Luhmann, H. J. (2013b). Neurophysiology. Encyclopedia of Sciences and Religions, 1497—
1500. https://doi.org/10.1007/978-1-4020-8265-8 779



Lynall, M. E., Bassett, D. S., Kerwin, R., McKenna, P. J., Kitzbichler, M., Muller, U., &
Bullmore, E. (2010). Functional Connectivity and Brain Networks in Schizophrenia.
Journal of Neuroscience, 30(28), 9477-9487.
https://doi.org/10.1523/JNEUROSCI.0333-10.2010

Marcu, S., Pegolo, E., Ivarsson, E., Jonasson, A. D., Jénasson, V. D., Aubonnet, R., Gargiulo,
P., & Banea, O. C. (2020). Using high density EEG to assess TMS treatment in patients
with schizophrenia. European Journal of Translational Myology.
https://doi.org/10.4081/ejtm.2019.8903

Mehta, U. M., Basavaraju, R., & Thirthalli, J. (2021). Shorter cortical silent period is
associated with manic symptom severity. Brain Stimulation: Basic, Translational, and
Clinical Research in Neuromodulation, 14(1), 129-130.
https://doi.org/10.1016/J.BRS.2020.12.001

Meltzer, H. Y. (1997). Treatment-resistant schizophrenia--the role of clozapine. Current
Medical Research and Opinion, 14(1), 1-20.
https://doi.org/10.1185/03007999709113338

Merton, P. A., & Morton, H. B. (1980). Stimulation of the cerebral cortex in the intact human
subject. Nature 1980 285:5762, 285(5762), 227-227. https://doi.org/10.1038/285227a0

Miller, R. (1994). Cortico-Hippocampal Interplay: Synopsis of a Theory. Oscillatory Event-
Related Brain Dynamics, 43-51. https://doi.org/10.1007/978-1-4899-1307-4_5

Méller, A. L., Hjaltason, O., Ivarsson, O., & Stefansson, S. B. (2009). The effects of repetitive
transcranial magnetic stimulation on depressive symptoms and the P300 event-related
potential. Http://Dx.Doi.Org/10.1080/08039480600790119, 60(4), 282—-285.
https://doi.org/10.1080/08039480600790119

Morstyn, R., Duffy, F. H., & McCarley, R. W. (1983). Altered topography of EEG spectral
content in schizophrenia. Electroencephalography and Clinical Neurophysiology, 56(4),
263-271. https://doi.org/10.1016/0013-4694(83)90251-1

Mota, I. A., Fernandes, J. B., Cardoso, M. N., Sala-Blanch, X., Kofler, M., & Valls-Solg, J.
(2015). Temporal profile of the effects of regional anesthesia on the cutaneous reflexes
of foot muscles. Experimental Brain Research 2015 233:9, 233(9), 2587-2596.
https://doi.org/10.1007/S00221-015-4329-2

Néaatanen, R., & Picton, T. (1987). The N1 wave of the human electric and magnetic response
to sound: a review and an analysis of the component structure. Psychophysiology, 24(4),
375-425.

Nagasawa, T., Rothermel, R., Juhasz, C., Fukuda, M., Nishida, M., Akiyama, T., Sood, S., &
Asano, E. (2010). Cortical gamma-oscillations modulated by auditory-motor tasks-
intracranial recording in patients with epilepsy. Human Brain Mapping.
https://doi.org/10.1002/hbm.20963

Nathou, Clément, Duprey, E., Simon, G., Razafimandimby, A., Leroux, E., Dollfus, S., &
Etard, O. (2018). Effects of low-and high-frequency repetitive transcranial magnetic
stimulation on long-latency auditory evoked potentials. Neuroscience Letters, 686, 198—
204.

Nathou, Clement, Etard, O., Simon, G., & Dollfus, S. (2015). How do high-and low-
frequency repetitive transcranial magnetic stimulations modulate the temporal cortex.
Psychophysiology, 52(2), 192-198.

NCT03544333. (2018). Boost rTMS for Auditory Verbal Hallucinations.
Https://Clinicaltrials.Gov/Show/NCT03544333.

Newman, M. E. J. (2003). The structure and function of complex networks. SIAM Review,
45(2), 167-256. https://doi.org/10.1137/s003614450342480



xliv

Newson, J. J., & Thiagarajan, T. C. (2019). EEG Frequency Bands in Psychiatric Disorders:
A Review of Resting State Studies. Frontiers in Human Neuroscience, 12, 521.
https://doi.org/10.3389/fnhum.2018.00521

Nielsen, J. D., Madsen, K. H., Wang, Z., Liu, Z., Friston, K. J., & Zhou, Y. (2017). Working
Memory Modulation of Frontoparietal Network Connectivity in First-Episode
Schizophrenia. Cerebral Cortex. https://doi.org/10.1093/cercor/bhx050

Ogura, C., Nageishi, Y., Matsubayashi, M., Omura, F., Kishimoto, A., & Shimokochi, M.
(1991). Abnormalities in Event-Related Potentials, N100, P200, P300 and Slow Wave in
Schizophrenia. Psychiatry and Clinical Neurosciences, 45(1), 57-65.
https://doi.org/10.1111/J.1440-1819.1991.TB00506.X

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory.
Neuropsychologia. https://doi.org/10.1016/0028-3932(71)90067-4

Olejarczyk, E., Jozwik, A., Valiulis, V., Dapsys, K., Gerulskis, G., & Germanavicius, A.
(2021). Statistical Analysis of Graph-Theoretic Indices to Study EEG-TMS Connectivity
in Patients With Depression. Frontiers in Neuroinformatics, 0, 11.
https://doi.org/10.3389/FNINF.2021.651082

Olincy, A., Braff, D. L., Adler, L. E., Cadenhead, K. S., Calkins, M. E., Dobie, D. J., Green,
M. F., Greenwood, T. A,, Gur, R. E., Gur, R. C., Light, G. A., Mintz, J., Nuechterlein, K.
H., Radant, A. D., Schork, N. J., Seidman, L. J., Siever, L. J., Silverman, J. M., Stone,
W. S., ... Freedman, R. (2010). Inhibition of the P50 cerebral evoked response to
repeated auditory stimuli: Results from the Consortium on Genetics of Schizophrenia.
Schizophrenia Research, 119(1-3), 175-182.
https://doi.org/10.1016/J.SCHRES.2010.03.004

Organization, W. H. (1992). The ICD-10 classification of mental and behavioural disorders:
clinical descriptions and diagnostic guidelines. Weekly Epidemiological Record= Relevé
Epidémiologique Hebdomadaire, 67(30), 227.

Ozaki, T., Toyomaki, A., Hashimoto, N., & Kusumi, I. (2021). Quantitative resting state
electroencephalography in patients with schizophrenia spectrum disorders treated with
strict monotherapy using atypical antipsychotics. Clinical Psychopharmacology and
Neuroscience. https://doi.org/10.9758/cpn.2021.19.2.313

Paci, M., Di Cosmo, G., Perrucci, M. G., Ferri, F., & Costantini, M. (2021). Cortical silent
period reflects individual differences in action stopping performance. Scientific Reports,
11(1). https://doi.org/10.1038/s41598-021-94494-w

Park, E. J., Han, S. I., & Jeon, Y. W. (2010). Auditory and visual P300 reflecting cognitive
improvement in patients with schizophrenia with quetiapine: A pilot study. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 34(4), 674—680.
https://doi.org/10.1016/J.PNPBP.2010.03.011

Pascual-Leone, A., Amedi, A., Fregni, F., & Merabet, L. B. (2005). THE PLASTIC HUMAN
BRAIN CORTEX. Http://Dx.D0i.0Org/10.1146/Annurev.Neuro.27.070203.144216, 28,
377-401. https://doi.org/10.1146/ANNUREV.NEURO.27.070203.144216

Peled, A., Geva, A. B., Kremen, W. S., Blankfeld, H. M., Esfandiarfard, R., & Nordahl, T. E.
(2001). Functional connectivity and working memory in schizophrenia: An EEG study.
International Journal of Neuroscience. https://doi.org/10.3109/00207450109149737

Pfurtscheller, G., & Aranibar, A. (1977). Event-related cortical desynchronization detected by
power measurements of scalp EEG. Electroencephalography and Clinical
Neurophysiology, 42(6), 817-826. https://doi.org/10.1016/0013-4694(77)90235-8

physiology | Etymology, origin and meaning of physiology by Etymonline. (n.d.). Retrieved
November 3, 2021, from https://www.etymonline.com/word/physiology



Pion-Tonachini, L., Kreutz-Delgado, K., & Makeig, S. (2019). ICLabel: An automated
electroencephalographic independent component classifier, dataset, and website.
Neurolmage. https://doi.org/10.1016/j.neuroimage.2019.05.026

Polich, J. (1987). Response mode and P300 from auditory stimuli. Biological Psychology,
25(1), 61-71. https://doi.org/10.1016/0301-0511(87)90067-6

Polich, J. (1989). Habituation of P300 from auditory stimuli. Psychobiology 1989 17:1, 17(1),
19-28. https://doi.org/10.3758/BF03337813

Polich, J., & Mclsaac, H. K. (1994). Comparison of auditory P300 habituation from active
and passive conditions. International Journal of Psychophysiology, 17(1), 25-34.
https://doi.org/10.1016/0167-8760(94)90052-3

Population 1st of January 2018 - Statistics Iceland. (n.d.). Retrieved November 27, 2021,
from https://www.statice.is/publications/news-archive/inhabitants/population-1st-of-
january-2018/

Potter, D., Summerfelt, A., Gold, J., & Buchanan, R. W. (2006). Review of Clinical
Correlates of P50 Sensory Gating Abnormalities in Patients with Schizophrenia.
Schizophrenia Bulletin, 32(4), 692—700. https://doi.org/10.1093/SCHBUL/SBJ050

Poyser, A. W. (1892). Magnetism and Electricity: A Manual for Students in Advanced Classes
- Arthur William Poyser - Google Bdkaleit. London Longmans, Green & Co.
https://books.google.is/books?id=JzBAAAAAY AAJ&pg=PA285&redir_esc=y#v=onepa
ge&q&f=false

Psatta, D. O. M. M. M. (2000). EEG Relative Power versus Absolute Power Mapping -
Advantages , Disadvantages. Rom. J. Neurol., 38(1-2), 21-33.
https://www.researchgate.net/publication/348899930_ EEG_RELATIVE_POWER_VER
SUS_ABSOLUTE_POWER_MAPPING-ADVANTAGESDISADVANTAGES

Riches, S. F., Collins, D. J., Scuffham, J. W., & Leach, M. O. (2014). EU Directive 2004/40:
field measurements of a 1.5 T clinical MR scanner.
Http://Dx.Doi.Org/10.1259/Bjr/69843752, 80(954), 483-487.
https://doi.org/10.1259/BJR/69843752

Richter, L., De Graaf, C., Sieghart, W., Varagic, Z., Morzinger, M., De Esch, I. J. P., Ecker,
G. F., & Ernst, M. (2012). Diazepam-bound GABAA receptor models identify new
benzodiazepine binding-site ligands. Nature Chemical Biology 2012 8:5, 8(5), 455-464.
https://doi.org/10.1038/nchembio.917

Rieger, K., Diaz Hernandez, L., Baenninger, A., & Koenig, T. (2016). 15 Years of Microstate
Research in Schizophrenia — Where Are We? A Meta-Analysis. Frontiers in Psychiatry,
O(FEB), 22. https://doi.org/10.3389/FPSYT.2016.00022

Rosburg, T. (2018). Auditory N100 gating in patients with schizophrenia: a systematic meta-
analysis. Clinical Neurophysiology, 129(10), 2099-2111.

Rosburg, T., Boutros, N. N., & Ford, J. M. (2008). Reduced auditory evoked potential
component N100 in schizophrenia—a critical review. Psychiatry Research, 161(3), 259—
274.

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmdller, J., Carpenter, L. L.,
Cincotta, M., Chen, R., Daskalakis, J. D., Di Lazzaro, V., Fox, M. D., George, M. S.,
Gilbert, D., Kimiskidis, V. K., Koch, G., Ilmoniemi, R. J., Pascal Lefaucheur, J.,
Leocani, L., ... Hallett, M. (2021). Safety and recommendations for TMS use in healthy
subjects and patient populations, with updates on training, ethical and regulatory issues:
Expert Guidelines. Clinical Neurophysiology, 132(1), 269-306.
https://doi.org/10.1016/J.CLINPH.2020.10.003

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2011). Screening questionnaire



xlvi

before TMS: an update.

Rothwell, J. C. (1997). Techniques and mechanisms of action of transcranial stimulation of
the human motor cortex. Journal of Neuroscience Methods, 74(2), 113-122.
https://doi.org/10.1016/S0165-0270(97)02242-5

Rubinov, M., & Sporns, O. (2010). Complex network measures of brain connectivity: Uses
and interpretations. Neurolmage, 52(3), 1059-1069.
https://doi.org/10.1016/J.NEUROIMAGE.2009.10.003

Saletu, M. T., Anderer, P., Saletu-Zyhlarz, G. M., Mandl, M., Arnold, O., Nosiska, D.,
Zeitlhofer, J., & Saletu, B. (2005). EEG-mapping differences between narcolepsy
patients and controls and subsequent double-blind, placebo-controlled studies with
modafinil. European Archives of Psychiatry and Clinical Neuroscience, 255(1), 20-32.
https://doi.org/10.1007/S00406-004-0530-1

Salisbury, D. F., Shenton, M. E., & McCarley, R. W. (1999). P300 topography differs in
schizophrenia and manic psychosis. Biological Psychiatry, 45(1), 98-106.
https://doi.org/10.1016/S0006-3223(98)00208-X

Sanchez-Morla, E. M., Garcia-Jiménez, M. A., Barabash, A., Martinez-Vizcaino, V., Mena,
J., Cabranes-Diaz, J. A., Baca-Baldomero, E., & Santos, J. L. (2008). P50 sensory gating
deficit is a common marker of vulnerability to bipolar disorder and schizophrenia. Acta
Psychiatrica Scandinavica, 117(4), 313-318. https://doi.org/10.1111/J.1600-
0447.2007.01141.X

Sartorius, N., Jablensky, A., Korten, A., Ernberg, G., Anker, M., Cooper, J. E., & Day, R.
(1986). Early manifestations and first-contact incidence of schizophrenia in different
cultures. A preliminary report on the initial evaluation phase of the WHO Collaborative
Study on determinants of outcome of severe mental disorders. Psychological Medicine,
16(4), 909-928. https://doi.org/10.1017/s0033291700011910

Schartner, M., Seth, A., Noirhomme, Q., Boly, M., Bruno, M.-A., Laureys, S., & Barrett, A.
(2015). Complexity of Multi-Dimensional Spontaneous EEG Decreases during Propofol
Induced General Anaesthesia. PLOS ONE, 10(8), e0133532.
https://doi.org/10.1371/JOURNAL.PONE.0133532

Schwarzkopf, S. B., Light, G. A., Lamberti, J. S., & Silverstein, S. M. (1995). Auditory ERPs
in schizophrenia: Diagnostic and symptom correlates. Biological Psychiatry, 37(9), 636.

Shan, P., Zhuo, C., Ma, X., Sang, H., Zhong, B., Lin, X., Ji, F., Chen, M., Tian, H., Zhao, Y.,
& Pan, J. (2019). Treatment of auditory verbal hallucinations with atypical
antipsychotics in healthy individuals: an artificially controlled post-treatment report.
Journal of International Medical Research, 48(4), 1-14.
https://doi.org/10.1177/0300060519875830

Sheehan, D. V, Lecrubier, Y., Sheehan, K. H., Janavs, J., Weiller, E., Keskiner, A., Schinka,
J., Knapp, E., Sheehan, M. F., & Dunbar, G. C. (1997). The validity of the Mini
International Neuropsychiatric Interview (MINI) according to the SCID-P and its
reliability. European Psychiatry, 12(5), 232—-241.

Shergill, S. S., Murray, R. M., & McGuire, P. K. (1998). Auditory hallucinations: a review of
psychological treatments. Schizophrenia Research, 32(3), 137-150.

Slotema, C. W., Blom, J. D., van Lutterveld, R., Hoek, H. W., & Sommer, I. E. C. (2014).
Review of the efficacy of transcranial magnetic stimulation for auditory verbal
hallucinations. Biological Psychiatry, 76(2), 101-110.

Sommer, I. E. C., Slotema, C. W., Daskalakis, Z. J., Derks, E. M., Blom, J. D., & Van Der
Gaag, M. (2012). The treatment of hallucinations in schizophrenia spectrum disorders.
Schizophrenia Bulletin, 38(4), 704-714. https://doi.org/10.1093/schbul/shs034



Sporns, O. (2003). Graph Theory Methods for the Analysis of Neural Connectivity Patterns.
Neuroscience Databases, 171-185. https://doi.org/10.1007/978-1-4615-1079-6_12

Squires, N. K., Squires, K. C., & Hillyard, S. A. (1975). Two varieties of long-latency
positive waves evoked by unpredictable auditory stimuli in man.
Electroencephalography and Clinical Neurophysiology, 38(4), 387—401.
https://doi.org/10.1016/0013-4694(75)90263-1

Stefansson, S. B., & Jonsddttir, T. J. (1996). Auditory event-related potentials, auditory digit
span, and clinical symptoms in chronic schizophrenic men on neuroleptic medication.
Biological Psychiatry, 40(1), 19-27. https://doi.org/10.1016/0006-3223(95)00351-7

Steinmann, S., Leicht, G., Andreou, C., Polomac, N., & Mulert, C. (2017). Auditory verbal
hallucinations related to altered long-range synchrony of gamma-band oscillations.
Scientific Reports. https://doi.org/10.1038/s41598-017-09253-7

Stekelenburg, J. J. (2002). The orienting response and the motor system. Tilburg University
Press.

Steriade, M., Nunez, A., & Amzica, F. (1993). A novel slow (&It; 1 Hz) oscillation of
neocortical neurons in vivo: depolarizing and hyperpolarizing components. Journal of
Neuroscience, 13(8), 3252—-3265. https://doi.org/10.1523/JNEUROSCI.13-08-
03252.1993

Sun, S., Li, X., Zhu, J.,, Wang, Y., La, R., Zhang, X., Wei, L., Hu, B., Sun, S., Li, X., Zhu, J.,
Wang, Y., & La, R. (2019). Graph Theory Analysis of Functional Connectivity in Major
Depression Disorder With High-Density Resting State EEG Data. IEEE
TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING,
27(3), 429. https://doi.org/10.1109/TNSRE.2019.2894423

Sur, & Sinha, V. (2009). Event-related potential: An overview. Industrial Psychiatry Journal,
18(1), 70. https://doi.org/10.4103/0972-6748.57865

Sutton, S., Braren, M., Zubin, J., & John, E. R. (1965). Evoked-Potential Correlates of
Stimulus Uncertainty. Science, 150(3700), 1187-1188.
https://doi.org/10.1126/SCIENCE.150.3700.1187

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., & Leahy, R. M. (2011). Brainstorm: a user-
friendly application for MEG/EEG analysis. Computational Intelligence and
Neuroscience, 2011.

Tanaka-Koshiyama, K., Koshiyama, D., Miyakoshi, M., Joshi, Y. B., Molina, J. L., Sprock, J.,
Braff, D. L., Light, G. A., Misiak, ej, Glntekin, B., Ivano Triggiani, A., & Lizio, R.
(2020). Abnormal Spontaneous Gamma Power Is Associated With Verbal Learning and
Memory Dysfunction in Schizophrenia negatively associated with impairments in verbal
learning. Resting-state gamma-band EEG power may be useful for understanding the
pathophysiology of cognitive dysfunction and developing novel therapeutics in
schizophrenia patients. Article, 11, 1. https://doi.org/10.3389/fpsyt.2020.00832

Tang, Y., Zhang, T., Edelman, B., Zeng, B., Zhao, S., Li, C., Zhuo, K., Qian, Z., Li, H., Guo,
Q., Cui, H., Zhu, Y., Jiang, L., Li, C., Yu, D., & Wang, J. (2014). Author’s personal copy
Prolonged cortical silent period among drug-naive subjects at ultra-high risk of
psychosis. https://doi.org/10.1016/j.schres.2014.10.004

Terao, Y., & Ugawa, Y. (2002). Basic mechanisms of TMS. In Journal of Clinical
Neurophysiology. https://doi.org/10.1097/00004691-200208000-00006

Thoma, R. J., Meier, A., Houck, J., Clark, V. P., Lewine, J. D., Turner, J., Calhoun, V., &
Stephen, J. (2017). Diminished auditory sensory gating during active auditory verbal
hallucinations. Schizophrenia Research, 188, 125-131.

Toyomaki, A., Hashimoto, N., Kako, Y., Tomimatsu, Y., Koyama, T., & Kusumi, I. (2015).



xlviii

Different P50 sensory gating measures reflect different cognitive dysfunctions in
schizophrenia. Schizophrenia Research: Cognition, 2(3), 166-169.
https://doi.org/10.1016/J.SC0OG.2015.07.002

Turco, C. V., Arsalan, S. O., & Nelson, A. J. (2020). The Influence of Recreational Substance
Use in TMS Research. Brain Sciences 2020, Vol. 10, Page 751, 10(10), 751.
https://doi.org/10.3390/BRAINSCI10100751

Turetsky, B. I., Dress, E. M., Braff, D. L., Calkins, M. E., Green, M. F., Greenwood, T. A,
Gur, R. E., Gur, R. C., Lazzeroni, L. C., Nuechterlein, K. H., Radant, A. D., Seidman, L.
J., Siever, L. J., Silverman, J. M., Sprock, J., Stone, W. S., Sugar, C. A., Swerdlow, N.
R., Tsuang, D. W., ... Light, G. (2015). The utility of P300 as a schizophrenia
endophenotype and predictive biomarker: Clinical and socio-demographic modulators in
COGS-2. Schizophrenia Research, 163(1-3), 53-62.
https://doi.org/10.1016/J.SCHRES.2014.09.024

Uhlhaas, P. J., & Singer, W. (2010). Abnormal neural oscillations and synchrony in
schizophrenia. In Nature Reviews Neuroscience. https://doi.org/10.1038/nrn2774

Understanding the Normal ECG | Thoracic Key. (n.d.). Retrieved November 5, 2021, from
https://thoracickey.com/understanding-the-normal-ecg/

Ustohal, L., Mayerova, M., Hublova, V., Kucerova, H. P., Ceskova, E., & Kasparek, T.
(2016). Risperidone increases the cortical silent period in drug-naive patients with first-
episode schizophrenia: A transcranial magnetic stimulation study:
Http://Dx.D0i.Org/10.1177/0269881116662650, 31(4), 500-504.
https://doi.org/10.1177/0269881116662650

Valle, R. (2020). Schizophrenia in ICD-11: Comparison of ICD-10 and DSM-5. Revista de
Psiquiatria y Salud Mental (English Edition), 13(2), 95-104.
https://doi.org/10.1016/J.RPSMEN.2020.01.002

Van der Gaag, M., Valmaggia, L. R., & Smit, F. (2014). The effects of individually tailored
formulation-based cognitive behavioural therapy in auditory hallucinations and
delusions: A meta-analysis. Schizophrenia Research, 156(1), 30-37.
https://doi.org/10.1016/).SCHRES.2014.03.016

Van Luijtelaar, G. (2003). The effects of diazepam on sensory gating in healthy volunteers.
Neuroscience Letters, 341(1), 65-68. https://doi.org/10.1016/S0304-3940(03)00155-1

Vos, T., Abajobir, A. A., Abbafati, C., Abbas, K. M., Abate, K. H., Abd-Allah, F., Abdulle,
A. M., Abebo, T. A., Abera, S. F., Aboyans, V., Abu-Raddad, L. J., Ackerman, I. N.,
Adamu, A. A., Adetokunboh, O., Afarideh, M., Afshin, A., Agarwal, S. K., Aggarwal,
R., Agrawal, A., ... Murray, C. J. L. (2017). Global, regional, and national incidence,
prevalence, and years lived with disability for 328 diseases and injuries for 195
countries, 1990-2016: a systematic analysis for the Global Burden of Disease Study
2016. The Lancet, 390(10100), 1211-1259. https://doi.org/10.1016/S0140-
6736(17)32154-2

Wang, R., Wang, J., Yu, H., Wei, X,, Yang, C., & Deng, B. (2015). Power spectral density
and coherence analysis of Alzheimer’s EEG. Cognitive Neurodynamics, 9(3), 291-304.
https://doi.org/10.1007/S11571-014-9325-X/TABLES/3

Waters, F., & Fernyhough, C. (2019). Auditory Hallucinations: Does a Continuum of Severity
Entail Continuity in Mechanism? Schizophrenia Bulletin, 45(4), 717-719.
https://doi.org/10.1093/schbul/sbz002

Watts, D. J., & Strogatz, S. H. (1998). Collective dynamics of *small-world9 networks.
Nature. https://doi.org/10.1038/30918

World Health Assembly Update, 25 May 2019. (n.d.). Retrieved November 27, 2021, from



https://www.who.int/news/item/25-05-2019-world-health-assembly-update

Wykes, T., Parr, A.-M., & Landau, S. (1999). Group treatment of auditory hallucinations.
British Journal of Psychiatry. https://doi.org/10.1192/bjp.175.2.180

Xiang, Y., Wang, J., Tan, G., Wu, F.-X., & Liu, J. (2020). Schizophrenia Identification Using
Multi-View Graph Measures of Functional Brain Networks. Frontiers in Bioengineering
and Biotechnology, 0, 479. https://doi.org/10.3389/FBIOE.2019.00479

Yerkes, R. M., & Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of
habit-formation. Journal of Comparative Neurology and Psychology.
https://doi.org/10.1002/cne.920180503

Young, N. A, Sharma, M., & Deogaonkar, M. (2014a). Transcranial magnetic stimulation for
chronic pain. Neurosurgery Clinics of North America, 25(4), 819-832.
https://doi.org/10.1016/J.NEC.2014.07.007

Young, N. A, Sharma, M., & Deogaonkar, M. (2014b). Transcranial Magnetic Stimulation
for Chronic Pain. Neurosurgery Clinics of North America, 25(4), 819-832.
https://doi.org/10.1016/J.NEC.2014.07.007

Yuvaraj, R., Murugappan, M., Mohamed Ibrahim, N., Igbal Omar, M., Sundaraj, K.,
Mohamad, K., Palaniappan, R., Mesquita, E., & Satiyan, M. (2014a). On the analysis of
EEG power, frequency and asymmetry in Parkinson’s disease during emotion
processing. Behavioral and Brain Functions. https://doi.org/10.1186/1744-9081-10-12

Yuvaraj, R., Murugappan, M., Mohamed Ibrahim, N., Igbal Omar, M., Sundaraj, K.,
Mohamad, K., Palaniappan, R., Mesquita, E., & Satiyan, M. (2014b). On the analysis of
EEG power, frequency and asymmetry in Parkinson’s disease during emotion
processing. Behavioral and Brain Functions 2014 10:1, 10(1), 1-19.
https://doi.org/10.1186/1744-9081-10-12

Ziemann, U., Lonnecker, S., & Paulus, W. (1995). Inhibition of human motor cortex by
ethanol A transcranial magnetic stimulation study. Brain, 118(6), 1437-1446.
https://doi.org/10.1093/BRAIN/118.6.1437

Zurrén, M., & Diaz, F. (1997). Auditory event-related potentials in mentally retarded subjects
during active and passive oddball experiments. Biological Psychiatry, 41(2), 201-208.
https://doi.org/10.1016/0006-3223(95)00662-1



Appendix

Article |

High density EEG to assess TMS treatment in schizophrenia
Eur J Trans] Myol 30 (1): 134-138, 2020

Using high density EEG to assess TMS treatment in patients with
schizophrenia

Sara Marcu (1.2), Elena Pegolo (1,2), Eysteinn Ivarsson (3), Aron D. Jénasson (3),
Viktor D. Jénasson (4), Romain Aubonnet (1). Paolo Gargiulo (1), Ovidiu C. Banea
(1.3)

(1) Revkjavik University, School of Science and Engineering, Biomedical Engineering,
Revkjavik, Iceland; (2) Department of Information Engineering, University of Padova, Italv; (3)
Clinical Neurophysiology Unit, Neurology Department, National University Hospital of Iceland;
(4) Psychiatric Department, National University Hospital of Iceland.

This article is distributed under the terms of the Creative Commons Attribution Noncommercial License (CC BY-NC 4.0) which permits
any noncommerctal use, distribution, and reproduction in any medtum, provided the original author(s) and source are credited.

Abstract

We present preliminary results from the ongoing study entitled “Icelandic AVH-TMS" which
aim is to study the effectiveness of repetitive transcranial magnetic stimulation (rTMS) treatment
for patients with schizophrenia and with persistent auditory verbal hallucinations (AVH) using
symptoms and psychometric scales and high-density EEG system (256 channels). The aim of the
present work was to describe cortical topography of the auditory evoked responses like P50 and
N100-P300 complex in healthy participants and patients with schizophrenia and to define a
robust methodology of signal quantification using dense-array EEG. Preliminary data is shown
for three healthy participants and three patients in baseline conditions and for two patients we
show the results recorded before and after 10 days rTMS treatment. Our results show differences
in sensory gating (P50 suppresion) and a stronger N100-P300 response to rare audio stimulus
after the treatment. Moreover we show the value of assessing brain electrical activity from high-
density EEG (256 channels) analyzing the results in different regions of interest. However, it is
premature and hazardous to assume that rTMS treatment effectiveness in patients with AVH can
be d using P50 ion ratio.

PP
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P50 suppression and P300 deficits in patients with
schizophrenia were found to be of similar magnitude as
findings reported in neuroimaging and neuro-
psychology.! Dysfunction of sensory gating is of high
interest in psychiatric research and has been studied
mostly with P50, a positive amplitude wave occurring
approximately 50 ms after an auditory stimulus, which
likely reflects pre-attentive information processing.’
Sensory gating deficits using P50 suppression have been
found in schizophrenia.’ P50 gating is not always related
to cognitive deficits,* and the effect of different
treatments on P50 analyzed together with positive or
negative symptoms were controversial showing that
abnormal sensory gating is not directly associated with
the expression of these symptoms.’ Event related
potentials are the most elaborated ERPs in psychiatric
studies. The components N100, P200, N200, P300 are
elicited by the rare stimuli; whereas frequent stimuli elicit
only N100 and P200.° During a two-tone discrimination

(oddball) task the mean amplitudes of the N100 and P300
auditory responses are decreased in patients with
schizophrenia in comparison to the healthy
participants.5”

In 1999, Hoffman and colleagues started to explore the
repetitive transcranial magnetic stimulation (rTMS) for
the treatment of auditory verbal hallucinations (AVH).
When the coil was directed at the left temporoparietal
cortex, they were able to ameliorate pharmaco - resistant
AVH .S Since then, many other studies and meta-analyses
showed that rTMS is capable of reducing the frequency
and severity of auditory hallucinations with significantly
better symptom reduction for low-frequency rTMS as
compared with placebo.®!!. According to the available
literature, previous studies describing the effectiveness of
rTMS as a treatment for patients with persistent AVH
used mainly subjective measurements like psychometric
scales. Within the “Icelandic AVH-TMS" study the goal
is to assess rTMS treatment with symptoms scales and
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neurophysiological markers like ERPs, gamma and beta
relative power or cortical silent period.

While the examination of P300 topography in chronically
ill patients with schizophrenia and psychotic bipolar
disorder was associated with a specific left-lateralized
posterior abnormality, suggesting underlying posterior
temporal lobe pathology with abnormalities of a
generator located in the left superior temporal gyrus
(STG).!>Z the topography of P50 remains largely
unknown'¥. Where the P50 suppression and P300 waves
show major changes or dysfunction at cortical level
remain unclear as most studies reported P300 data at Pz
and Cz electrodes while P50 researchers consistently
reported analysis at Cz and thus only this location was
used for analysis.! The objective of this study was to
present the method of P50 suppression and N100-P300
components measures from seven different brain
locations (left anterior, left posterior, medial anterior,
medial central, medial posterior, right anterior and right
posterior) using high density EEG. Our hypotheses were
that after rTMS treatment, P50 suppression ratio
decreases (improved sensory gating) and N100-P300
voltage increases.

Materials and Methods

The patients have been recruited from the psychiatric
wards and outpatient clinics through the National Hospital
database of diagnosed schizophrenia patients, following
the ICD-10 schizophrenia classification (F20). Only those
still experiencing persistent auditory verbal hallucinations
after finishing at least two 6-8 week drug prescription
treatments have been selected. Permission from the Ethics
Committee at the University Hospital of Iceland was
obtained (approval no. 21.2018). Healthy participants
were recruited by convenience sampling and went
through Mini-International Neuropsychiatric Interview
(M.IN.L).

P50 suppression.

The paired-click paradigm was performed to elicit the P50
component. A pure tone (1500 Hz, 6-ms duration at
comfortable hearing noise) was used as the click sound
and presented during a 500-ms interval through
headphones. The interval between paired stimuli was 10
seconds. We presented 150 paired stimulus in 5 blocks
with interstimulus interval of 10 seconds, which provided
25 minutes of EEG measurement.'> 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 identified as the
most prominent peak in the 40- to 80-ms post stimulus
window (Figure 1). 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 Sl
peak was selected. P50 suppression was calculated as the
ratio of the mean value of the S2 amplitude to the mean
value of the S1 amplitude (S2:51).1617

Fig 1. P50 and N100 gating during preprocessing
(black bars correspond to stimulus onset, ISI
500ms).

N100-P300 complex.

In our study P300 response was measured with an
auditory oddball paradigm attention task. The recordings
were carried out between 11:00 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 constant 1.1 sec.
For each subject there was 1 trial of 160 tones which
occurred randomly with a probability of 0.2.!¥ We
instructed the participants to pay attention at the rare
stimuli without counting or moving a finger.

EEG pre-processing and analysis.

The EEG was recorded using 256 channel 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 neck. Data pre-
processing and analysis was performed with Brainstorm'®
and MATLAB 2018b. The data were sampled at 1024 Hz
and re-referenced to the average of left and right mastoid
electrodes (R19R, L19L). A bandpass filter was set
between 0.1- 80 Hz,>%?! and notch filter from 49-51 Hz
was used to remove undesired monomorphic artifacts
from 50 Hz mains electricity. Bad channels were
removed when EEG voltage was greater than +80 pV; if
more than 10% of the channels showed to much noise or
bad signal, the whole trial was rejected. For P50 analysis
the signals were digitized for an epoch of 500 ms starting
100 ms prior to the presentation of each auditory stimulus
(-100 ms 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 stimulus
(-100 to +900 ms).2° Baseline correction was performed
using pre stimulus 100 ms window and “bad™ channels
were removed and interpolated. Individual trials were
visually inspected and rejected when indicative of
excessive muscle activity, eye movements or other
artifacts.

The Regions of Interest

The regions of interest (ROI) were defined using a matlab
script, each of them being represented by 15 electrodes
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P50 Three Healthy participants (mean) Patient before treatment (D4) Patient after 10 days rTMS (D4)
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Fig 2. P50 suppression ratio in three healthy subjects and one patient with schizophrenia before and after rTMS
treatment. N100-P300 voltage measurements in three healthy subjects and two patients with schizophrenia.
Data was calculated (uV) by averaging 15 channels responses corresponding to 7 ROI: left anterior, left
posterior, medial anterior, medial central, medial posterior, right anterior and right posterior.

(105 electrodes out of 256) as follow: Left Anterior (LA),
Left Posterior (LP), Medial Anterior (MA), Medial
Central (MC), Medial Posterior (MP), Right Anterior
(RA) and Right Posterior (RP). Fifteen electrodes were
selected from 3 parallel lines for each region. We
measured the peak-to-peak P50 amplitude from a
preceding negative trough to the positive peak at 30-70 ms
range from the stimulus onset. 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 80-500 ms.
In this work P50 suppression ratio and N1-P3 wave’s
signals were represented as the average of the fifteen
channels of every ROL

Results and Discussion

Recording event related potentials with high density EEG
system is challenging and difficult. Our preliminary data
showed major P50 suppression (reduced ratio) in healthy
participants than in the patients group (Figures 2 and 3).
The patients showed higher ratios on the left anterior and
left posterior regions suggesting that these regions might
be functionally affected or that the gating in healthy
participants is higher on the left anterior and left
temporoparietal cortex (Figure 3). N100-P300
components were obtained and visible in the healthy
group while patients with schizophrenia showed reduced
or absent deviant stimulus responses before the
treatment, which changed and was more visible after the

S2/s51

l [ | ' ‘
me e A "

ALTHY SUBIECTS M PATIENTS

. II I' '
n w o
e

Fig 3. P50 gating in three healthy participants and
three patients with schizophrenia (baseline).

HICO-9300 (rae) e 30 days 1S

Fig 4. N100-P300 (rare stimulus) in one patient
after 10 days rTMS treatment.
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treatment (Figure 4). Even so, the automatic maximum —
minimum voltage measurements for 15 electrodes in
each ROI detected higher responses in the patients group
in few occasions which at visual inspection resulted to be
erroneous due to original signal difficult acquisition or
data processing. P50 suppression ratio analyzed in one
patient after 10 days rTMS treatment at left
temporoparietal region (T3-P3 EEG location) was
increased, which is in contradiction to our hypothesis.
The main limitations of the present study are the limited
sample size, the lack of a comparator group, the patients’
symptoms and medications, which are not presented in
this work and the data processing, mostly of P50 waves
which are of order of microvolts. It would be of interest
to assess N100 gating responses from the same datasets
as for P50 due to better visibility and higher amplitude.
P300 deviant stimulus absent responses in patients group
in baseline condition might be related to the fact that we
did not performed classical P300 oddball task with
requirement of motor movements or counting of rare
stimuli in order to not alter the cortical responses in motor
areas or parietal lobes. P300 waves obtained in healthy
participants and in two patients after rTMS treatment
might be represented by P300a (220-280 ms) related to a
novelty or context updating paradigm.

In conclusion, we proved that recording P50 and ERP is
possible using HD-EEG 256 channels and the results in
healthy subjects are reproducible and show similar
topography when studying the different regions of
interests. In the patients group we observed that P50
waves are very difficult to measure and the relatively
small amplitude or the gated responses cannot be
measured with our protocol. A lot of data will have to be
excluded from the final analysis. N100-P300 complex is
measurable for all selected regions and it appears to be a
helpful neurophysiological marker in assessing if ERPs
components change after rTMS treatment at the
stimulation site or in other different cortical areas.

List of acronyms

AVH - Auditory verbal hallucinations

ERP - Event-related potentials

ROI - Region of interest

rTMS — Repetitive transcranial magnetic stimulation
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Schizophrenia is a complex disorder about which much is still unknown. Potential
treatments, such as transcranial magnetic stimulation (TMS), have not been exploited, in
part because of the variability in behavioral response. This can be overcome with the use
of response biomarkers. It has been however shown that repetitive transcranial magnetic
stimulation (rTMS) can the relieve positive and negative symptoms of schizophrenia,
particularly auditory verbal hallucinations (AVH). This exploratory work aims to establish
a quantitative methodological tool, based on high-density electroencephalogram
(HD-EEG) data analysis, to assess the effect of rTMS on patients with schizophrenia and
AVH. Ten schizophrenia patients with drug-resistant AVH were divided into two groups:
the treatment group (TG) received 1 Hz rTMS treatment during 10 daily sessions (900
pulses/session) over the left T3-P3 International 10-20 location. The control group (CG)
received rTMS treatment over the Cz (vertex) EEG location. We used the P300 oddball
auditory paradigm, known for its reduced amplitude in schizophrenia with AVH, and
recorded high-density electroencephalography (HD-EEG, 256 channels), twice for each
patient: pre-rTMS and 1 week post-rTMS treatment. The use of HD-EEG enabled the
analysis of the data in the time domain, but also in the frequency and source-space
connectivity domains. The HD-EEG data were linked with the clinical outcome derived
from the auditory hallucinations subscale (AHS) of the Psychotic Symptom Rating Scale
(PSYRATS), the Quality of Life Scale (QoLS), and the Depression, Anxiety and Stress
Scale (DASS). The general results show a variability between subjects, independent of
the group they belong to. The time domain showed a higher N1-P3 amplitude post-rTMS,
the frequency domain a higher power spectral density (PSD) in the alpha and beta bands,
and the connectivity analysis revealed a higher brain network integration (quantified using
the participation coefficient) in the beta band. Despite the small number of subjects and
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the high variability of the results, this work shows a robust data analysis and an interplay
between morphology, spectral, and connectivity data. The identification of a trend post-
rTMS for each domain in our results is a first step toward the definition of quantitative
neurophysiological parameters to assess rTMS treatment.

Keywords: high-density EEG, TMS (repetitive transcranial

brain

P300, schizophrenia, spectral

1. INTRODUCTION

Hallucinations are sensory perceptions occurring in the absence
of an external stimulus. Auditory verbal hallucinations (AVH) are
positive psychotic symptoms of schizophrenia and a diagnostic
feature in the pathology, occurring in an estimated 60-70%
of people with this disorder. An increased interaction among
the auditory-language and striatal brain regions occurs while
patients hallucinate (Cur¢i¢ Blake et al, 2017). Patients with
AVH present evidence of structural brain alterations associated
with these perceptions, such as reduced gray matter volume in
the superior temporal gyrus (Kasai et al., 2003), including the
primary auditory cortex, and abnormal connectivity among the
temporal, prefrontal, and anterior cingulate regions (Homan,
2013; Curéi¢ Blake et al,, 2017). Among the empirically supported
theories of the origin of AVH, are a misinterpretation of inner
speech (Frith and Done, 1988) and aberrant activation of the
auditory cortex (Dierks et al., 1999). Almost one-third of patients
with positive psychotic schizophrenia present treatment resistant
symptoms (Howes et al., 2009) and there is a compelling need for
novel treatments.

Transcranial magnetic stimulation (TMS) is a non-invasive
method used over the past 25 years in the treatment of
neurobehavioral disorders (Stanford et al., 2008). It uses an
alternating magnetic field to induce an electrical current in the
brain, depolarizing neurons and generating action potentials.
Wassermann et al. (1996) and Chen et al. (1997) reported that
1 Hz repetitive TMS (rTMS) reduces the excitability of cortical
neurons in healthy individuals. Based on these effects, Hoffman
et al. (1999) hypothesized that 1 Hz rTMS delivered to the left
temporoparietal cortex reduced activity in receptive language
areas associated with AVH in patients with schizophrenia.
Neuroimaging studies of AVH showed an increased activation in
the absence of an external stimulus in the left primary auditory
cortex of subjects with this symptom (Kompus et al., 2011).

Our goal was to establish a methodological tool to
quantitatively assess the cognitive processes of people suffering
with AVH. We aimed to develop an hypothesis that can
validate psychometric results with event related potential (ERP)
morphology (time domain), power spectral density (frequency

Abbreviations: AHS, Auditory Hallucinations Subscale; AVH, Auditory Verbal
Hallucinations; CG, Control Group; DASS, Depression Anxiety Stress Scale;
ERP, Event-related Potential; HD EEG, High Density Electroencephalogram;
PC, Participation coefficient; PSD, Power Spectral Density; PSYRATS, Psychotic
Symptom Rating Scales; QoLS, Quality of Life Scale; rTMS, Repetitive Transcranial
Magnetic Stimulation; TG, Treatment Group; TMS, Transcranial Magnetic
Stimulation.

domain), and brain connectivity in patients undergoing 10
sessions of low-frequency rTMS.

To date, the mechanism of the effect of rTMS on AVH has
only been inferred from the hypothesis of left temporoparietal
cortex dysfunction and the behavioral response is variable from
patient to patient. Dozens of studies have used inhibitory low
frequency rTMS over the T3-P3 EEG location as a treatment
for pharmaco-resistant AVH with the effects measured mainly
with psychometric scales (Lefaucheur et al., 2014; Slotema et al.,
2014). Physiological measures linked to specific brain areas and
biomarkers of target engagement and response are needed to
optimize treatment. Indeed, response biomarkers are essential
as predictors of treatment where behavioral outcomes can be
variable. They may also be very useful for rTMS treatments,
where multiple parameters, including frequency, train length,
intensity, duration, and treatment schedule can all influence
effectiveness and should be optimized before full-scale clinical
trials are attempted. Past studies indicate a relation between
different frequency bands and cognitive processes (Klimesch
etal,, 1998). The power spectral density (PSD) changes observed
in response to attentional demands can be of interest to monitor
patients with schizophrenia behavior. Electroencephalographic
(EEG) measures, including spectral density and evoked potentials
(Barr etal,, 2011), have been used as measures of the physiological
response to TMS treatment. For instance, it has been observed
that rTMS to the dorsolateral prefrontal area increased the P300
response in patients with schizophrenia, but not healthy controls
(Lin et al., 2018).

The P300 first described by Sutton et al. (1965), mostly studied
as a parameter of voluntary attention (Mazaheri and Picton,
2005), is the leading Event Related Potential (ERP) correlate of
target discrimination (Mazaheri and Picton, 2005) and it has
been largely employed to characterize schizophrenia (Jeon and
Polich, 2003). Previous studies have found that patients with
auditory hallucinations exhibit reduced P300 amplitudes (Jeon
and Polich, 2003; Bramon et al., 2004; Fisher et al., 2014). Many
works based on P300 also analyzed N100, the negative deflection
that occurs approximately 100 ms after the auditory stimulus,
noting a relation with working memory (Lijffijt et al., 2009).
The mean amplitudes of the auditory N100 and P300 responses
are decreased in patients with schizophrenia in comparison to
healthy participants (Ogura et al., 1991; Ford et al., 2001; Earls
et al., 2016).

Here, we compared alterations in the P300 response after
left temporal and vertex [used as a control in previous
studies with schizophrenia and AVH (Nyffeler et al, 2006;
Nowak et al., 2008; Loo et al,, 2010)] TMS in patients with
schizophrenia using three different approaches : time, frequency,
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and source-space connectivity. Patients also underwent a battery
of neurobehavioral and tests before and after treatment.

We remained descriptive in our analysis before and after
treatment, at group and single levels.

2. MATERIALS AND METHODS
2.1. Participants

The patients were recruited from the psychiatric wards and
outpatient clinics of the National Hospital of Iceland. They
were diagnosed with schizophrenia, following the ICD-10
(International Classification of Diseases, Tenth Revision, Clinical
Modification) schizophrenia classification (F20). Only those still
experiencing persistent AVH after finishing at least two 6-8
week drug treatments were selected. Patients were excluded if
they had history of seizures, were using cannabis or drinking
more than three units of alcohol daily, were using any other
illegal drugs within 1 month prior to the beginning of the study,
or showing TMS contraindications during the pre-treatment
interview (Rossi et al., 2011). Permission from the Health
Research Ethics Committee at the University Hospital of Iceland
was obtained (approval no. 21.2018). Ten patients (7 men and
3 women, mean age = 32, SD = 6.41) were selected for the
study. All of them were taking medications. Table 1 sums up
the patient information. The patients were randomly assigned
into two groups. Five patients (four men and one woman, mean
age 35.2, SD = 5.12,range 30-48) were included in the active
treatment group (TG). They received ten daily sessions of 15 min
1 Hz frequency rTMS (900 pulses/session) at 100% of abductor
pollicis brevis resting motor threshold (RMT) applied at T3-P3
location. Five patients (three men and two women, mean age
29.6, SD = 3.92, range 26-39) were included in the control group
(CG) and received rTMS at 100% RMT to the vertex of CG
10-20 location. The EEG and psychometric data were acquired
twice in each patient group; before the rTMS treatment (pre-
treatment) and within 1 week after completing ten sessions of
rTMS treatment (post-treatment). This produced 20 datasets: five
pre-TMS TG, five post-TMS TG, five pre-TMS CG, and five post-
TMS CG. Figure 1 shows the experimental set-up and workflow
designed for this study. Figure 2 shows the pre-processing and
data analysis pipeline used for this study.

2.2. Psychometric Data
Three scales were used to collect clinical information pre-
and post-treatment.

2.2.1. PSYRATS

Psychotic Symptom Rating Scales (PSYRATS) auditory
hallucinations subscale (AHS) is an interview measuring
auditory hallucinations using 11 items rated on a five-point
ordinal scale (0-4). The scale measures the severity of AVH for
the past week in 11 dimensions which are: frequency, duration,
location, loudness, beliefs about origin, negative content,
intensity of negative content, amount of distress, intensity of
distress, disruption of life, and control. PSYRATS has shown
excellent inter-rater reliability and good discriminant and
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convergent validity for both chronic and first episode psychosis
(Haddock et al., 1999; Drake et al., 2007).

2.2.2. Quality of Life Scale (QoLS)

Quality of life was assessed with a 16 item self-report scale,
consisting of five conceptual domains of quality of life: material
and physical well-being, relationships with other people, social
community and civic activities, personal development and
fulfillment, and recreation. The scale has been shown to have
good test-retest reliability and good convergent and discriminant
validity (Flanagan, 1978).

2.2.3. Depression Anxiety Stress Scales (DASS)

The DASS is a measure of mental health focusing on the three
traits of depression, anxiety, and stress. It consists of 42 items,
rated on a four point Likert type scale of how much that symptom
occurred in the last week. In clinical samples the scale has shown
excellent internal consistency and temporal stability as well as
excellent discriminant validity and good convergent validity
(Brown et al., 1997).

2.3. P300 Recordings

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 presented
binaurally through headphones at an interstimulus interval
between tones of constant 1.1 s. 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 (Marcu et al.,
2020). We required the participants to focus on the rare stimuli
without counting or moving a finger.

2.4. EEG Pre-processing and Analysis

The EEG was recorded using a 256 channel 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 neck. Data pre-processing and analysis were
performed with Brainstorm (Tadel et al., 2011) and MATLAB
2018b (MathWorks, Inc., Natick, 158 Massachusetts, USA).

2.4.1. Pre-processing

The data were sampled at 1,024 Hz and re-referenced to the
average of left and right mastoid electrodes (R19R, L19L). A
bandpass filter was set between 0.5 and 70 Hz and notch filter
from 49 to 51 Hz was used to remove undesired monomorphic
artifacts from 50 Hz mains electricity. Bad channels were
manually removed when EEG voltage was higher than +80
uV; 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, starting 500 ms before
the presentation of each auditory stimulus (-500 to +700 ms).
Baseline correction was performed using pre-stimulus 500 ms
to pre-stimulus 100 ms window and channels marked as bad
were removed and interpolated. Individual trials were visually
inspected and rejected when indicative of excessive muscle
activity, eye movements, or other artifacts.
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TABLE 1 | Socio-demographic information.

HD-EEG P300 rTMS Schizophrenia

Group Id Gender Medication Diagnosis

TG ™ M Clozapine, Fluoxetine, Bupropion Paranoid Schizophrenia

TG T M Clozapine, Olanzapine, Perphenazine, Alprazolam, Levomepromazine, Oxazepam and Melatonin  Paranoid Schizophrenia
TG T3 F Sertraline, Quetiapine, Pregabalin and Zopiclone Schizoaffective Disorder Depressive type
TG T4 M Clozapine and Flupenthixol Paranoid Schizophrenia
TG B M Clozapine, Amisulpiride, Propranolol and Clonazepam Paranoid Schizophrenia
CG Ct M Paliperidone, Quetiapine and Perphenazine Paranoid Schizophrenia
CG C2 F Clozapine, Flupenthixol, Zopiclone, Mirtazapine, Escitalopram, Metoprolol and Chlorpromazine Paranoid Schizophrenia
CG C3 F Avripiprazole, Olanzapine, Chlorprothixene and Pregabalin Paranoid Schizophrenia
CG Cc4 M Clozapine, Olanzapine, Bupropion and Propranolol Paranoid Schizophrenia
CG Cs M Clozapine, Pregabalin, Amisulpride Hebephrenic Schizophrenia

(Group : TG, T3-P3 group; CG, Cz group. Gender : M, man; F, woman.).

pre-TMS
P300 protocol

e

HD-EEG  analysis

Connectivity

rTMS treatment

CG /%’:

TG

I
I
I
I
Il
I
il
I
I
il
I
I
il
il
I

FIGURE 1 | Data acquisition and processing workflow.

post-TMS

2.4.2. Data Analysis

2.4.2.1. Time Domain

N100-P300 complex values of both frequent and rare stimuli were
calculated and plotted via MATLAB 2018b for each subject (pre-
and post-treatment for patients groups).

The scalp was divided into 5 regions of interest (ROI), see
Figure 2. 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 for Right Temporal lobe (RT),
and 23 for Left Temporal lobe (LT) (Schartner et al., 2015).

N1-P3 wave signals were calculated for the entire N100-P300
complex from the average of channels of every ROI as the
difference between the most negative voltage value within time
range of 80-150 ms (N100) and the most positive voltage value
within time range of 250-500 ms (P300).

The differences between frequent and rare stimulus and pre-
and post-treatment were also computed and plotted.

Frontiers in Neuroscience | www.frontiersin.org

2.4.2.2. Frequency Domain
The power spectral density (PSD) was computed for each epoch
with Welch’s method, using Brainstorm, with the following
frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13
Hz), beta (13-30 Hz), gamma (30-70 Hz). The PSD has been
divided by the associated bandwidth for each frequency band.
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 stimuli, pre- and post-treatment for each
subject.
The PSD difference post-pre treatment and frequent—rare
were computed for each subject.

2.4.2.3. 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 interest—ROI—) and then
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FIGURE 2 | Pre-processing and analysis workflow.

computing the statistical coupling between these reconstructed
sources. The weighted minimum norm estimate (WMNE) and
the Phase Locking Value (PLV) were used to solve the inverse
problem and compute the functional connectivity, respectively.
This choice was based on previous comparative studies showing
good performance of this combination on simulated and real
data. (Hassan et al., 2014, 2017; Hassan and Wendling, 2018).
The analysis has been performed only on the beta and gamma
bands, due to window length constraints (here 700 ms). The
source-space networks were estimated for each trial, subject and
conditions. To compare between conditions, the networks were
quantified using network measures that allow the extraction
of the topological properties of the networks. We made the
choice here to focus on network integration as it is the most
consistent network feature that changes due to electric/magnetic
stimulation (Modolo et al., 2020) or brain disorders (Stam,
2014). The network integration reflects the ability of the brain
network to integrate information form different and distant
brain regions, a key feature of efficient information processing.
To quantify the network integration, we used the participation
coefficient (PC), to calculate the interactions between brain
modules (distant sub-networks), on the thresholded connectivity
matrices (here 20%). We used the brain connectivity toolbox
(BCT) (Rubinov and Sporns, 2010) to compute the PC (http://
www.brain-connectivity-toolbox.net/).

3. RESULTS
3.1. Group Results

The analysis for each individual revealed general consistent
results. The results picturing the evolution (increase or decrease)
of the neurophysiological and psychometric data and are detailed
in Table 2 for the TG, and in Table 3 for the CG. The associated
numerical values are detailed in Table 4 for the TG and in Table 5
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for the CG. The analysis of the psychometric tests revealed that
four out of five subjects in TG (Tables 2, 4) and three out of
five subjects in CG (Tables 3, 5) felt improved condition after
the treatment, whereas the other subjects remained neutral or
reported worse psychometric scores. In the time domain analysis,
the N1-P3 amplitude was globally higher post-treatment than
pre-treatment, for six subjects, two in TG (Tables 2, 4) and four
in CG (Tables 3, 5). The PSD increased post-treatment mainly for
the alpha band and beta band globally, for six subjects as well, two
in TG (Tables 2, 4) and four in CG (Tables 3, 5). 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 connectivity results showed an increased
network integration (increase in participation coefficient) during
post-treatment for frequent, for the beta band especially, for
seven subjects, four in CG (Tables 3, 5), three in TG (Tables 2, 4).
Due to the small sample size and high variability of the results,
we will discuss selected study cases individually. The following
four patients were selected due to their interplay between
psychometric score and neurophysiological results, independant
of treatment. Two subjects (T2, in TG and C3, in CG) presented
an improvement in the psychometric score post-TMS, and the
two others presented a stagnation in the psychometric (C2,
in CG) or a decrement (T5, in TG). The rest of the data
are provided in the Supplementary Material. There were no
significant changes on AVH severity measured with PSYRATS
AHS, in QoL and DASS global scores after rTMS between TG
and CG.

3.2. Study Case 1 : Improvement in

Psychometric Score
The two patients detailed in this section presented an
improvement in their psychometric score post-treatment. We
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TABLE 2 | Treated Group: Increase (1), decrease ({), or constancy (-) of the value after treatment of N1-P3, Connectivity, Psychometric and Power spectral density (PSD)

of the frequent (blue) and rare (orange) stimuli (F, frontal; P, parietal; O, occipital; LT, left temporal; RT, right temporal).
N1-P3 amplitude (1V) Connectivity Psychometrics
F P [e] LT RT Participation coefficient (%) QoL DASS PSYRATS
T ™M - e 2 t T 1 = 0
T2 i = 4l a i & D ¥ {
T3 £ " 2 - - - 3 i 0
T4 ™ ™ ™M Ll 11 - - 1
T5 2 - 4 L 4l 1 - ) 1
Power spectral density
PSD: THETA PSD: ALPHA PSD: BETA PSD: GAMMA

F P o LT RT F P o] LT RT

F P o LT RT F P o LT RT

T b W W W W W W W W
T2 W e W
TS W W W 9 W W
T4 W T
TSt M A At b M A -

- - - > «

4 - 2 U 2 1= T -4 L 1
3 4 W 2 H 2 2! 2 ¥ H
H i H 4 2 N il B t 1
L T ™ ™ { ™ M ™ 1 1
" 1 ™ 1 1 ™ il ™M 1 4

QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating Scales.

TABLE 3 | Control Group: Increase (1), decrease (}) or constancy (-) of the value after treatment of N1-P3, Connectivity, Psychometric and Power Spectral Density (PSD)

of the frequent (blue) and rare (orange) stimuli(F, frontal; P, parietal; O, occipital; LT, left temporal; RT, right temporal).
N1-P3 amplitude (pV) Connectivity Psychometrics
F P [e] LT RT Participation coefficient (%) QoL DASS PSYRATS
C1 1 1 1 1 1 = = { =
c2 = 1 -4 t t 1 =
c3 ™ 1 2 1 N 1 t !
G4 2 { N 1 2 i y {
G5 4 { 1 1 ¥ t ! t
Power spectral density
PSD: THETA PSD: ALPHA PSD: BETA PSD: GAMMA

F P o LT RT F P o] LT RT F P o LT RT F P o] LT RT
C1 7 Iy 2 i 1 U { 4 { 1 il g ™ = ) L] il - \ [
C2 i i i) T 1 4 -4 1 g ) ™ ™ t = 4 | L 2 {
c3 ) 11 11 by () t ) 11 1 2 ™M ] ™ 1 1] W 1 1 t 11
C4 H 1 4 I H { = A 1 = 4 H 2 Ol -4 W - 4 V 4
C5 4 2 4 3 4 ! 4 H { H W 4 l 4 H 4 H 4 0 W
QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating Scales.
chose to describe them in this section due to their higher values  olanzapine, perphenazine, alprazolam, levomepromazine,

post treatment in the neurophysiological data, (Figures3A,
4A) in order to find a potential correlation between those
two outcomes.

3.2.1. Patient T2
Patient T2 (Figure 3) is a man with paranoid schizophrenia,
in the TG, who took part in the study while taking : clozapine,

oxazepam, and melatonin. The psychometric tests (Figure 3A)
show an improvement of the quality of life post-treatment,
a decreased DASS after TMS and decreased PSYRATS post-
treatment. The temporal analysis (Figure 3D) showed a lower
N1-P3 amplitude post-treatment, except for the parietal and left
temporal parts. The PSD (Figure 3B) showed higher alpha power
post-TMS. However, the beta power is lower post-TMS. The
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TABLE 4 | Treatment Group: Values pre and post treatment of N1-P3, Connectivity, Psychometric and Power spectral density of the frequent (blue) and rare (orange)
stimuli(F, frontal; P, parietal; O, occipital; LT, left temporal; RT, right temporal).
Connectivity Psychometrics

Participation coefficient (%) QoL DASS PSYRATS

Pre Post Pre Post Pre Post Pre Post
T 1 9 68 744 8 8 21 16
T2 6 13 55 75 92 85 32 25
T3 10 8 50 69 118 53 34 28
T4 9 10 94 91 5 4 30 23
5 15 26 93 96 39 58 23 28

Freq P o] LT RT

Pre Post Pre Post Pre Post Pre Post Pre Post
Freq | Rare ‘ Freq | Rare | Freq ‘ Rare | Freq ‘ Rare ‘ Freq | Rare ‘ Freq | Rare | Freq ‘ Rare ‘ F ‘ Rare | F | Rare ‘ F ‘ Rare
N1-P3 amplitude (uV)
T1| 3852 | 691 | 412 56.05 4.85 3.91 | 558 | 437 | 2.77 | 6.50 5.15 5.25 6.03
T2 | 2.05 | 6.77 | 1.61 1.72 1.56 210 | 525 | 1.33 | 44 4.64 1.02 3.66 0.99
T3 | 5.24 | 517 | 636 | 10.14 | 559 6.68 5560 | 7.03 | 467 | 578 | 5698 | 10.81 | 5,40 5.40 518 | 9.81
T4 | 3.39 8.11 | 12.37 | 3.31 7.81 360 | 553 | 7.28 5.12 7.49 411 7.07 | 12.93
T5 | 2.68 247 | 4.10 | 3.51 06 | 2.72 3.82 | 5.0 3.15 | 4.48 | 5.20 342 | 4 522 ( 6.21 | 3.39 | 446
Power spectral density : Theta band (xV2/Hz)x10~1°
T 172 105 235 162 244 94 255 145 262 95 208 124 28 109 196 | 225 | 166 59
T2 | 59 20 21 170 44 )5 15 164 45 145 17 194 66 232 26 208 82 1 22 457
T3 | 88 130 47 59 102 19 43 107 17 58 66 27 527 g 124 70 99
T4 | 37 85 348 36 78 169 39 91 355 30 53 427 | 62 66 102 | 267
T5 | 112 379 83 197 378 44 148 279 86 47 134 118 € 95 322 | 364 | 504 69
Power spectral density : Alpha band (V2 /Hz)x10~'%) |
T1| 116 395 28 92 100 245 26 90 167 | 366 30 92 262 548 42 175 221 53
T2 | 67 40 484 65 217 37 66 241 62 490 32 61 203 40 | 106
T3 | 109 44 49¢ 84 11 22 120 43 87 55 300 573 97
T4 | 31 39 44 14 21 31 137 35 59 56 170 17 44 45 118 38 109 44
T5 | 24 86 1 15 34 136 9 31 45 | 198 9 27 19 87 14 32 61 | 285 | 17 40
Power spectral density : Beta band (xV?/Hz)x10~'%
™ 7 28 6 3 6 19 5 37 15 18 6 A 16 69 7 4 156 44 11 29
T2 | 21 93 13 50 22 138 50 28 1 18 65 33 14 50 50 31
T3 | 29 138 10 99 20 108 4 59 33 218 8 113 54 13 108 43 21
T4 3 3 31 Wl 2 10 31 110 4 14 33 11C 3 14 40 118 4 16 22
T5 9 47 3 8 9 > 3 6 11 46 3 7 11 46 3 1 15 68 3 7
Power spectral density : Gamma band (xV2/Hz)x10-1%

T1| 08 6 3 3 0.5 4 3 7 2 1 3 8 2 14 2 0.9 7 5 7
T2 10 16 1 3 1 49 1 12 54 1 1 14 89 1 2 14 67 2 5
T3 | 06 3 47 0.5 2 20 0.8 3 0.5 3 4 37 0.6 2 6 &7
T4 1 3 16 1 o 15 62 1 19 2 19 68 2 | 14
T5 3 12 1 3 3 15 1 3 3 17 1 4 3 13 2 4 9 1

QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating Scales.

connectivity (Figure 3C) revealed a clear higher participation
coefficient (represented by the larger green nodes), especially
in the left central, left orbito-frontal and the right occipital
brain regions. The frontal area showed a relatively lower
participation coefficient.

3.2.2. Patient C3
Patient C3 (Figure 4) is a woman with paranoid schizophrenia,
in the CG, who tool part in the study while taking

aripriprazole, olanzapine, chloroprothixene, and pregabalin. The
psychometric outcome (Figure4A) revealed an improvement
after the treatment. The quality of life increased, the DASS
decreased, while the PSYRATS did not change. The time
domain analysis (Figure 4D) showed a higher amplitude of the
N1-P3 complex after the treatment, except on the temporal
regions for the rare stimulus. The PSD (Figure4B) showed
higher alpha power post-TMS, except from the right temporal
region for both frequent and rare stimuli. The beta band

Frontiers in Neuroscience | www.frontiersin.org

November 2020 | Volume 14 | Article 575538



Aubonnet et al

HD-EEG P300 rTMS Schizophrenia

TABLE 5 | Control Group: Values pre and post treatment of N1-P3, Connectivity, Psychometric and Power spectral density of the frequent (blue) and rare (orange)

stimuli(F, frontal; P, parietal; O, occipital; LT, left temporal; RT, right temporal).

Connectivity Psychometrics
Participation coefficient (%) QoL DASS PSYRATS
Pre Post Pre Post Pre Post Pre Post
C1 29 26 83 84 34 26 28 28
c2 1" 15 68 69 52 56 31 29
Cc3 8 16 41 79 80 42 32 31
Cc4 13 20 86 78 89 81 31 30
C5 1 22 96 82 1 18 30 27
Freq P o LT RT
Pre Post Pre Post Pre Post Pre Post Pre Post
Freq ‘ Rare ‘ Freq | Rare l Freq | Rare ] Freq ‘ Rare ’ Freq | Rare l Freq ‘ Rare ‘ Freq ‘ Rare l F | Rare | F ‘ Rare ‘ F | Rare
N1-P3 amplitude (¢V)
C1| 294 216 4.22 271 | 6.80 | 271 3.09 [ 1.31 94 | 4.61 091 | 958 | 3877 | 6.11 [ 1.49
C2 | 879 793 | 10.7 | 9.54 | 15.23 | 8.03 7.04 | 7 7.67 | 1049 | 575 | 6.22 7.90 | 14.49 | 5.84 5.33 | 7.76 | 10.88
C3|102| 8 5.16 3| 2.08 59 | 6.84 | 8.6 2.01 565 | 842 | 531 | 11.63 | 6.89 | 9.31 | 6.09 7.01 | 9.61
C4 | 6.49 | 4.38 165 | 2.15 | 6.09 | 5.50 | 1.63 5.86 1.16 | 1.69 | 597 1.23 01 | 5,62 | 10.07 [ 1.22 | 1.58
C5 | 510 | 471 416 | 2.57 | 9.16 | 14.05 | 440 | 5.72 5.31 5.08 | 2.62 3.73 | 8.31 11.93 | 4.01 | 13.87 | 9.00 | 10.37 | 4.03 | 12.49
Power spectral density : Theta band (xV?/Hz)x10~'°
C1 46 68 42 146 62 192 45 14 51 195 78 2 59 167 46 76 382
C2 | 647 544 245 299 289 163 | 506 188 264 571 14 156 754 212 ) 311 159
C3| 34 2 61 29 8 53 79 44 64 73 10 14 86 40 150 80 119
C4 | 653 | 1580 38 175 506 | 1430 37 190 688 | 2157 | 78 216 577 | 3253 | 231 328 793 225
C5 | 660 63 429 919 | 748 847 281 1543 [ 945 | 1078 | 317 | 1453 | 1759 | 1273 | 1425 | 3293 | 1251 2306
Power spectral density : Alpha band (xV?/Hz)x10~'5
Cc1 34 120 51 215 44 35 129 40 116 43 181 46 259 69 26 ) 45 11
C2 | 165 849 196 | 207 97 304 142 156 162 | 227 174 191 424 563 199 162 56 120 32
C3| 39 105 79 141 27 94 73 106 34 135 90 b 50 130 8 48 345 | 62 19
C4 | 139 229 10 73 66 10 79 116 24 17 306 580 87 391 131 192 10 85
C5| 54 177 78 220 57 163 61 218 63 20 77 247 59 3 66 3 56 100 3
Power spectral density : Beta band (1V?/Hz)x10~15
Cc1 6 16 9 6 5 17 8 A7 5 23 ki 6 10 18 102 6 24 13 70
c2| 18 2 34 29 8 21 17 6 19 13 20 17 2 22 43 15 28
Cc3 5 Al 11 22 5 10 22 4 12 12 5 10 17 47 5 16 1" 23
C4| 25 102 4 11 16 4 1 23 83 6 23 38 178 14 40 21 6 12
C5 8 18 15 58 7 : 12 54 7 14 15 66 i 15 36 190 8 1 10
Power spectral density : Gamma band (xV2/Hz)x10~1%
C1 2 3 21 2 2 20 3 3 21 5 23 6 4 9 3 18
c2| 8 0 05 | 04 6 0.3 0.3 6 18 0.2 0.3 9 24 0.4 5 8 27 0.3
C3 3 T 6 2 3 6 24 3 8 0 6 19 13 42 4 11 5 27
Cc4 3 19 0.2 4 3 0.2 4 8 0.2 2 7 0.5 8 T 0.3
Cs 2 4 1 7 2 4 1 5 1 B i ¥ 2 4 4 3 7 1

QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating Scales.

also showed a higher PSD post-TMS. Finally, the connectivity
study (Figure 4C) displayed a globally improved participation
coefficient, principally in the frontal, occipital, and central areas
of the brain.

3.3. Study Case 2 : Stagnation in

Psychometric Score
The patient detailed in this section presented a stagnation in
her psychometric score post treatment (Figure 5A). We chose to

describe her in this section in order to find a potential correlation
with the neurophysiological data.

3.3.1. Patient C2

Patient C2 (Figure 5) is a woman with paranoid schizophrenia,
in the CG, who took part in the study while taking : clozapine,
flupenthixol, zopiclone, mirtazapine, escitalopram, metoprolol,
and chlorpomazine. The psychometric data (Figure 5A) showed
that the treatment did not have a lot of impact on this scale.
The quality of life, the DASS and the PSYRATS remained
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FIGURE 3 | Results of patient T2 : (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity; (D) Scalp-level time analysis. The yellow areas
in frequency analysis are related to a higher Power Spectral Density (PSD) post-treatment, whereas the blue ones are related to a higher PSD pre-treatment. The size
of the node in the connectivity is related to the amount of increase (green) or decrease (orange) participation coefficient (PC) values. The positive bars in time analysis
are related to a higher N1-P3 amplitude post-treatment. (QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating

more or less the same. The time domain (Figure 5D) showed
a global increase of N1-P3 amplitude post-TMS, except for the
parietal region for both stimuli and the frontal region for the
frequent stimulus. The PSD analysis (Figure 5B) showed higher
alpha and beta power post-TMS (with the exception of frontal
frequent stimulus responses in the alpha band). The connectivity
analysis (Figure 5C) revealed a balanced participation evolution.
Globally the left hemisphere (mainly the entorhinal and frontal)
showed a decreased participation coefficient, and the right
areas (mainly the frontal and occipital) showed an increased
participation coefficients.

3.4. Study Case 3 : Decrease in
Psychometric Score

The patient detailed in this section presented a decrease in their
psychometric score post treatment. We chose to describe him due
to his lower values in the neurophysiological data post treatment

(Figure 6A), in order to find a potential correlation between
those two outcomes.

3.4.1. Patient T5

Patient T5 (Figure 6) is a man with paranoid schizophrenia, in
the TG, who took part in the study while taking : clozapine,
flupenthixol, zopiclone, mirtazapine, escitalopram, metoprolol,
and chlorpomazine. The psychometric data (Figure 6A) showed
very little effect of treatment on this scale. The quality of life
remained the same, the DASS increased and the PSYRATS
slightly increased. The time domain (Figure 6D) showed a global
decrease of N1-P3 amplitude post-TMS, except for the parietal
region for the rare stimulus. The PSD analysis (Figure 6B)
showed a lower alpha power post-TMS, 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 (Figure 6C) showed a globally higher

Frontiers in Neuroscience | www.frontiersin.org

November 2020 | Volume 14 | Article 575538



Aubonnet et al

HD-EEG P300 rTMS Schizophrenia

® Decreased PC

@ Increased PC

A B ,\. Frequent ‘w-. Alpha AN Rare
Psychometrics |Pre | Post , :
QoLS 41 | 79 l l * 2 l l K
DASS 80 | 42 ‘ .
PSYRATS 32 | 31 l° 5

c Beta \ Rare ',Wl,

A ] D

N1P3 Complex

1

10
4
s3
§.
i I I

0

3
R

Parietal Ocoipital Right Temporal

Regions.

Left Temporal

Rating Scales).

FIGURE 4 | Results of patient C3 : (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity; (D) Scalp-level time analysis. The yellow
areas in frequency analysis are related to a higher Power Spectral Density (PSD) post-treatment, whereas the blue ones are related to a higher PSD pre-treatment. The
size of the node in the connectivity is related to the amount of increase (green) or decrease (orange) participation coefficient (PC) values. The positive bars in time
analysis are related to a higher N1-P3 amplitude post-treatment. (QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom

participation coefficient in the right frontal, left central, and
occipital brain regions.

4. DISCUSSION

The present work aimed to develop hypothesis to assess the
effects of TMS in schizophrenia with AVH, analysing EEG
data and psychometric outcome. This was based on three
different approaches : temporal size (with the calculation of N1P3
complex amplitude), spectral [with the evaluation of the PSD in
several frequency bands (theta, alpha, beta, and gamma)] and
connectivity, (with the calculation of the participation coefficient
in beta and gamma band).

The general results from our study revealed a high variability
between individuals, in both groups. This can be explained in

several ways : Firstly, subjects were taking a range of medications
all of which can interfere with the background neural activity and
the generation of ERPs (Javitt et al., 2008). Secondly, the long
and tiring recording procedure (around 1 h), and the different
states of the patients during the protocol could also have led to
varying data quality. Indeed, Polich (1997) highlights the fact
that background EEG variation contributes significantly to a high
P300 individual variability.

However, there were some indications of improvement in
the psychometric results, in four out of five subjects in TG and
three out of five in CG. Half of our subjects (six out of 10, four
CG, two TG) showed an increase of the N1-P3 amplitude after
the treatment, especially for the rare stimulus. Bramon et al.
(2004) and Jeon and Polich (2003) established that patients with
schizophrenia and AVH presented an inhibition to the P300
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FIGURE 5 | Results of patient C2 : (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity; (D) Scalp-level time analysis. The yellow
areas in frequency analysis are related to a higher Power Spectral Density (PSD) post-treatment, whereas the blue ones are related to a higher PSD pre-treatment. The
size of the node in the connectivity is related to the amount of increase (green) or decrease (orange) participation coefficient (PC) values. The positive bars in time
analysis are related to a higher N1-P3 amplitude post-treatment. (QoLS, Quality of Life Scale; DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom

experiment. Thus, the clearer presence of N100 and P300 waves
post-TMS, which is a known response to the auditory oddball
task (Patel and Azzam, 2005), suggested a response to TMS.
Likewise, the spectral analysis displayed an increase of the PSD
in alpha and beta bands for six subjects (4 in CG, 2 in TG). Ray
and Cole (1985) demonstrated that those bands were directly
linked to attention, focus, emotional and cognitive processes. A
higher power in these bands could be indicative of a change in
those mechanisms. Finally, our brain connectivity results showed
a global increased participation coefficient in the beta band after
treatment, for six subjects (3 in TG, 4 in CG). These results lead us
to the conclusion that TMS seemed to have a positive impact on
the patients, in both groups. However, it is not possible to assume
that the location where the treatment was applied had a different
impact on the brain function. The results in connectivity analysis

show indeed an improved participation coefficient thus a better
network integration independently from the group. Therefore,
we discussed the results without regard to the patients’ group.
We chose to underline in the results section some patients that
showed an agreement between the psychometric scores and our
neurophysiological data.

It is interesting to note that for patient C3, where
the psychometric results were better post-TMS, all three
neurophysiological components used for this study revealed
a higher value post-TMS. For this patient, there seems to
be a clear link between clinical and neurophysiological
outcomes. For T2, the trend is there, but is less obvious, with
half of the neurophysiological results being in concordance
with the improved psychometric score. Conversely,
patient T5 had a deterioration in their psychometric
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FIGURE 6 | Results of patient T5 : (A) psychometric; (B) Scalp-level frequency analysis; (C) Source-space connectivity; (D) Scalp-level time analysis. The yellow areas
in frequency analysis are related to a higher Power Spectral Density (PSD) post-treatment, whereas the blue ones are related to a higher PSD pre-treatment. The size
of the node in the connectivity is related to the amount of increase (green) or decrease (orange) participation coefficient (PC) values. The positive bars in time analysis

DASS, Depression Anxiety Stress Scale; PSYRATS, Psychotic Symptom Rating

post-TMS, and the same tendency is visible in their
neurophysiological data,

Although there was significant dissociation between clinical
and neurophysiological outcome, the participation coefficient
from the connectivity analysis was the parameter that seemed
to interact most closely with the psychometric results, followed
by alpha power. Concerning the connectivity analysis, our results
showed an increased network integration in some brain regions
and a slight decrease in other regions, different for every patient.
This reconfiguration of the brain network has been widely
reported in the literature when stimulating the brain using
electrical and magnetic means, and is also present in several
brain disorders (Fornito et al., 2015). The increased network
integration may be related to better information processing in
the human brain and more efficient networks. This increase in
network integration was associated with a decrease in this same

integration in other brain regions, reflecting the inter-subject
variability. Although the small sample size did not allow us to test
statistical significance, we showed a clear “trend” of reshaping of
the functional brain network between the different conditions.

The frequency analysis revealed the most interesting changes in
power spectrum, mainly in the alpha and beta bands. There was
higher alpha power post-TMS, which is less prominent but still
visible in the beta power. The gamma and theta power did not
show any clear trends. The fact that alpha and beta bands are
directly linked to attention, focus and emotional tasks (Ray and
Cole, 1985) is interesting. A higher power post-TMS linked with
a better score in the psychometric scale could indicate that the
improvement of these cognitive mechanisms was directly linked
to the progress of the patient’s clinical condition. Due to our
small sample size, this has to be put in perspective, and nothing
definitive can be assessed. However, there was a "trend" of an
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increase in alpha and beta powers post-TMS that is linked with
an improvement in the clinical outcome. Finally, the time domain
was the area of analysis presenting the most variability. Half of the
patients presented a higher N1-P3, especially in the rare stimuli,
but no clear trend was established between this outcome and the
clinical outcome. However, due to its conclusive results in studies
related to schizophrenia with AVH (Ogura et al., 1991; Ford et al.,
2001; Earls et al,, 2016), our small number of subjects, as well as
its subject inter-variability (Polich, 1997), it is a paradigm that
should be taken in account in further studies.

Considering the fact that psychometric tests are a semi-self
assessment evaluation of patients condition, this work is a
first step toward a development of a hypothesis to correlate
and validate psychometrics with quantitative neurophysiological
data. We suggest further investigation of any link between
psychometrics and neurophysiological data under the umbrella
of TMS, focusing mainly on the participation coefficient in the
beta band and the power spectral density in alpha band. The beta
power as well as the N1-P3 amplitude should also be considered
of interest.

4.1. Limitations

The study has many limitations. Firstly, due to the very small
sample size, it was not possible to assess our results definitively.
Rather, we aimed to discover trends in order to generate
hypotheses for further study. Secondly, the patients were also
undergoing their usual treatment, including antipsychotic and
sedative medications. This did not change between pre- and
post-rTMS conditions but might have influenced the background
neural activity and the generation of the ERPs (Javitt et al., 2008).
Thirdly, the experimental procedure was long (1 h) and tiring
and some patients had difficulty cooperating and maintaining
task engagement, which may have affected data quality. Muscle
and movement artifacts added noise to the EEG signal, requiring
a thorough pre-processing and the exclusion of many trials.
We encourage similar experiments with patients in the supine
position to reduce the noise and improve the data quality, making
them easier to process and analyze. Finally, in this study we
only analyzed the oddball auditory paradigm. We recommend
pursuing this work using other procedures as well, in order to
have a more complete overview of the results.

4.2. Future Directives

Future studies of rTMS and neurophysiological markers in
schizophrenia should recruit larger number of participants than
the present study. The possible association of AVH and other
symptoms of schizophrenia with variations in P300, PSD and
other EEG markers should be studied further. This may help to
establish whether the PSD in the alpha and beta bands, the N1-
P3 complex and the participation coefficient in beta bands are
reliable biomarkers of the neural response to TMS in patients
with schizophrenia and AVH.

5. CONCLUSION

After conducting TMS, most patients showed an evolution
in psychometric data as well as on the neurophysiological
quantitative data, independent of the stimulation site. We
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examined the interplay between the psychometric and the
neurophysiological data. When the psychometric improved post-
TMS, we could observe an increased network integration mainly,
through the participation coefficient in the beta bands, a higher
alpha and beta band power, and sometimes a higher N1-P3
amplitude. Due to the small sample size, it is not possible to
assess definitively the impact of TMS on the brain function in
schizophrenia, nor the correlation between psychometric and
neurophysiological data. However, our results suggest that brain
connectivity, through the participation coefficient, alpha and beta
power bands, were highly related with the psychometric score,
and that N1-P3, despite his variability, should be investigated.
This hypothesis will have to be verified in further studies, with
a larger sample size, and an improved recording procedure,
leading to a better data quality. This is a first step toward the
definition of quantitative neurophysiological parameters to assess
TMS treatment.
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Network signatures of rTMS treatment in patients with schizophrenia and auditory verbal
hallucination during an auditory-motor task using HD-EEG
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To the Editors,

The work we want to describe refers to a simple method of auditory-
motor task (AMT) in the EEG evaluation of six patients with schizo-
phrenia (SCZ) and auditory-verbal hallucinations (AVH) receiving re-
petitive transcranial magnetic stimulation (rTMS).

Disturbances in “functional connectivity” have been proposed as a
major pathophysiological mechanism, in particular, for cognitive
disorganization (Adhikari et al., 2019). A recent study using functional
magnetic resonance imaging (fMRI) in patients with schizophrenia
showed that hallucinations severity is related to increased functional
connectivity within the auditory and receptive language of the left
hemisphere (Okuneye et al., 2020). Repetitive transcranial magnetic
stimulation (rTMS) is a non-invasive therapy to reduce AVH severity in
pharmacoresistant patients (Slotema et al., 2014). However, a meta-
analysis including eleven randomized controlled studies was unable to
definitively support or refute the routine use of 1-Hz rTMS in treating
AVH in clinical practice (Li et al., 2020). rTMS effects in pharmacor-
esistant patients with AVH was measured with psychometric scales or
questionnaires about AVH (Lefaucheur et al., 2014) and only a few
studies were using more objective measurements like fMRI or quanti-
tative electroencephalography (EEG). Vercammen et al. (2010)
observed in a fMRI study that 1 Hz rTMS modified the resting-state
functional connectivity in patients with AVH at the target site. On the
other hand, EEG-related power and connectivity measures were not
affected by rTMS in patients with SCZ and AVH (van Lutterveld et al.,
2012).

rTMS produces widespread alterations in neural oscillations and
functional connectivity measured with EEG during eyes opened resting
state. These changes were studied in healthy controls and lasted up to 1
h (Qiu et al., 2020). In patients treated for depression and bipolar dis-
order rTMS produced a progressive increase in EEG phase locking value
during four weeks of treatment (Lebiecka et al., 2018; Zuchowicz et al.,
2019).

Resting state EEG studies have been shown to be of a limited value
because of the lack of standardized methodology (Newson et al., 2019).
Activation tasks are therefore preferable. Studies have shown that

https://doi.org/10.1016/j.schres.2021.06.002

evoked (stimulus-locked) and induced (triggered but not locked to
stimuli) beta and gamma activity can be elicited during visual discrim-
ination (Lachaux et al., 2000) or auditory cued movement (Nagasawa
et al., 2010). Brain connectivity during working memory tasks can be
studied with graph theory analysis, especially through the identification
of small-world networks (Micheloyannis et al., 2006). Patients with
schizophrenia show less local clustering, less hierarchical organization,
and signs of disconnection (Micheloyannis, 2012).

We aimed to investigate EEG activity during cognitively driven AMT
with power spectrum density (PSD) and network organization using
graph-theory algorithms in patients with SCZ and persistent AVH before
and after low frequency rTMS. In our study we used a methodology
described by Nagasawa et al. (2010), who used an auditory-motor task
to study performance related changes of cortical gamma and beta EEG
activity. We expected that rTMS might induce changes on EEG activity
after 10 days of rTMS.

Six patients (mean age = 30.2, SD 2.9, 5 males and 1 female) diag-
nosed with schizophrenia (SCZ group) and six healthy controls (HC)
(mean age = 28.7, SD 4.3, 4 males and 2 females) were included in this
study. Most patients were either on clozapine, olanzapine, or poly
medicated. The study was approved by the Health Research Ethics
Committee of Landspitali University Hospital (Approval No 21. 2018).
In the SCZ group, an interview was conducted for the measurement of
symptom severity before and after rTMS using PSYRATS auditory hal-
lucinations subscale (Haddock et al., 1999). The healthy participants
went through the Mini-International Neuropsychiatric Interview (M.LN.
L) (Sheehan et al., 1997). Handedness was rated with the Edinburgh
handedness inventory (Oldfield, 1971).

A Medtronic MagPro stimulator TMS device and a figure-of-eight coil
(MC-B70) were used. Stimulation was delivered at 100% of the resting
motor evoked potential threshold for the right abductor pollicis brevis
muscle, determined before each treatment. The treatment consisted of
ten consecutive sessions over two weeks. Each rTMS session lasted 15
min and included 900 pulses delivered at a frequency of 1 Hz. The rTMS
was delivered to the left temporoparietal region (T3-P3 EEG location) in
four patients or at the vertex (Cz EEG location), in two patients. The
analysis was performed for all six patients (SCZ group) as there is not yet
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a clear support that T3-P3 location is superior in effectiveness to other
locations.

Neurophysiological measurements

The EEG for analysis was recorded using 256 channels (ANT Neuro,
The Netherlands) during resting state (RS) with eyes opened and during
two AMT, each of them with duration of approximately 2 min. The AMT
contained 40 trials: 20 auditory-verbal “press” commands and 20 “no
press” commands with interstimulus interval of 3 s (Nagasawa et al.,
2010). The AMT was performed with the dominant hand (AMT-r) and
non-dominant hand (AMT-1) one time in HC and two times in the SCZ
patients, before the rTMS treatment (SCZ-T1) and within one week after
completing ten sessions of rTMS treatment (SCZ-T2). The raw EEG data
of the three different files, RS, AMT-1, and AMT-r were imported for each
subject. Channels were located and the sample rate was set at 256 Hz. A
bandpass 1-100 Hz filter and 49-51 Hz notch filter were applied, fol-
lowed by common average re-reference. Artifacts were classified with
Independent Component Analysis (ICA) and bad components were semi-
automatically excluded using ICLabel (Pion-Tonachini et al., 2019) and
SASICA algorithms. For the AMT we defined three epochs in the time-
series continuous data as follows: 1) delay epoch (DE) between —2.5
and —1.5 s before “press” and “no press” triggers (Peled et al., 2001); 2)
auditory cortical activation (ACA) epoch, from 0 to 500 ms relative to
the triggers “press” and “no press”; and 3) motor cortical activation
(MCA) epoch, between 0 and 500 ms relative to the button “press”.

We selected six regions of interest (ROI) involved in auditory-motor
integration to observe the network organization at the cortical level.
Each ROl is represented by 17 electrodes. The total number of electrodes
was 102 (6 x 17 sensors). The ROIs were selected using MATLAB script
as follows: left frontal (LF), left sensorimotor (LSM), left temporoparietal
(LTP), right frontal (RF), right sensorimotor (RSM), and right tempor-
oparietal (RTP). The PSD was calculated for each subject in those elec-
trodes that were classified as good, by performing Fast Fourier
Transform (FFT)-based analysis using Welch's method with 250 ms
Hamming window and 50% overlap for the following frequency bands
of interest: alpha (8-13 Hz), beta (13-30 Hz), low gamma (30-49 Hz),
and high gamma (51-100 Hz). To describe the network organization
using graph-theory algorithms, we calculated the Magnitude Squared
Coherence (MSC) between each possible pair of ROIs electrodes into the
DE, ACA, and MCA epochs to measure the undirected phase connectivity
between the electrodes for each subject (Eq. (1)). We used a 250 ms
Hamming window with 90% overlap for each pairwise measure that
results in a 102 x 102 connectivity matrix containing all values among
the six predefined ROIs.

[Pxy(f) 2

Pxx(f)Pyy(f)

A threshold was applied after the creation of the connectivity
matrices to remove the connections above and below 0.5 standard de-
viations of the average MSC of the entire matrix, resulting in significant
values that represent the average activity of the scalp network. The
significant matrices were then transformed in a directed graph (G)
composed of vertices V(G), edges E(G), and weights. The electrodes
represent nodes (or vertex), and the connections between phase con-
nectivity measured by MSC represent the edges. The complex dynamic
of the scalp-network was described using the number of nodes, number
of edges, mean degree centrality, clustering coefficient, characteristic
path length, and small-worldness (SW) (Eq. (2)). The SW measures
directly the randomness of a complex network. The SW index is calcu-
lated by the clustering coefficient (C) and the characteristic path length
(L) ratio by size-matched L/L(random) network (Watts and Strogatz,
1998):

MSC(f) = 65}

_ /G

SW =
L/Lyana

@)

Descriptive statistics are based on median and standard deviation per
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group and variable. Kruskal-Wallis nonparametric for non-normal data
and Two-Way Mixed ANOVA for normal distributed variables tests were
performed in each ROI and frequency bands considering the three
groups (HC, SCZ-T1, and SCZ-T2) as independent variables. Wilcoxon
paired tests were applied as post hoc with a corrected p-value for mul-
tiple comparisons in those significantly different frequencies and ROIs
for PSD analysis. Dunn's post hoc tests were applied within each group in
the network analysis. Non-parametric Kendall's tau-b correlation was
also applied to describe the relationships between EEG (PSD or con-
nectivity with graphs) variables and psychometric scales before and
after the rTMS protocol. Differences were significant if the corrected p-
value was <0.05.

The patients with SCZ showed a significant improvement on psy-
chotic symptoms as measured by PSYRATS AHS between pre-rTMS (M
= 28.6, SD = 4.17) and post-rTMS (M = 23.6, SD = 5.27) conditions, p
< 0.05, np® = 0.967. However, this might have occurred due to a pla-
cebo effect (Li et al., 2020) or a different rTMS target (van Lutterveld
et al, 2012).

There were no significant differences of neurophysiological data
between HC and SCZ for either auditory or motor epochs. Notably, the
SCZ patients showed differences only in a specific epoch of the task - the
delay epoch (DE) that refers to the time between the trials, an epoch
related to working memory (Peled et al., 2001).

In comparison with the resting state, where we observed differences
over both frontal regions (high gamma), both sensorimotor (high
gamma), left sensorimotor and left temporoparietal (low gamma)
(Table 1), the AMT showed significant differences for both low and high
gamma-band frequencies in the “delay epoch” only over the left tem-
poroparietal region (Fig. 1). Compared with HC, PSD was higher in SCZ-
T1 and SCZ-T2 while the task was performed with the non-dominant
hand. The increased gamma activity was already observed in patients
with schizophrenia for the prestimulus baseline period related to
working memory or “delay epoch™ (Peled et al., 2001) and during
cognitive tasks (Gandal et al., 2012) suggesting a workload during this
baseline condition. In our study, gamma PSD was higher after rTMS

Table 1
PSD during resting state EEG and AMT during the “delay epoch™.

ROI and HC SCZ SCZ HC, SCZ HCvs HC vs SCZ

EEG T1" T2* T1, SCZ scz T’ SCZ T1vs
band T2 Tz scz
T2
Resting state
LSM
Low 3,6 10,6 10,83 xz )= W: 16, W: 15, P>
gamma 7.71, p P p< 0,05
=0.021 0,016 0,01
High 32 10,6 1017 F£@= W18, W:17, p>
gamma 9.05, p p: 0,05 p: 0,05
=0.011 0,017
RSM
High 4 10,2 10,33 2 (2= W: 17, p>
gamma 6.5, p= p: 0,05
0.03 0,017
LTP
Low 44 75 11,3 $r Q@)= wW:17, p>
gamma 6.62, p p: 0,05
= 0.036 0,017
AUDITORY MOTOR DE non-dominant hand
LTP
PSDlow 533 10,17 13 (@)= W:24, p>
gamma 6.32, p p: 0,01 0,05
=0.04
PSDhigh 5 9,67 14 @)= W:21, p>
gamma 8.22,p p< 0,05
=0.016 0,01

DE = delay epoch.
@ Rank pain score.
b post hoc analysis.
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Fig. 1. “Delay epoch” PSD over left temporoparietal ROI during AMT done with non-dominant hand.

suggesting that gamma activity elicited over the left temporoparietal
region during the prestimulus “delay epoch” is more prominent when
the task requires effort, as it happens when the task is performed with
the non-dominant hand. Consequently, we would say that a biomarker
of EEG cortical changes would be the increment of gamma PSD after
rTMS when the task is performed with the non-dominant hand.

We did not find significant pre-post rTMS differences in any of the
analyzed alpha, beta, low gamma, and high gamma bands SW indexes.
However, in HC and SCZ-T2 groups when the task was performed with
the non-dominant hand, we observed increased path length and reduced
SW index of the alpha network. A decreased SW index (more central)
was observed for the dominant hand in SCZ-T1. A similar pattern of
increased path length and decreased SW was observed for the beta
network organization, while the gamma network showed significant
differences only regarding the SW. High gamma showed differences for
the RS, AMT-r, and AMT-1 only in the HC group. Low gamma showed a
significant main effect of the condition (RS, AMT-r, and AMT-1) for HC
and SCZ-T2 (Table 2), suggesting that rTMS might have influenced the

network by restoring the SW index, with the connectivity among nodes
in the middle between a completely regular and random network (Watts
and Strogatz, 1998).

After identifying that rTMS was able to show the same differences
between the conditions in SCZ-T2 that resemble the HC group in low-
gamma, we performed the Kendall's Tau correlation to investigate
which of these conditions could be related to the improvement of psy-
chotic symptoms after rTMS. Kendall's tau-b correlation showed a
strong, negative correlation between the SW of low-gamma phase os-
cillations of SCZ-T1 and PSYRATS scores, which was statistically sig-
nificant (tb = —0.788, p = 0.032). On the other hand, Kendall's tau-b
correlation showed a strong positive and significant correlation be-
tween the same measurements after rTMS (SCZ-T2 group) (tb = 0.733,
p = 0.039). This result suggests that the small-worldness phenomenon is
correlated with the improvement of psychotic symptomatology after the
1TMS in a different way than observed before rTMS (SCZ-T1 group), and
this can be a network signature in low-gamma of a possible treatment
effect expressed through graph theory and EEG during an AMT

Table 2

Characteristic Path Length and Small Worldness during RS and AMT.
Network Dunn's post hoc HC HC SCZ T1 SCZ T2 SCZT1 SCZ T2
organization
Conditions RS, AMT-r, AMT-1 AMT-r vs RS AMT-1 vs RS AMT-r vs RS AMT- vs RS
CPL alpha F (1, 2) = 13.482, p < 0,01, np? = 0,442 1 1 p<0.01 t 1 t p>005 1 p > 0.05
CPL beta F(1,2) = 15.347, p < 0,01, np® = 0,474 i 1 p<00l 1 1 1 1 p<0.01
SW alpha F(1,1.235) = 12.614,p < 0.01,np> = 0.426 | | p=002 | p=002 | p=004 | I p=0.04
SW beta F (1, 2) = 15.347, p < 0,01, np? = 0,474 ! | p<0043 | | p<0001 | I p<o001
SW low gamma F(1,1.037) = 10.774,p < 0.01,np>=0.388 | p<0.01 | p<00l | I p<001 | | p<001
SW high gamma F(1,1.030) = 8528,p < 0.01, 1p>=0.334 | p<001 | p<001 ! Il ! 1

CPL = characteristic path length, SW = small worldness, AMT-r = dominant hand, AMT-1 = non-dominant hand.
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performed with the non-dominant hand.

Our first limitation is represented by the reduced sample size of our
patient group. The patients included in this study received active
treatment at T3-P3 or Cz EEG location and this might represent a serious
confounding factor. Even so, from the available literature and previous
studies, it is not yet defined if the left temporoparietal region is the
optimum location for treating AVH severity. Another important limita-
tion is represented by the concomitant medication of the patients which
can modulate an abnormal neural oscillatory activity. We encourage
further teams working on studies involving the auditory-motor task in
patients with schizophrenia, to also include a working memory psy-
chological test as a measure for the cognitive symptoms as the major
findings were seen during the “delay epoch”, an epoch which is related
to the working memory (Peled et al., 2001). In our work we used epochs
of 1 sand 0.5 s. A time frequency analysis would be of interest to better
define the best EEG bands representation.

This report revealed for the first time that patients with schizo-
phrenia exhibit higher gamma power spectral density between stimuli of
the AMT, compared to healthy controls, which was modified by rTMS
without being significant. The change of low and high gamma PSD was
visible, locally, over the left temporoparietal region, when the task was
done with the non-dominant hand, showing that during this condition,
gamma synchronization is a marker of “neural effort” and workload
during the working memory-related time and not during the auditory or
motor cortical activation. SW index of low gamma activity analyzed in
patients with schizophrenia and AVH between the auditory stimuli,
when it is performed with the non-dominant hand, decreased after rTMS
and became similar to SW index found in healthy controls. This might
represent an interesting biomarker for rTMS treatment effectiveness.
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Abstract. The main objectives of this study were to describe P50 and P300
cortical topography in patients with schizophrenia and to define a robust
methodology of signal quantification using high density EEG. Within a clinical
trial in which patients with schizophrenia and auditory verbal hallucinations
were submitted to 10 days rTMS treatment, P50 and P300 were investigated as
possible neurophysiological measurements to assess treatment effectiveness
together with psychometric scales like Psychotic symptom rating scale (PSY-
RATS), depression, anxiety and stress scale (DASS) and Quality of Life scale
(QoL). Here we describe the technique of collecting P50 and P300 using high-
density EEG and we reproduce the preliminary data of P300 in one healthy
subject and P50 in two patients and two healthy subjects.

Keywords: P50 - P300 - Schizophrenia - High-density EEG

1 Introduction

Event-related potentials (ERP) provide safe and noninvasive approach to study psy-
chophysiological correlates of mental processes [1]. A meta-analysis confirmed the
existence of P300 and P50 deficits in schizophrenia of similar magnitude as findings
reported in neuroimaging and neuropsychology [2]. The auditory P300 is a time-locked
ERP component indexing attentional resources allocated to the target stimuli and/or the
context updating. The P300 peak is defined as the largest positive deflection in the time
range from 270 to 470 ms [3]. P50 is a component at the most positive peak between
30 and 70 ms post-stimulus (auditory) onset [4].

© Springer Nature Switzerland AG 2020
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While the examination of P300 topography in chronically ill schizophrenic and
psychotic bipolar patients showed that schizophrenia was associated with a specific
left-lateralized posterior abnormality, suggesting underlying posterior temporal lobe
pathology with abnormalities of a generator located in the left superior temporal gyrus
(STG) [5, 6], the cerebral topography of P50 remains largely unknown [7]. The
information processing dysfunction in schizophrenia patients has been associated with
a morphological abnormality in the brain [8]. EEG source analysis and the standard
paradigm to clarify the neural structures associated with P50 have been used to assess
the previously suggested generators of sensory gating. These were found to be STG,
hippocampus, dorsolateral prefrontal cortex (DLPFC) and thalamus [9]. In a double
auditory stimulus paradigm, the P50 response amplitude of the second (S2) or test
stimulus [to that of the first (S1) or conditioned stimulus] demonstrates sensory gating.
Deficits in sensory gating are an important endophenotype for schizophrenia [4]. We
aimed to describe P50 and P300 in patients with schizophrenia and auditory verbal
hallucinations using 256-channel “high-density” EEG. In this work we present data on
P300 and P50 topography with signal processing of P300 in one healthy subject and
with changes of P50 in baseline conditions from two healthy subjects and two patients
with schizophrenia.

2 Materials and Methods

2.1 AVH TMS Clinical Trial in Iceland

The research is part of the ongoing AVH TMS Icelandic project. The goal of this
clinical applied research is to assess the effectiveness of repetitive transcranial magnetic
stimulation (rTMS) as a treatment of schizophrenic patients with persistent auditory
verbal hallucinations (AVH). Sensory gating and cognitive functions using P50 and
P300 waveforms are calculated before and after the rTMS treatment. Here we present
the preliminary results of P300 topography in one patient and P50 in two patients.
Difference of P50 amplitude (S1-S2) and changes of P50 ratio (S2/S1) in baseline
conditions of two patients were compared with the results obtained from two healthy
control participants.

A total of eighteen patients (range: 18—60 years) will be recruited from the psy-
chiatric wards and outpatient clinics through the National Hospital database of diag-
nosed schizophrenia patients, following the ICD-10 schizophrenia classification (F20).
Only those still experiencing persistent auditory verbal hallucinations after finishing at
least two 6-8 week drug prescription treatments will be selected. Permission from the
Health Research Ethics Committee at the University Hospital of Iceland was obtained
(approval no. 21.2018). P50 and P300 topography in baseline condition for all eighteen
patients will be further investigated in two different groups of 9 patients. One group
will receive 10 sessions rTMS sham treatment over vertex and the second group will
receive treatment with rTMS over left T3P3 scalp location. At the end, baseline con-
ditions will be compared with nine healthy controls.

Ixxvi
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2.2 EEG Recording and Analysis

The ERP signals were obtained from 256-channel EEG waveguard cap using eego
mylab system (ANT Neuro, Netherlands). We grouped the electrodes in seven regions
of interest (ROI) with 15 electrodes in each region:

(1) Left anterior L1E-L5E, L1D-L5D, L1C-L5C or 88, 89, 90, 91, 92, 79, 80, 81, 82,
83, 71, 72, 73, 74, 75;

(2) Left posterior LSF-L8F, L6E-L10E, L6D-L9D, L6B-L7B or 102, 103, 104, 105,
93, 94, 95, 96, 97, 84, 85, 86, 87, 69, 70;

(3) Medial anterior L3L-L7L, Z3Z-Z7Z, R3R-R7R or 42, 43 44, 45, 46, 120 121, 122
123, 124, 169, 170, 171, 172, 173;

(4) Medial central L8L-L12L, Z8Z-Z12Z, R8R-R12R or 47, 48, 49, 50, 51, 125, 126,
127, 245, 246, 174, 175, 176, 177, 178;

(5) Medial posterior L13L-L17L, Z13Z-Z17Z, R13R-R17R or 52, 53, 54, 55, 56,
247, 248, 249, 250, 251, 179, 180, 181, 182, 183;

(6) Right anterior RIE-RSE, R1D-R5D, R1C-R5C or 215, 216, 217, 218, 219, 206,
207, 208, 209, 210, 198, 199, 200, 201, 202;

(7) Right posterior RSF-R8F, R6E-R10E, R6D-R9D, R6B-R7B or 229, 230, 231,
232, 220, 221, 222, 223, 224, 211, 212, 213, 214, 196, 197.

The EEG was recorded at a sampling rate of 1024 Hz with an electrooculogram
(EOG) electrode placed below the right eye, and a ground electrode placed on the left
side of the neck. Electrode resistances were set less than 10 kQ and referenced to the
average of left and right mastoid electrodes (R19R, L19L). The raw EEG was exported
and analyzed using Brainstorm [10] and MATLAB 2018b. EEG signals were first notch
filtered at 50 Hz, and a later band-pass filter was applied between 0.1 and 80 Hz [11].

P300. In our study P300 response was measured with an auditory oddball paradigm
attention task. The recordings were carried out between 11AM and 14 PM. The sub-
jects 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 inter-
stimulus interval between tones of constant 1.1 s. For each subject there was 1 trial of
160 tones which will occurred randomly with a probability of 0.2 [12]. We instructed
the participants to pay attention at the rare stimuli without counting or moving a finger.
The task was performed with eyes closed. The signals were digitized for an epoch of
1000 ms starting 100 ms prior to the presentation of each auditory stimulus (—100 ms
to +900 ms). Data analysis was performed with Brainstorm [10] and EEGLAB
(v14.1.2b) toolbox of MATLAB 2018b. In this work we present N100-P300 complex
signals over the seven scalp ROI of a healthy control participant.
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Fig. 1. P50 analysis. Testing stimulus response amplitude S2 (red trace) and conditioning
stimulus potential amplitude S1 (blue trace) in 30-70 ms time range are used to determine
sensory gating.

P50. The paired-click paradigm was performed to elicit the P50 component. A pure
tone (1500 Hz, 6-ms duration) was used as the click sound and presented during a 500-
ms interval through headphones. We presented 150 paired stimuli in 5 blocks with
interstimulus interval of 10 s, which provided 25 min of EEG measurement. In con-
sideration of participant load and ear comfort that could influence EEG measurement,
we instructed participants to watch a silent film. The signals were digitized for an epoch
of 500 ms starting 100 ms prior to the presentation of each auditory stimulus (—100 ms
to +400 ms).

Individual trials were rejected when EEG voltage was greater than 480 pV,
indicative of excessive muscle activity, eye movements, or other artifacts. We mea-
sured the peak-to-peak P50 amplitude from a preceding negative trough to the positive
peak at 30—70 ms range from the stimulus onset (Fig. 1). Sensory gating was measured
with the difference between testing stimulus (S2) and conditioning stimulus (S1) and
the P50 ratio was calculated as the test stimulus response divided by the conditioning
stimulus response. For this current study we present data of four participants, two
patients diagnosed with schizophrenia and two healthy controls.

3 Results

3.1 P300

The projection of ERP over 256 channel EEG is difficult to quantify and this is one of
the limits to measure the rTMS changes on ERPs. To correct this limitation we grouped
the scalp electrodes into seven ROI, each region containing 15 electrodes (Fig. 2).
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Fig. 2. P300 signals related to the rare auditory stimulus in a healthy control participant
(brown). Each N100-P300 complex represents the averaged signal of 15 electrodes. The
reorganization of 256 sensors signal into seven regions representing a total of 105 channels might
represent an easier tool for P300 amplitude and latency quantification.

3.2 P50

S1 and S2 signals were averaged for the 7 ROI (Fig. 3) in two patients and two healthy
controls. S1, S2 amplitude differences S1-S2 (Fig. 4) and S2:S1 ratios (Fig. 5) were
calculated. Higher difference of S1-S2 with S1 larger than S2 and reduced S2:S1 ratio
explained by reduced S2 amplitude would be correlated with sensory gating.

Patients showed reduced gating in comparison with healthy controls on left pos-
terior, medial anterior and right posterior regions. Left anterior and left posterior
regions showed the highest ratio (less sensory gating) in schizophrenia patients in
comparison with the healthy controls. Healthy participants showed better response over
right posterior or temporo - parietal region (lower value of S2:S1 ratio).
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Fig. 4. P50 calculated with amplitude differ- Fig. 5. P50 calculated with S2:S1 ratio.
ence S1-S2.

4 Conclusions

P50 and P300 recorded at scalp level with high density EEG showed high inter-
individual and intra-individual variability of signal amplitude, latencies and sensors
artifacts. Topographical distribution and best signal localization are serious limits if
these waveforms are used for large numbers of participants. Modern quantitative EEG
and digitization of signal with large data processing and group analysis might be of
interest but component analysis techniques and mixing data of several participants
should be carefully considered in order to process all necessary data. To correct these
limits we suggested to divide the EEG data in seven scalp regions of interest and we
averaged the waves of 15 electrodes for each region. P300 in a healthy control par-
ticipant showed clear N100-P300 complexes in all seven regions. Preliminary data on
P50 analyzed for two patients with schizophrenia showed higher S2:S1 ratio over left
anterior and left posterior regions in comparison with the healthy controls suggesting
that these regions might be functionally affected.



P50 and P300 Event Related Potentials in Patients 1077

Greater number of patients and healthy controls will be analyzed following the

presented methodology in order to test these assumptions and preliminary results.
Further, N100-P300 complex amplitude, P300 latency and P50 S2:S1 ratio will be used
as neurophysiological markers to assess rTMS treatment effectiveness in patients with
schizophrenia and persisting auditory verbal hallucinations.
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Abstract. The main purpose of this study was to investigate the relationship
between resting state and auditory-motor task electroencephalogram beta and
gamma distribution in healthy subjects and subjects with schizophrenia. First, we
looked to changes in the resting state EEG distribution in three healthy subjects
and in three patients with schizophrenia. We also analyzed high-beta and gamma
cortical activity from high-density EEG during a cognitively-driven auditory-
motor task in two participants, one normal subject and one diagnosed with
schizophrenia. For the auditory-motor task, we asked the participants to press a
button using the thumb of both hands independently, during two three-minute
sessions. Resting state EEG showed more fragmentation in schizophrenia
patients when compared with the healthy participants. During the auditory-motor
task, we observed increased cortical fragmentation and clustering during the hand
response in the patient and healthy control compared with a resting state EEG.
The fragmentation remains stable during both hand response time and reference
period located between the command “press” and “do not press” suggesting that
this task activates a network which remains similar during the entire task.

Keywords: Schizophrenia - Beta activity -+ Gamma activity -
Auditory-motor task

1 Introduction

Neural oscillations are a fundamental mechanism for enabling coordinated activity
during normal brain function and represent a crucial target for schizophrenia research
[1]. Sensory and cognitive events evoke superimposed and/or parallel oscillations

© Springer Nature Switzerland AG 2020
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(multiple oscillations) that are transferred to distributed structures with various degrees
of intensity, synchronization, duration and delay [2]. In a study with intracranial
recordings, auditory-verbal stimuli elicited augmented gamma-oscillations in the pos-
terior portion of the superior temporal gyrus, whereas hand-motor responses elicited
gamma-augmentation in the pre- and postcentral gyri [3]. Gamma activity has been
investigated in one of the following paradigms: (1) at rest, (2) during “bottom-up”
sensory stimulation, or (3) “top-down” cognitively driven tasks [4]. Based on a com-
prehensive review of the literature, it was concluded that at rest gamma activity is
elevated and that task-driven ‘evoked” gamma-band responses are reduced in
schizophrenia [4].

The aim of our study is to investigate the resting state EEG cortical beta and gamma
distribution and if the auditory-motor (AM) task modulates beta and gamma bands
activity in healthy subjects (HS) and in patients with auditory verbal hallucinations
(AVH). It has been suggested that schizophrenic symptoms can be explained by over-
arousal causing depression in neural activity or inverted-U relationship between per-
formance and arousal, also called Yerkes-Dodson Law [5, 6]. Our hypothesis is based
on this suggestion and we expect that in schizophrenia the high-beta and gamma
activity will break up in clusters and decrease during a task requiring attention, whereas
in normal subjects these bands activity will increase.

2 Methods

2.1 Participants

Six participants were selectively recruited through convenience sampling. Three par-
ticipants (2 male; mean age = 36; range = 30-48) were patients diagnosed with
schizophrenia, while the remaining three were healthy controls (2 male; mean age =
26; range = 25-28). Patients were recruited through the National Hospital database of
diagnosed schizophrenia patients, following the ICD-10 schizophrenia classification
(F20). Only those still experiencing persistent auditory verbal hallucinations after
finishing at least two 8 week drug prescription treatments were selected.

2.2 Design and Procedure

An EEG recording was acquired while subjects completed a resting baseline mea-
surement and an auditory-motor (AM) task. The baseline measurement lasted a total of
4 min in two parts: 1 min with eyes closed, and 3 min with eyes opened. A recording
was collected for two AM tasks, each lasting three minutes. The participants were
awake and comfortably seated in front of a computer screen and were asked to held a
button-controller in one hand, with the hand resting on their thigh. During the task,
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verbal commands were presented, adjusted to a comfortable volume (Nagasawa et al.
2010). Each subject was instructed to press the button using the thumb when a pre-
recorded verbal command saying “press” (yttu) was given, and to not press the button
when a verbal command saying “do not press” (ekki yta) was given. Each subject
completed the AM task for both hands. The task contained 40 trials; 20 auditory-verbal
commands saying “press” and 20 commands saying “do not press”, presented in a
pseudorandom order, following the latin square method.

EEG Recording and Preprocessing. The EEG was recorded using high-density 256
channel ANT Neuro eego sports system with an electrooculogram (EOG) electrode
placed below the right eye, and a ground electrode placed on the left side of the neck.
The EEG was recorded at a sampling rate of 1024 Hz. The raw EEG was exported and
analyzed using the EEGLAB toolbox (v14.2.2) in MATLAB 2018b. EEG signals were
first notch filtered at 50 Hz, and a later band-pass filter was applied between 0.1 and
80 Hz [7]. 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 resulting
resting state pre-processed data was 40 s = 10 s for each participant. Finally, the
remaining artifact-free continuous data was analyzed.

Data Analysis. First, we analyzed 40 £ 10 s resting state EEG with eyes closed for
three patients with schizophrenia and we compared it with the EEG of three healthy
control participants. For the auditory motor task, epochs related to the cognitively
driven “motor cortical activation” (MCA) were segmented between —500 ms to
+500 ms (1000 ms) relative to the onset of the button code (hand reaction) seen in the
EEG trace. The reference period was set between +1500 ms to +2500 ms post verbal
command or auditory stimulus onset (1000 ms). Finally, the remaining artifact-free
trials were analyzed. Here we show preliminary results of motor cortical activation
(MCA) for one healthy subject and one patient with auditory verbal hallucinations
(AVH), using power spectral density (PSD) and topographical frequency maps
including both hands sensory-motor regions. We looked at specific frequencies related
to motor reaction: low beta (13—-20 Hz), high beta (20-30 Hz), low gamma (3045 Hz)
and high gamma (45-80 Hz). The brain maps showed topographical changes on
specific frequencies: 16, 25, 35 and 65 Hz. We compared data with the reference period
and with the resting state EEG.
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3 Results

Resting state EEG recorded with eyes closed showed topographical and clustering
differences of beta and gamma activity between healthy (Fig. 1) and schizophrenia
participants (Fig. 2.). In patients with schizophrenia it seems that the EEG is more
fragmented. During AM task beta and gamma activity is more visible (higher Z-score)
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)
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Fig. 1. Power spectral density and specific topographical maps of resting state EEG averaged
for three healthy subjects. 256 channels EEG 40-50 s records with eyes closed.
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Fig. 2. Power spectral density and specific topographical maps of resting state EEG averaged
for three patients with schizophrenia. 256 channels EEG 40-50 s records with eyes closed.
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Resting
state 35
seconds

Reference
period LH
35-40 trials
of 1000ms

MCA
Left Hand

Reference
period RH
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of 1000ms

MCA |
Right Hand '\

Fig. 3. Auditory-motor task in a healthy participant. Cortical EEG fragmentation is showing
similarities between the reference period and hand response during both lateralized tasks.
Overall, high beta and gamma activity is reduced during the auditory-motor task.

and more clustered than during resting state EEG for the analyzed healthy participant
and this activity remained stable for both bands even during the reference period
(Fig. 3). The schizophrenia participant showed reduction of high beta and gamma
activity during the AM task, primarily when the task was performed with the dominant
hand. The laterality of the cortical activity during left or right hand reaction was not
visible (Fig. 4).
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Resting
state 46
seconds

Reference
period LH
35-40 trials
of 1000ms

MCA
Left Hand

Reference
period RH
35-40 trials
of 1000ms

MCA
Right Hand

Fig. 4. Auditory-motor task in patient with schizophrenia and auditory verbal hallucinations.
Cortical EEG fragmentation is showing similarities between the reference period and hand
reaction time during both lateralized tasks. Overall, high beta and gamma activity is reduced
during the auditory-motor task.

4 Discussions

The aim of this experiment was to investigate whether there are differences in cortical
activity between healthy subjects and patients with schizophrenia during resting state
and during an auditory-motor task. Furthermore, we wanted to investigate if the
auditory-motor task would modulate beta and gamma activity. Our hypotheses were
that: (1) The resting state EEG shows differences of cortical activity in beta and gamma
frequencies between healthy control participants and patients with schizophrenia, being
more clustered in schizophrenia patients and (2) The auditory-motor task would reduce
beta and gamma cortical distribution, compared to the resting state in schizophrenia
patient when compared with the healthy control participant. The results are congruent
with our hypotheses, showing more clustered and divided cortical distribution in
patients with schizophrenia and a reduced activity during the auditory-motor task, even
during the reference period between the auditory commands. The activity is stable
during the task, with little lateralization effect of the hand responses.
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These results indicate that the auditory-motor task triggers a stable network of
attention that is held active throughout the task. Cortical activity seemed to be reduced
in the schizophrenia participant during the AM task. However, larger number of par-
ticipants and further analysis with different quantification and clustering methods are
needed to test our hypotheses.
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Glossary

electroencephalography

graph theory

network segregation

network integration

working memory

is an electrophysiological monitoring method to record electrical
activity on the scalp, or the graphic representation of the brain (In
Greek: encephalon) electrical activity

is the study of graphs, which are mathematical structures used to
model pairwise relations between objects

is characterized by local information processing, a group of nodes
in a module or a region of the brain which are connected, for
example, the left hippocampus or the anterior cingulate cortex.

is characterized by global information processing, by example,
interhemispheric connectivity, or the relation between DLPFC
and amygdala

is the small amount of information that can be held in mind and
used in the execution of cognitive tasks. Working memory is
essential for goal-directed behavior. Impaired WM is a well-
documented symptom in schizophrenia and arguably a core
feature of the disease.

memory that involves storing, focusing attention on, and
manipulating information for a relatively short period of time
(such as a few seconds)
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Acronyms

GABA y-amino butyric acid

MLAEP Mid-latency Auditory Evoked Potentials

EEG Electroencephalography

PSD Power Spectral Density

QoL Quality of Life

DASS Depression, Anxiety and Stress Scale

PSYRATS The Psychotic Symptom Rating Scales
DLPFC Dorsolateral Prefrontal Cortex

CST Corticospinal Tract
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