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Abstract

Schizophrenia is a serious mental illness that manifests itself with inconsistent,
complex, and challenging to diagnose clinical symptoms. This study aimed to combine
neurophysiological (electroencephalography or EEG), behavioural, and cognitive tests
in one diagnostic protocol to probe the heterogeneous aspects of schizophrenia.

Four experiments were conducted with 19 healthy control subjects and 6
schizophrenia spectrum disorder patients (3 schizophrenia, 3 schizoaffective disorder).
In the auditory odd-ball task, patients showed diminished mismatch negativity
(MMN) to all the 5 deviant types. Schizophrenia patients had a longer location MMN
peak latency compared to both control subjects and schizoaffective disorder patients.
The computerized Stroop task did not elicit traditional Stroop effect. However, this
task in patients showed high error rates and response latencies. The significant
difference in the EEG response to the congruent and incongruent stimuli was absent
in patients. The schizophrenia and schizoaffective disorder patients also showed a
difference in task-specific neural mechanisms. Cambridge Neurophysiological Test
Automated Battery (CANTAB) tests revealed significant deficits in motor response,
visuo-spatial association, spatial working memory, and verbal recognition memory in
patients. In the facial emotion recognition task, patients had significantly higher error
rates and response latencies. Schizophrenia patients showed the highest error rate for
angry and sad stimuli. The patients showed a deficit in the early face processing EEG
response at the occipito-temporal electrode, and an elevated frontal EEG response
relative to the healthy subjects.

This was an explorative study that conducted a diverse set of experiments with
same group of healthy subjects and patients. It uncovered significant differences
between the control and patient groups, and between the schizophrenia and
schizoaffective disorder patients. These results exhibited a proof-of-concept for the
importance of a combined protocol which could potentially lead to a discovery of
biomarkers for diagnosis using a larger, diverse group of schizophrenia spectrum

disorder patients.
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CHAPTER 1. INTRODUCTION



1.1 Mental Health

We, as human beings, are a species set apart from the rest of the animal kingdom
for our unique abilities to think, reason, understand, create, plan, execute, emote, and
express ourselves. Mental health and well-being are essential to develop these unique
abilities to interact with each other and live a productive life.

Mental health problems cause loss of healthy years of life due to illness; striking
as one of the major causes of the burden of disease worldwide. In the UK, 1 in 4 adults
experience mental health issues every year, while 1 in 6 adults are suffering at any one
point (Baker, 2021; MHFA England, 2019; Public Health Scotland, 2021). Based on
a 2011 estimate, mental health issues in the UK were estimated to contribute to almost
double (28%) the burden of disease, compared to approximately 16% each for
cardiovascular diseases and cancer (Department of Health and Social Care, UK, 2011).
The total expenditure, in terms of both social and economic costs of mental health in
Scotland was found to be £10.7 billion for the year 2009/10 (Fundamental Facts About
Mental Health 2015, 2015). More recent statistics from England show that these costs
have risen from £105.2 billion in 2010 to £119 billion in 2019 (O’Shea & Bell, 2020).
From a worldwide perspective, in the years between 2011 and 2030, mental disorders
are estimated to result in a $16.3 trillion total loss of economic output. This economic
output loss is close to the estimated loss due to cardiovascular diseases ($15.6 trillion),
and far exceeds that of respiratory diseases, diabetes, and cancer ($14.8 trillion,
combined) (Trautmann et al., 2016).

The estimation of numbers presented above precedes the ongoing COVID-19
pandemic, which has also resulted in adverse effects on the mental health of the general
population. Recent reports have shown that in June 2020, 19% of surveyed adults in
the UK experienced symptoms of depression, up from 10% before March 2020 (A.
Abbott, 2021). However, due to the lockdown and the increased burden on healthcare
services, fewer than expected mental illness and self-harm cases were recorded by
primary care after March 2020 (Carr et al., 2021). This could soon lead to more severe

cases and result in a larger burden of disease, than what was previously projected.



1.2  Schizophrenia- Prevalence and Causes

Schizophrenia is one of the most significant public health problems across the
globe. It is a debilitating mental illness that affects 0.5% to 1% of the general
population across the world (Weinberger & Harrison, 2010). According to the World
Health Organisation (WHO), schizophrenia is considered as one of the important
contributors to the burden of disease worldwide. It is a serious and chronic mental
illness that affects a person’s thoughts, feelings, and behaviour. It is not, as it is often
wrongly perceived, a “split personality” disorder (“Schizophrenia” Schiz: split, Phren:
mind). The media usually uses the word - unfairly - to describe violence and
disturbance. Due to this and like most mental illnesses, it is often accompanied with
social and self-stigmatization.

The textbook definition of the disease might sound simple and straightforward
however, the manifestation of schizophrenia in individuals is highly complex.
Epidemiological accounts have previously shown similar prevalence of schizophrenia
across cultures and races across the world, however more recent evidence points to
Black and Hispanic ethnicities diagnosed at a higher rate (C. I. Cohen & Marino, 2013;
Halvorsrud et al., 2019; Olbert et al., 2018; Schwartz & Blankenship, 2014).
According to two meta-analyses, men have 1.4 times higher risk of developing
schizophrenia over their lifetime than women citing a higher incidence ratio in men
than women (Aleman et al., 2003; J. E. McGrath & Tschan, 2004; Tandon et al.,
2008).. This serious illness leads approximately 10% of its patients to suicide, which
is also the largest contributor to reduced life expectancy in the patients of
schizophrenia (Sher & Kahn, 2019). As this disease causes a lifelong disability in its
patients, a significant cost is incurred by the NHS for their treatment plans and loss in
working days.

Individuals often experience positive symptoms like auditory and visual
hallucinations that threaten them or criticise their actions. This leads to patients
developing strange beliefs and delusions. The disease also causes negative symptoms
(affective flattening, asociality, etc.) and cognitive deficits that can be distressing to
relatives or caregivers. A more comprehensive list of symptoms along with the

pathophysiology has been explained in the Chapter 2.



The combination of stigma and the complexity of the disease makes it difficult
to diagnose in the early stages. This further leads to the patients leading a degraded
quality of life for a prolonged period. It has been systematically shown (Picchioni &
Murray, 2007) that an early diagnosis and treatment can alleviate the outcomes of the
disease.

Similar to the complexity of how the disease manifests, the causes of
schizophrenia are also not well understood; they are varied and complex. The disease
certainly has underlying genetic causes as the risk goes up from 1 ina 100to 1 in 10
if a person has a parent with schizophrenia. This number goes up to 1 in 8 if a non-
identical twin has the disease and 1 in 2 if the twin is identical (Timms, 2015). Several
environmental factors at different stages of life also increase the risk. Patients are more
likely have experienced complications during pregnancy, premature birth, low birth
weight etc. (Picchioni & Murray, 2007). In their book Schizophrenia, Weinberger and
Harrison highlight that in an adult, stressors like social isolation, urban environment
or significant incidents like car accidents have been shown to precede worsening of
symptoms. Also, drug and alcohol abuse are also theorized as a possible cause of
schizophrenia in some patients (J. J. McGrath & Murray, 2010). Early and prolonged
use of cannabis has also been proven to significantly increase the risk (Marder &
Cannon, 2019; Nasrallah et al., 2011; Timms, 2015).

1.3  Current Diagnosis

The current classification of the neuropsychiatric disorder schizophrenia is not
based on a single symptom alone but a cluster of symptoms that include positive
symptoms, negative symptoms, and cognitive impairment. The inconsistency of such
complex clinical features between patients of schizophrenia makes a diagnosis based
upon clinical symptoms extremely challenging. The tools which are currently used to
help aid diagnosis in schizophrenia are usually based on series of interviews to assess
different criteria in the patients. Positive and Negative Symptoms Scale (PANSS) is
one of such tools that assigns a severity rating for various positive (PANSSP), negative
(PANSSN), and general (PANSSG) symptoms like motor retardation, postural
impairment, poor attention, lack of judgment, anxiety, disorientation, etc (Kay et al.,
1987). However, such tools have been shown to have several drawbacks. Specifically,
the negative subscale PANSSN has been shown to have test-retest reliability ((Kring



et al., 2013). The scale has also been criticised as being too complex and leading to
biased results when reporting the effectiveness of medications (Kumari et al., 2017).
PANSS scale has also been shown to have hidden internal structure (Lefort-Besnard
et al., 2018) and better represented by 4 to 7 factors (Lim et al., 2021) compared to the
proposed three (PANNSP, PANSSN, PANSSG). The 5-factor representation with
positive, negative, disorganized, excited, and depressed factors has had the most
consensus across studies (Lim et al., 2021; Wallwork et al., 2012) but also further
increases the complexity of the scale. Newer assessment scales like Clinical
Assessment Interview for Negative Symptoms (CAINS) (Kring et al., 2013) and Brief
Negative Symptom Scale (BNSS) (Kirkpatrick et al., 2011) which are concise and
reliable have been proposed. However, they only assess the negative symptoms and
still rely on subjective assessment by a clinician. They do not objectively measure the
changes in brain function. This inadequacy of the present assessment tools in mental
health diagnostics to objectively quantify various criteria during the disease diagnosis
has led us to design a diagnostic protocol. A first of its kind, this diagnostic protocol
uses a range of neurophysiological and behavioural measures that combine perceptual
and cognitive testing that can serve as an early signature or biomarker for
schizophrenia. Electroencephalography (EEG) is a non-invasive and radiation free
method of recording brain activity from the scalp. Literature suggests that using EEG
as a neuroimaging modality provides the basis from which sensitive biomarkers can
be developed (Light et al., 2012). As a functional brain imaging technology, EEG is
well tolerated and can be deployed in standard clinical or community settings (Barros
et al., 2021; M. X. Cohen, 2014; Farnsworth, 2019; Ledwidge et al., 2018; H. S. Lee
& Kim, 2022). EEG measurements do not require patients to be isolated for prolonged
periods in a challenging environment like that of a Magnetic Resonance Imaging
(MRI) scanner, thus, reducing the amount of paranoia and anxiety faced by them in an
enclosed space.

In the process of developing this experimental protocol for diagnosing
schizophrenia, a variety of task conditions that uniquely probe perceptual, cognitive,
and emotional deficits were employed. Chapter 3 gives insight into the study design
and general methodology applied across all the experiments. The details about the

specific tasks and the analyses related to them are outlined in their respective chapters.



The series of tests carried out within the protocol has generated a rich set of data that
allows us to define a subject’s overall state. These set of measurements establish an
unbiased and objective link between the neurophysiology, behaviour, and disease state
of the patients and differentiates them from healthy individuals and could be used as

potential biomarkers.

1.4 Rationale and Aims of Study

Early diagnosis of schizophrenia and early intervention in high-risk or first-
episode populations is crucial for improving the clinical outcome by mitigating the
cognitive deficits and thus improving the quality of life of patients (Insel, 2010; D. Lee
et al., 2021; Lin & Lane, 2019; Linszen et al., 1998). However, early diagnosis of
schizophrenia has been a challenge and there is lack of appropriate biomarkers to study
associated brain abnormalities (Nasrallah et al., 2011; M. J. Owen et al., 2016).

Starting from the underlying cause of the disease to the different ways it affects
the patients, schizophrenia is almost like a different disease in each of its victims. The
literature to date suggests that biomarkers based on single neurophysiological test may
be inadequate to fully capture and categorize the onset and progression of
schizophrenia due to the heterogeneous nature of the disease (Rodrigues-Amorim et
al., 2017; Weickert et al., 2013). The overall aim of this explorative study was to
combine neurophysiological, behavioural, and cognitive aspects into one diagnostic
protocol. The diverse observations generated from our protocol encompass the
heterogeneity of the disease which is not available through a single test.

For decades now, neurophysiological methods have been widely studied and
used in the research of schizophrenia. These methods have many advantages that have
led to them being researched for potentially useful biomarkers in developing new drug
therapies and improving the overall functional outcome in patients. Some of them can
be adapted into passive paradigms where a subject does not have to engage him/herself
in a task or pay any attention.

According to various studies, the higher-order cognitive deficits and
psychosocial behaviour in patients of schizophrenia have shown a correlation to the
dysfunction in the neural activity at the pre-attentive and early attentive levels of
information processing (Braff & Light, 2004). 70% of the patients with schizophrenia
have reported auditory hallucinations (AH). It is believed that in patients of



schizophrenia, abnormalities in brain regions associated with memory integration
could possibly generate hallucinations (Waters et al., 2012). Chapter 4 explores this
area by using an auditory oddball paradigm. This paradigm involved the subjects
passively listening to a series of tones as they watched a pre-selected silent movie.
This is advantageous in testing on younger patients and in the patients, who are
difficult to engage in behavioural studies.

Event-Related Potentials (ERPS) are the various positive or negative potentials
that are related to specific events or stimuli obtained from the time-locked activity of
the brain after the raw EEG data is processed (Roach & Mathalon, 2008). Mismatch
negativity (MMN), is an early auditory ERP (AERP) that has been determined as an
index of an automatic, pre-attentive alerting mechanism, which stimulates an
individual to respond to unexpected environmental events (Gené-Cos et al., 1999).
MMN abnormalities are specific to schizophrenia, as no reliable MMN findings have
been observed in other major psychiatric disorders (Fisher et al., 2011). The high
temporal resolution of the data thus obtained is useful in tracing the flow of
information from the regions of auditory cortex to the association areas where the
auditory data is interpreted and processed. This helps in determining any impairment
in auditory information processing at an earlier stage of the disease (Javitt et al., 2008).

The treatment regimes in schizophrenia mostly targets the improvement of
positive symptoms in patients as these symptoms tend to relapse and remit. In a few
cases patients tend to have some long-term residual psychotic symptoms (M. J. Owen
et al., 2016). However, the medication is believed to have limited efficacy on the
negative symptoms which are currently believed to be fundamental to the pathology
of schizophrenia (Tandon et al., 2008). These negative symptoms are associated with
deficits in motivation, affect, cognitive functioning, verbal and non-verbal
communication and social behaviour; having a direct impact on the functional outcome
of a patient (Bobes et al., 2010). As cognitive deficits are now considered as a core
feature of schizophrenia, experiments that investigate them were included in the
protocol. These cognitive deficits are not only present during the first episode of
psychosis but are also found to be persistent over the period of illness regardless of the
changes in symptomatic states. The emphasis has now been shifted from just treating



the positive symptoms to an overall approach where full range of symptoms including
the cognitive deficits are being treated to improve the patient’s quality of life.

Chapter 5 outlines the second task, a computerized Stroop task, which is a
traditional neuropsychological test to assess cognitive deficits usually indicating the
abnormality relating to the deficits in the working memory (Ghose & Tamminga,
2008), which is the small amount of information that is retained in the brain and
quickly available while performing cognitive tasks (Cowan, 2014). Stroop task reflects
selective attention, functioning of an executive system, and the ability to inhibit
habitual response and to maintain the instruction set. The task required the subject to
quickly change perceptual set when viewing matching and non- matching names of
colours (Nehemkis & Lewinsohn, 1972). For example, the names of colours written
either in the same colour or in a different colour (RED/RED or BLUE/BLUE).

Chapter 6 gives a detailed description of the third task which uses CANTAB
(Cambridge Neuropsychological Test Automated Battery), a touch screen tablet with
standardized cognitive tests which provides an effective measure of cognitive
assessment. The CANTAB tests battery was used to assess executive functioning
(mental processes that are required to perform a task with concentration (Diamond,
2013)), working memory, spatial recognition memory (mental process that helps one
remember locations and relative positions of objects (Jacobs, 2003)), episodic memory
(memory that helps one recall and mentally reexperience events from their past (Pause
et al., 2013)), verbal memory (memory of information presented verbally, like word
lists (Tatsumi & Watanabe, 2009)), and reaction time (time taken to process and react
to a stimuli).

Patients of schizophrenia show impairments in recognition and discrimination
of different facial emotions (Turetsky et al., 2007). Expressing emotions through ones’
face is a widely studied component of non-verbal communication of emotions (Kring
& Moran, 2008). A meta-analysis of 26 studies also revealed that emotional deficits
also form an integral feature of the illness. According to some theorists, patients have
an innate and reduced capacity to experience hedonic emotion while their responses to
adverse emotions are intensified (A. S. Cohen & Minor, 2010).

Chapter 7 focuses on fourth and the final task which engaged the participants

to recognize and categorize between basic emotions such as happiness, sadness, anger,



and neutral emotion from a series of schematic faces. The aim through this task was to
probe into underlying inability in patients to recognize and categorize facial emotions
that could be measured using EEG. The experimental design incorporated schematic
faces instead of real human faces to avoid any adverse reactions from the patients.

By combining neurophysiological tasks, cognitive tasks, CANTAB standardized
cognitive tests, and emotion recognition tasks with EEG, this study enabled us to
quantify a wide range of deficits that are observed in schizophrenia. We anticipate that
this study protocol is a step forward towards providing a basis to a full trial, which will
further provide specificity and sensitivity that has been missing from schizophrenia

biomarkers to date.



CHAPTER 2. LITERATURE REVIEW



2.1  Symptomology

The definition and concept of schizophrenia has changed over the past century
making it a far more complex disease to define. “Dementia Praecox” was an early 19"
century Kraepelinian concept (1856-1926) that described schizophrenia as an illness
of early onset and progressive deterioration focusing mainly on abnormalities in
cognition and emotion (Kraepelin, 1919). Around the same time, Eugene Bleuler
(1857-1939) theorised that fragmented thinking was a core feature of this disease and
coined the term schizophrenia meaning ‘splitting or fragmented mind’ (Bleuler, 1911).
He conceptualised the division of the symptoms in two major categories: fundamental
symptoms (occurring only in the patients of schizophrenia) and accessory symptoms
(seen across in other mental disorders too). However, he focused on ‘negative
symptoms’ as its core feature highlighting its chronic disability and deteriorating effect
on the patient. It was not until many years later that psychiatrist Kurt Schneider
focused on including the psychotic symptoms such as delusions and hallucinations as
core features of the disease referring to them as Schneiderian first rank symptoms,
almost ignoring the negative symptoms and cognitive features of the disease
(Nasrallah et al., 2011; Weinberger & Harrison, 2010).

World Health Organisation’s International Classification of Disease Criteria
11th revision (ICD-11) and American Diagnostic and Statistical Manual of Mental
Disorders 5™ edition (DSM-5) are extensively used to understand and diagnose mental
disorders (Padmanabhan & Keshavan, 2014). In the past 50 years, DSM-1 to DSM-IV
and ICD-6 to ICD-10 have included Bleuler’s negative symptoms, the concept of
chronicity from Kraepelin and Schneiderian first rank symptoms to define
schizophrenia giving emphasis to one or all three concepts in varying degrees from
time to time. Since 1980’s, the introduction of DSM-I11 greatly enhanced the reliability
of diagnosis in schizophrenia by broadly classifying the symptoms into “Positive” and
“Negative” symptoms. However, the current DSM-5 and ICD-11 incorporates the
distinct stages of the illness eliminating many discrepancies that existed in its previous
versions, and thus marking a substantial evolution in the conceptualisation of
schizophrenia (Padmanabhan & Keshavan, 2014).

The first signs of schizophrenia can seem confusing or even shocking. Drastic

changes in one’s behaviour can be very difficult to cope for the family members who
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often remember how involved and vivacious the person was before the illness began.
Other subtle changes like isolation, withdrawal, unusual thoughts, speech, or
behaviour tend to occur before or while other psychotic changes are being exhibited.
Most patients display delusions and hallucinations. However, the degree of
impairment in thought processing varies from patient to patient. Deviating from the
traditional definitions of the words, “positive” symptoms are the ones that the disorder
adds, and “negative” symptoms are what the disorder takes away. According to DSM-
5, there is a spectrum of schizophrenia and psychotic disorders which are all specified
by varying degrees of presentation of the symptoms below (American Psychiatric
Association, 2013b).

2.1.1 POSITIVE SYMPTOMS

Positive symptoms are unusual experiences which are more easily identifiable.
In patients with schizophrenia, they can be very intense and distressing. It is also worth
noting that positive symptoms are often the ones that are diminished well with
treatment (Lieber, 2018). Following is a comprehensive list of such symptoms

(American Psychiatric Association, 2013b).
2.1.1.1 DELUSIONS

A fixed set of personal beliefs that is not subject to reason or cannot be altered
with presentation of contradictory evidence. Delusions can take up different themes

such as:

a. Persecution: A person with persecutory delusions may believe they are being
harmed, harassed, or conspired against by an individual or an organization
(Spearing, 2002).

b. Referential: This is where the person thinks that certain gestures or comments
even environmental cues are directed towards them. A bizarre example of this
could be that the person is being controlled by a neighbour with magnetic
waves (Spearing, 2002).

c. Grandiose: This would include a feeling that one has exceptional abilities,

wealth or is an important figure or a celebrity.

12



2.1.1.2 HALLUCINATIONS

An experience of perception without the presence of an external stimuli. These
perceptions are vivid and not under voluntary control. Though in patients with
schizophrenia they can occur in any sensory form, auditory hallucinations are the most
common. These “voices” can either be familiar or unfamiliar and are perceived as
different from one’s thoughts. They can describe what the person is doing, warn them
of an impending disaster, or pass derogatory comments. A patient is most likely to
experience hallucination of certain kind during their first psychotic episode during
which it is estimated that 50% of the patient population might experience an auditory
hallucination, while a very low percentage of patients may have a visual (15%) and
tactile hallucinations (5%) (Arango & Carpenter, 2010).

2.1.1.3 DISORGANIZED THINKING OR SPEECH

An effect on the person’s ability to “think straight”. Individuals might have
unrelated thoughts coming to them in rapid successions, making them jump from one
topic to another. They might answer questions with completely unrelated/tangential
answers. The patient is therefore ineffective in communicating. In some cases, the
disorder is so severe that speech becomes incomprehensible. This symptom, also
known as, formal thought disorder is often inferred from the person’s speech. It is
especially difficult to diagnose when the person is from a different linguistic

background.
2.1.1.4 GROSSLY DISORGANIZED OR CATATONIC BEHAVIOUR

Agitated body movements or childlike “silliness”. Patients may have difficulty
performing goal directed motor behaviour thus making it challenging to perform daily
living activity. Catatonic behaviour is a severe decrease in reacting to the environment.
Patients may sit still for hours or assume a rigid posture with a complete absence of
response to verbal or motor responses. It can also include the opposite where the

person displays excessive movements for no apparent reason.
2.1.2 NEGATIVE SYMPTOMS

Negative symptoms account for a considerable portion of morbidity associated

with schizophrenia than in any other psychotic disorders. Several of these can be
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interpreted as person’s laziness (Timms, 2015). This can especially make the patients
and their family’s lives even more difficult. These symptoms also respond poorly to
medication and therefore, even though they are less dramatic, they can be more
disabling (American Psychiatric Association, 2013b). These symptoms are present
much before the onset of positive symptoms and exist through the outbreak of the
psychotic episodes but are masked by the positive symptoms. These negative
symptoms continue to persist in varying degrees despite the reduction in positive
symptoms (Arango & Carpenter, 2010).

a. Diminished Emotional Expression: A demonstration of “blunt” or “flat” affect.
This includes a reduction in expressiveness of the face, lack of eye contact and
reduces hand and head movement. Patients may also speak in a monotonous
voice.

b. Avolition: Lack of motivation to start a purposeful activity manifesting as
person sitting for long periods of time and being disinterested in work or social
activity.

c. Alogia: A diminished speech output

d. Anhedonia: Curbed ability to experience enjoyment in life or remember
experiencing pleasure previously.

e. Asociality: Lack of interest in social interaction.
2.1.3 COGNITIVE DEFICITS

Patients with schizophrenia tend to experience several cognitive deficits much
before the onset of any kind of symptomology. These deficits further diminish their
quality of life. In some patients they can be subtle while being severe in others. These
can include:

a. Poor “executive function”, that is the ability to understand and use information
in decision-making process.

b. Trouble focusing or paying attention

c. Problems with working memory and remembering things

d. Anosognosia or “lack of insight”. This is the unawareness of the patient that he

or she has schizophrenia.
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2.2 Schizophrenia Spectrum and Other Psychotic Disorders

Prior to DSM-5, schizophrenia was categorised into distinct subtypes namely
paranoid, disorganised, catatonic, simple, and undifferentiated. However, this
categorisation was not reliable to cover the vast heterogeneity of the disease and has
been found to have low validity (Mattila et al., 2015). Hence, the current DSM-5 and
ICD-11 have eliminated these subtypes to improve the clinical definition of
schizophrenia (Padmanabhan & Keshavan, 2014). Even in a number of Asian
countries, many patients feel stigmatised being referred to as a patient of
“schizophrenia” as the term does not describe what their disease accurately represents.
This has led to elimination of the classification of the disease schizophrenia in these
countries. For instance, in Japan the disease has been reclassified as “integration
disorder” and similarly in Korea, the term “attunement disorder” is used (Balter, 2017;
J. W. Cho et al., 2018; Lasalvia et al., 2015; Y. S. Lee et al., 2014; Sartorius et al.,
2014; Yamaguchi et al., 2017).

Under the schizophrenia spectrum of disorders, the DSM-5 and ICD-11 list few
specific clinical diagnoses based on how the previously described symptoms manifest
in its patients. DSM-5 and ICD-11 in their current status share significant similarity
between the names and diagnostic criteria of various clinical diagnoses than what was
found between previous versions. However, there are still some differences between
the two (First et al., 2021). Table 2.1 provides a high-level outline and comparison of
diagnostic criteria between DSM-5 and ICD-11 mainly for the schizophrenia spectrum
of disorders. The patients recruited in this study were previously diagnosed with either
schizophrenia or schizoaffective disorders. The table also includes two bipolar
disorders as one of the schizoaffective disorder patients was also categorised to likely
have bipolar spectrum disorder (BSD). The first column of the table has the closest
matching diagnoses between DSM-5 and ICD-11 followed by the diagnostic criteria
for each. All the details in table were taken directly from the DSM-5 manual
(American Psychiatric Association, 2013a), ICD-11 website (World Health
Organization (WHO), 2022), and two other articles related to them (First et al., 2021;
Substance Abuse and Mental Health Services Administration, 2016).
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Table 2.1 Comparison of diagnostic criteria of mental disorders between DSM-5

and ICD-11

Closest Matching
Clinical Diagnoses

DSM-5 Criteria

ICD-11 Criteria

DSM-5: Schizophrenia
ICD-11: Schizophrenia

Continuous signs of at

least one of the following

present for at least 6

months:

- delusions

- hallucinations

- disorganized speech

with following present for

significant portion of 1

month period:

- catatonic behaviour
and/or

- negative symptoms

At least two of following

symptoms present most

of the time for 1 month or

more:

- persistent delusions

- persistent
hallucinations

- disorganized thinking

- experiences of
influence

- negative symptoms

- grossly disorganized
behaviour

- psychomotor
disturbances

DSM-5:
Schizophreniform
disorder

ICD-11: Not included

Same as schizophrenia
but lasting 1-6 months

Not Applicable

DSM-5: Schizoaffective
disorder
ICD-11: Schizoaffective
disorder

Same as schizophrenia
along with a major
depressive or manic
mood episode

Meeting diagnostic
requirements of
schizophrenia with
moderate or severe
depressive and/or manic
episode

DSM-5: Delusional
disorder
ICD-11: Delusional
disorder

Presence of delusions for
at least 1 month but never
meeting the other
necessary criteria for
schizophrenia.

Presence of delusions for
at least 3 months and
often longer with absence
of other symptoms of
schizophrenia

DSM-5: Brief psychotic
disorder

ICD-11: Acute and
Transient Psychotic
Disorder

Sudden (within 2 weeks)
onset of at least one of:

- delusions,

- hallucinations,

- disorganized speech
and a return to previous
level of functioning in
less than 1 month.

Acute onset of psychotic

symptoms including:

- delusions,

- hallucinations,
disorganized thinking,

- experiences of
influence

within 2 weeks with rapid

change in nature and

intensity and lasting up to

3 months
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DSM-5: Schizotypal
disorder
ICD-11: Schizotypal
disorder

Pattern of social and

interpersonal deficits that

do not occur during

course of schizophrenia.

Symptoms include:

- odd beliefs

- unusual perceptual
experiences

- eccentric behaviour

- suspicious or paranoid

Pattern of unusual speech,

perceptions, beliefs that

do not meet intensity or

duration of schizophrenia,

schizoaffective disorder,

or delusional disorder.

Symptoms include:

- unusual beliefs

- unusual perceptual
distortions

ideation - eccentric behaviour
- suspicious or paranoid
ideation
DSM-5: Psychotic - prominent - prominent
Disorder due to another hallucinations or hallucinations and/or
medical condition delusions delusions

ICD-11: Secondary

- direct consequence of

- direct consequence of

Psychotic Syndrome another medical another medical
condition condition
- not better explained - not better accounted
by another mental by another mental
disorder disorder
DSM-5: Bipolar | - at least one manic - at least one manic or
Disorder episode which may be mixed episode

ICD-11: Bipolar Type |
Disorder

preceded or followed
by hypomanic or
major depressive
episodes

- manic or major
depressive episodes
not better explained
by schizophrenia
spectrum of disorders

- typically recurrent
depressive and manic
or mixed episodes

- some episodes may be
hypomanic but at
least one manic or
mixed episode is must

DSM-5: Bipolar Il
Disorder

ICD-11: Bipolar Type Il
Disorder

- atleast one
hypomanic episode
and at least one major
depressive episodes

- manic episode has
never occurred

- episodes not better
explained by
schizophrenia
spectrum of disorders

- atleast one
hypomanic episode
and at least one
depressive episode

- typically recurrent
depressive and
hypomanic episodes

- no history of manic or
mixed episodes
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A simplified schematic representation of schizophrenia progression is shown in
figure 2.1 reproduced from (Yasui-Furukori, 2012). It is now recognized that
schizophrenia is a disease that slowly manifests itself from infancy and continues
through the lifetime of an individual (Nasrallah et al., 2011). The premorbid phase,
where in one begins to experience a generic dysfunction in cognition, motor function
and social interactions is observed in early childhood. This is followed by a
‘prodromal’ phase in the young adults (early to mid-teen years) where they begin to
isolate themselves from others with a rise in certain positive and negative symptoms
(Marder & Cannon, 2019; Nasrallah et al., 2011; Padmanabhan & Keshavan, 2014).
A decline in their cognitive ability and functionality can also be observed during this
phase. The first episode of psychosis (e.g. auditory hallucinations, delusions etc.)
marks the onset of the disease. A patient may experience varying periods and instances
of psychosis in their early course of illness. However, most of the patients tend to have
a more stable ‘plateau phase’ usually represented by less pronounced psychotic
symptoms. A varying degree of severity of the negative and cognitive deficits can also
be observed in their lifetime depending upon how the symptom severity were managed
and treated. All these symptoms significantly attenuate the quality of life by
diminishing social functioning in the patients (Padmanabhan & Keshavan, 2014).
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Figure 2.1 A schematic representation of schizophrenia progression. Reproduced
from Yasui-Furukori, 2012.
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2.3 Etiology

With a steady prevalence of 1% worldwide, schizophrenia is now ranked among
the world’s top ten causes of long-term disability. In recent years, schizophrenia has
been shown to be highly heritable disease with genetic factors contributing 80-85%
(Birnbaum & Weinberger, 2017; Janoutova et al., 2016; Marder & Cannon, 2019; M.
J. Owen et al., 2016; Tandon et al., 2008). Earlier it was believed that the disease
affected both males and females equally across the globe however, more recent meta-
analysis show that males are at 1.4 times the risk of developing schizophrenia
compared to females (Aleman et al., 2003; J. E. McGrath & Tschan, 2004; Tandon et
al., 2008). Also, in males, the onset is generally early ( between 17-25 years) and later
in the female populations (20-30 years) (Nasrallah et al., 2011).

In a recent genome-wide association study (GWAS) on schizophrenia recruiting
37,000 schizophrenia patients in comparison to 113,000 healthy controls found 108
genes that were linked to the disease making it a polygenic disorder. Some variants of
these genes were found to be correlated to signalling pathways of neurotransmitters
and a few others were involved with the immune system (Birnbaum & Weinberger,
2017; Ripke et al., 2014; Stilo & Murray, 2019). Although, genetic predisposition may
increase the risk of an individual developing schizophrenia, interaction with adverse
environmental and social factors makes them more susceptible to it (Balter, 2017,
Lohrs & Hasan, 2019; Misiak et al., 2018; Nimgaonkar et al., 2017; Stilo & Murray,
2019). These environmental factors may include childhood trauma, social adversity,
cannabis use during adolescence, discrimination, etc (Lohrs & Hasan, 2019; Marder
& Cannon, 2019; Nasrallah et al., 2011; Nimgaonkar et al., 2017; M. J. Owen et al.,
2016; Patel et al., 2014; Stilo & Murray, 2019; Tsuang, 2000).

2.4  Pathophysiology

The pathophysiology of schizophrenia, like the manifestation of disease itself, is
complex and not very well understood. There have been several theories relating to
abnormalities within various neurotransmitter systems including dopamine (Howes et
al., 2017; Howes & Kapur, 2009; Maia & Frank, 2017; McCutcheon et al., 2019),
glutamate (Egerton et al., 2020; Goff & Coyle, 2001; Olney & Farber, 1995; Uno &
Coyle, 2019), and serotonin (Aghajanian & Marek, 2000; Eggers, 2013; Patel et al.,
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2014; Stahl, 2018). These are a result of genetic factors and their interplay with
environmental conditions as mentioned above.

The most popular theory is related to a dysfunction in dopamine receptors and
dopaminergic pathways. Though this largely explains the positive symptoms like
hallucinations and delusion, it does not account for the myriad of deficits observed in
schizophrenia (Egerton et al., 2020; M. J. Owen et al., 2016; Uno & Coyle, 2019). The
negative and cognitive symptoms of schizophrenia are likely a result of abnormality
in glutamate, the primary excitatory neurotransmitter, and its binding with the N-
methyl-D-aspartate (NMDA) (Egerton et al., 2020; Uno & Coyle, 2019). The inter-
neurons in the cerebral cortex and hippocampus which are sensitive to NMDA
receptors produce gamma oscillations necessary for cognitive functioning (M. J. Owen
et al., 2016; Uno & Coyle, 2019). Also, presence of NMDA antagonists has been
shown to produce schizophrenia like negative and cognitive symptoms (Uno & Coyle,
2019). The finding that hallucinogens like Lysergic acid diethylamide (LSD)
heightened the effect of serotonin led researchers to hypothesize the involvement of
serotonin in schizophrenia (Aghajanian & Marek, 2000). Further evidence of
medications that block both dopamine and serotonin receptors, improved both positive
and negative symptoms in the patients, thus strengthening the serotonin hypothesis
(Kantrowitz, 2020; Meltzer et al., 2003; Patel et al., 2014).

Physical changes in the brain have also been observed in schizophrenia. A
decreased neuronal size (Arnold et al., 1995; Chana et al., 2003; Harrison, 2000;
Roeske et al., 2021) along with some evidence of increased neuronal density has been
observed (Chana et al., 2003; Harrison, 2000). The GABAergic inter-neurons also
exhibit decreased functionality (Nakazawa et al., 2012; Nasrallah et al., 2011). An
abnormality in the functioning of glial cells (responsible for neuronal maintenance and
myelin sheath creation) is also observed in schizophrenia (Bernstein et al., 2015; Dietz
et al., 2020; L. E. Duncan et al., 2014; Laskaris et al., 2016; M. J. Owen et al., 2016).
Along with these, imaging modalities have reported reduced grey matter volumes
notably in prefrontal and temporal cortices (DeLisi et al., 2006; Dietsche et al., 2017,
Olabi et al., 2011) and decrease in frontal, parietal, and temporal white matter (DeL.isi
et al., 2006; Olabi et al., 2011). There has also been compelling evidence of
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enlargement of lateral ventricles and frontal, parietal, and temporal white matter
(DeLisi et al., 2006; Olabi et al., 2011; Svancer & Spaniel, 2021).

2.5 Diagnosis and Treatment in Schizophrenia

Despite decades of extensive research, the pathophysiology and etiology of the
disease remain obscure. The absence of a single diagnostic feature for this disease and
its highly heterogeneous nature, makes early recognition and intervention one of the
biggest challenges in the field (Harris et al., 2013). Currently, the clinical diagnosis is
made based on patient’s history and their state of mental well-being. The ‘prodromal’
phase, also known as an ultra-high-risk phase, of schizophrenia can last for several
years before the first psychotic episode. This commonly occurs in young adults who
can experience negative symptoms and declined cognitive ability. In some cases,
however, sudden onset has also been observed in previously healthy individuals
(Nasrallah et al., 2011; M. J. Owen et al., 2016).

As has been mentioned earlier, the DSM-5 and ICD-11 have outlined complex
diagnostic criteria to be used by physicians. However, it can be observed that even
within the schizophrenia spectrum of diseases there are several possible diagnoses with
subtle differences between them. There are several scales of assessment which use
structured clinical interviews to evaluate disturbances in their thought processing,
language, attention, and perception. These include Global assessment of Functioning
Scale (GAF), Scale of Assessment of Negative (SANS) (Andreasen, 1989) or Positive
(SAPS) symptoms (Andreasen, 1984), Positive and Negative Symptom Scale
(PANSS) (Kay et al., 1987), etc. Each scale assigns a point rating to the individual to
determine the severity of a subset of symptoms or the overall disease state. Each of
these scales have their drawbacks. The GAF scale was included in the DSM-111 and
DSM-1V but dropped from DSM-5 due to lack of clarity and inter-rater reliability,
which focuses on variability among raters on the same target (Grootenboer et al., 2012;
Substance Abuse and Mental Health Services Administration, 2016). The SAPS and
SANS scale has been shown to have poor inter-rater reliability (Norman et al., 1996)
and have been criticized for dividing the symptoms of schizophrenia as only positive
and negative (Kumari et al., 2017). The SANS scale has also been shown to have low
test-retest reliability (Kring et al., 2013). The PANNS scale has been shown to have
hidden internal structures (Lefort-Besnard et al., 2018) that could be better represented
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as a five-factor model (Lim et al., 2021; Wallwork et al., 2012) instead to the three
subscales proposed by Kay et al. Also like the SANS scale, the negative subscale of
PANSS has shown low test-retest reliability (Kring et al., 2013). Despite these
shortcomings, physicians heavily rely upon the results of these interviews to diagnose
an individual instead of objective measurements of neural activity (H. S. Lee & Kim,
2022). It should be noted however, that the presence of several pathophysiological
abnormalities outlined in previous section do not qualify as a definitive diagnostic
marker (Nasrallah et al., 2011). Currently, there are no objective clinical tests or
biomarkers used for diagnosis (M. J. Owen et al., 2016) in a clinical setting.

The first ever pharmacological treatment for psychotic symptoms,
chlorpromazine, was serendipitously discovered in 1952. It marked the beginning of
first generation or typical antipsychotic medications. These medications are effective
in mitigating positive symptoms like hallucinations and delusions but are usually
ineffective in treating the more chronic symptoms such as cognitive deficits and social
withdrawal. They are also accompanied with a deluge of side effects like exacerbated
negative symptoms, movement disorders, weight gain, restlessness etc (Marder &
Cannon, 2019; Nasrallah et al., 2011; M. J. Owen et al., 2016; Patel et al., 2014).
Several of these side effects are a consequence of excessive dopamine blockade
(Marder & Cannon, 2019). The second generation or atypical medications work by
blocking both dopamine and serotonin receptors (M. J. Owen et al., 2016) and were
first discovered in 1990s. These medications have been observed to have fewer
Parkinsonian type movement related side effects, however, carry a higher risk of
cardiometabolic side effects. The strongest of this atypical medication is clozapine.
However, it is prescribed only in the cases when other atypical antipsychotics prove
ineffective. This is due to the additional risk of agranulocytosis and neutropenia (white
blood cell disorders) observed with the administration of clozapine (M. J. Owen et al.,
2016). There has been an effort to shift towards glutamate modulating antipsychotic
treatments as this might be helpful is mitigating a broader range of deficits including
negative and cognitive. These treatments would work by enhancing the activity of
NMDA by increasing glycine levels near glutamate receptor site. However, these
strategies have not been approved anywhere yet (Nasrallah et al., 2011).
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The use of antipsychotics is crucial and primary approach of treatment for
schizophrenia. However, in many developed countries it is also accompanied with
psychotherapeutic treatments at individual and family or group level. Due to the side
effects, paranoia, grandiosity, etc. patients are less likely to stay adherent to the
medication. This increases the risk of relapse and psychotic episodes. Access to
psychotherapy can greatly reduce the chance of non-adherence by keeping patients
informed on their illness and importance of taking medication (Patel et al., 2014). In
the UK, the National Institute of Health and Care Excellence (NICE) guidelines
(NICE, 2016) require patients to be offered with cognitive behavioural therapy (CBT)
to help them alter their behaviour that might be disease induced (M. J. Owen et al.,
2016). In addition, psychotherapeutic approaches also encourage the patient’s family
to be involved. This has been seen to improve patient’s social wellbeing and reduce
the risk of rehospitalization (Marder & Cannon, 2019; M. J. Owen et al., 2016; Patel
etal., 2014).

2.6  Electrophysiology

Electroencephalography (EEG) is the method of recording electrical activity of
the brain using electrodes placed on the scalp. The signals recorded using such
electrodes represent the synchronous activity from a large ensemble of neurons that
are aligned in their spatial orientation. Being a non-invasive technique, EEG signals
have been extensively used in studying the physiological response of the brain while
performing a cognitive task. However, EEG signals show a high degree of variability
between trials with same trial parameters. To mitigate this variability and study the
EEG task response, researchers have used the Event-Related Potentials (ERPS)
technique.

ERPs are the various positive or negative fluctuations that result from averaging
large repeats of time-locked EEG activity. The EEG activity is obtained by exposing
the subjects to the same stimulus for tens, or even hundreds of trials. This activity is
then time-locked to either the stimulus or response to create short epochs that are
averaged in time relative to the time of the event. The process of averaging reduces the
signal variability across trials that might arise from surrounding noise or normal
functioning of the brain and by doing so, it reveals the components of brain activity
that correspond to the sensory and cognitive processes representative of the event or
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task. These components are otherwise embedded in inherently noisy EEG signals from
single trials (Roach & Mathalon, 2008). It is to be noted that ERP response still shows
intra-subject variability when multiple repeated experiments are performed. This
variability has been speculated to be caused due to state of the subject, for instance the
hours of sleep, caffeine intake etc. As can be expected, ERP signals also show inter-
subject variability (higher than intra-subject) which could result from differences in
individual brain structure and processes (Luck, 2014c). For these reasons, researchers
present grand averaged ERP results from a group of subjects as opposed to results from
individual subjects in most cases. These averages provide an insight into the
population response which can then be compared between different groups.

Patients diagnosed within the schizophrenia spectrum of disorders have shown
deficits in their EEG response under different types of experimental conditions. In an
auditory oddball task, a pre-attentive, involuntary, auditory mismatch negativity
(MMN) response is observed on fronto-central electrodes in healthy subjects. The
MMN response in schizophrenia spectrum patients is diminished (Light & Braff,
2005). If the subjects are instructed to attend to the stimuli, a deficit in P300 responses
is also observed in schizophrenia patients when compared to healthy subjects (Light
etal., 2015). In a Stroop task, which is used to test the cognitive and working memory
deficits, schizophrenia patients have been previously shown to have comparable
response of the congruent and incongruent trials, which is not the case with healthy
subjects (Kim et al., 2012; Markela-Lerenc et al., 2009). In schizophrenia patients,
difficulties in recognizing and categorizing facial emotions are also observed. This
deficit is reflected in the early face-processing component (Earls et al., 2016) as well
as later cognitive processing components of EEG response (McCleery et al., 2015).
While each of these deficits have been observed in schizophrenia patients in separate
studies, there is a lack of published research there has attempted to study all these
electrophysiological deficits in the same patient group. This is one of the primary
research goals of this thesis. The associated literature on each type of deficit in

reviewed in detail in the respective chapters of the thesis.

2.7 Biomarker

In clinical research, a “biological marker” or a biomarker is a term designated to

an objective measure of medical state observed from outside. This measure should also
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be reliably reproducible to be categorised as a biomarker. There is a distinction
between an objective measure of state and the symptom as later is subjective
experience of an individual. A biomarker may either be a functional or physiological
measure that is a predictor of the disease state (Strimbu & Tavel, 2010).

In the context of schizophrenia spectrum of disorders, this chapter has described
several functional and physiological measurements that can be objectively recorded
from patients. This includes the various neurotransmitter and pathway abnormalities,
grey and white matter volume reductions, etc. However, as has been mentioned earlier,
none of these measurements are reliable predictors of the disease states. Also, changes
in pathways or brain volume are single snapshot of the state that cannot be easily
obtained from the patients. For example, measurement of grey matter volume can be
determined using an MRI which would require patients suffering from paranoia and
anxiety issues to be isolated for prolonged periods in the challenging environment of
a scanner. Using EEG as the neuroimaging modality, on other hand, is relatively
affordable (both in deployment and maintenance) , portable, and requires less expertise
to operate (Barros et al., 2021; M. X. Cohen, 2014; Farnsworth, 2019; Ledwidge et al.,
2018; H. S. Lee & Kim, 2022) in a research laboratory or clinical setting. It also has
an added advantage of high time resolution in measuring a response to stimuli.

In this thesis, multiple experiments were conducted with the same set of patients
spanning neurophysiological, cognitive, and social aspects of the deficits observed in
the schizophrenia spectrum. EEG recordings from these experiments to extract several
neurophysiological measurements that define the state of each subject. These along
with a set of behavioural response measures can be used to create an objective
representation of an individual’s disease state and could be potential new candidates
for diagnostic biomarkers. These biomarkers can further be prospectively used to

distinguish each subject from one another during diagnosis.
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CHAPTER 3. METHODOLOGY



3.1 Study design

This was a pilot pathway study approved by the West of Scotland Research
Ethics Service (REC reference: 15/WS/0083, REC approval date: 01 June 2015, IRAS
project ID: 103549, see Appendix A). The research team consisted of the Chief
Investigator (CI) for the study - Professor Robert Hunter, Consultant Psychiatrist
Clinical Director PsyRING at University of Glasgow/Associate Director R&D NHS
Greater Glasgow and Clyde, the Research Student (RS) Sibani Priyadarshini Mohanty
from the Neurophysiology lab of Biomedical Engineering Department, University of
Strathclyde, and two senior Research Nurses (RN) Catherine Deith and Paul Scouller
from Glasgow Clinical Research Facility. This research was jointly funded by EPSRC
and NHS Endowments Department and Patient Affairs Department, Gartnavel Royal
Hospital, Glasgow.

3.1.1 STUDY POPULATION

In this study two groups of individuals were recruited, one that consisted of a
healthy control group (n=19 healthy subjects) and the other that comprised of
schizophrenia spectrum patients (n=6). All the patients who were recruited in the study
satisfied the DSM-5 (American Psychiatric Association, 2013a) criteria for
schizophrenia spectrum disorders and were on stable medication for a period of a
month before they participated in the study.

3.1.2 INCLUSION AND EXCLUSION CRITERIA

The control group consisted of healthy volunteers with the below listed inclusion
and exclusion criteria:

Control group inclusion criteria:

. Both male and female (non-pregnant), age group 18-55 years
. Normal hearing

. Normal or corrected vision

. Normal Upper limb function

. English as their first language
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Control group exclusion criteria:

. Any evidence of existing mental, psychiatric or neurological conditions
either in the subject or their first degree relatives

. Any evidence of neurophysiological damage

. Any implantable devices that might interfere with the EEG equipment
colour blindness

. Any history of drug/alcohol abuse

. Use of medication that might interfere with normal neurophysiological
processes

All participants in the control group were asked to fill out a screening
questionnaire to determine if they met the inclusion criteria as mentioned above, and
care was taken to exclude anyone who did not satisfy them or fell under any of the
above-mentioned exclusion criteria.

The patient group consisted of participants that satisfied the DSM-5 criteria for
schizophrenia spectrum of disorders. Further inclusion and exclusion criteria listed
below were used.

Patient group inclusion criteria:

. DSM-5 criteria for schizophrenia

. Written informed consent

. Male or female (non-pregnant) age group 18-65 years

. Patients on atypical antipsychotic medication without any change in

medication over a period of one month before the test sessions

. Normal hearing

. Normal or corrected vision

. Normal upper limb function

. English as their first language

Patient group exclusion criteria:

. Any other neurological disorder or significant medical condition, apart
from schizophrenia

. Any implantable device
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. Hearing deficits

. Vision deficits such as colour blindness

. Motor deficits

. Pregnant woman

. Patients who cannot communicate in English

We were able to recruit 6 male patients within the study time frame.
3.1.3 IDENTIFICATION OF PARTICIPANTS AND CONSENT

The RS recruited the control group participants by advertising the study among
the staff and students of the University of Strathclyde. Before the study began, each
control group participant was provided with a brief information regarding the study
along with a screening questionnaire. This questionnaire was based on the
inclusion/exclusion criteria of the study listed in section 3.1.2. If they met all the
criteria, the participants were recruited to the study and given their study identification
number. Participants were then provided with the information sheet 24 hours before
the study. These participants are referred to as healthy control group/subjects or
simply, control group/subjects in the rest of the thesis. Both, the screening and medical
questionnaire are added in Appendix B.

The study was conducted over two sessions of testing for both control subjects
and patients. Control participants were asked to fill out a short medical questionnaire
on the day of their first session. The sessions for control participants were scheduled
for 2 hours per session and they were assured that no clinical judgement was to be
made based on any results obtained from the study. Participants were encouraged to
ask any additional questions regarding any of the experiments during both the sessions.
A few curious participants were also provided with the results of their CANTAB test,
which gave them a normalized rating of their performance for certain tests relative to
the general population. A study flow chart summarising the process of identification
and recruitment of control subjects is shown in figure 3.1.

For the patient group, potential participants were identified by Cl or RN in
consultation with clinicians within the network of Community Mental Health Team
(CMHT), Riverside, Riverview, Partick and Dumbarton areas of Glasgow and from

Kelvin House, Gartnavel Royal Hospital, Glasgow. Once the patients were identified,
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the study was briefly explained to each patient and a minimum of 24 hours was
provided to consider the study and give their consent. The patients who satisfied the
inclusion criteria were then approached by the research nurse in the presence of the
clinician to discuss the study. Further, based on their interest in the study, written

consent was obtained after all their queries and concerns with respect to the study had

Study was advertised throughout the University
though emails and posters

A4

Interested participant contacted
the researcher

Participant information sheet was
provided to the potential participant

No

Did participant
want to take
part in study?

\ 4

Participant was not
contacted further

Participant was provided with
screening questionnaire

v

Did participant
satisfy the
inclusion criteria?

No

v

Participant was not
included in the study

«  Participants were included in the study and given a full briefing
about the experiments followed by the opportunity for
participants to ask any questions.

» Unique Study identification number was given to the
participants.

» Participants were given minimum of 24 hours to consent.

» Appointment for session 1 and 2 were fixed.
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1%t test session:

Participants signed informed consent form
Participants filled up general questionnaire
MMN and Computerised Stroop Task
EEG data is collected and stored securely

2" test session:
e CANTAB and Emotional Response Task
e EEG data is collected and stored securely

v

Signal processing and data analysis
performed on behavioural EEG data

A 4

e Analysed data was stored securely for
further comparison with patient data

e Participants were provided with the results
of their CANTAB test, which gives a
normalised rating relative to the general
population

Figure 3.1 Study flow chart for healthy control group.

been appropriately answered. A study flow chart summarising the process of

identification and recruitment of patients is shown in figure 3.2.
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Research nurse or CI (in consultation with the
patients’ clinician) identified potential
participants and informed them about the study.

No

Did patient
satisfy

y

Patient not included
in the study.

inclusion
criteria?

Research Nurse:

Approached the patient about the study.
Provided the information sheet to the patient and
briefly explained the study was to them.

Offered another meeting to the patient if
appropriate to ask any questions about the study.
Gave a minimum of 24 hours to the patient to
consider participation prior to being invited to

v

Did patient
agree to

l

Patient not included
in the study.

consent for
the study?

Research Nurse or Cl obtained the informed
signed consent from patient

v

Research Nurse or Cl arranged an appointment
for session 1 of the study with the patient

A 4

Research nurse or Cl conducted PANSS and
MADRS assessment prior to 1% test session and
reviewed the scores.
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1 test session, Research student:
e Conducted MMN and Computerised

Stroop Task
e Collected and securely stored EEG data

.

Research nurse or Cl arranged an
appointment for session 2 of the study with
the patient

A 4

Research nurse or Cl conducted PANSS and
MADRS assessment prior to 2" test session
and compared the scores to that of scores
from initial assessments

A\ 4

2" test session, Research student:

e Conducted CANTAB and Emotional
Recognition Task

e  Collected and securely stored EEG data

A4

Research student performed signal
processing and data analysis on behavioural

Figure 3.2 Study flow chart for patient group.
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3.1.4 STUDY SCHEDULE

The study was divided in two sessions of experiments for both the healthy
control and the patient groups. The experiments for the healthy controls were
conducted RS at the Neurophysiology lab of Biomedical Engineering Department,
University of Strathclyde. The data from patients was collected at Kelvin House,
Gartnavel Royal Hospital, Glasgow. While conducting experiments with patients, the
RS worked with Cl and RN. The various procedures administered to the patients, the
average time taken, and the personnel administering them are shown the table 3.1. The
experimental sessions were scheduled after a consent was obtained from the
participants. The sessions were designed to carry out a specific set of experiments and
were kept consistent across subjects from both the groups. The study data collected

from both the healthy controls and patients were analysed by the RS.

Table 3.1 Procedures administered to patients

Number of  Average Time

) Administered
Times per

*
Procedure Administered Administration by
Interview with potential
participants to provide )
1 30 mins ClorRN

information and request their
consent to participate

Psychiatric Interview: Positive
and Negative Symptom Scale 2 30 mins Clor RN
(PANSS) for Schizophrenia

Psychiatric Interview:

Montgomery Asberg _

Depression Rating Scale 2 30 mins Clor RN
(MADRS) for depression

Session 1 experiments: MMN _ Cl or RN with
and Stroop task 1 60 mins RS
Session 2 experiments: _
CANTAB, Emotion 1 60 mins Cl or RN with
Recognition task RS

*ClI: Chief Investigator, RN: Research Nurse, RS: Research Student

34



Session 1 consisted of two experiments, the Mismatch Negativity (MMN)
experiment with the auditory oddball task, and the computerized Stroop task. Both
these experiments required the use of EEG recordings. Session 2 also consisted of 2
experiments, the CANTAB test, and the Emotion Recognition (ER) task. As
previously mentioned, for control subjects, session 1 began with a medical
questionnaire before the experiments were carried out. For patients, both the sessions
began with the assessments of their symptom severity using the Positive and Negative
Symptom Scale (PANSS) (Kay et al., 1987) and level of depression using the
Montgomery—Asberg Depression Rating Scale (MADRS) (Montgomery & Asberg,
1979) by the clinical research nurse. PANSS consisted of three sub-scales namely,
Positive (PANSSP), Negative (PANSSN), and General Psychopathology (PANSSG).
The PANSSP subscale assigns a total score between 7 and 49 and scores the severity
of the patient’s positive symptoms such as, hallucinations, delusion, etc. The PANSSN
scale scores the patient’s negative symptoms like social/emotional withdrawal, blunted
affect, etc. This scale ranges from 7 to 49 as well. The PANSSG scale rates the patient
based on measures like depression, anxiety, tension, etc and has a minimum and
maximum score of 16 and 112, respectively. MADRS has a minimum score of 0 and
maximum score of 60 depending on the severity of depression in the patient. Higher
scores in both PANSS and MADRS imply increased psychopathology. All the
questionnaires related to the healthy controls and patients are provided in Appendix B,
along with the scoring criteria for PANSS and MADRS are provided in Appendix C.

Subjects were given appropriate breaks during the sessions that were accounted
into the schedule beforehand. Special care was taken with patients by the clinical staff

accessible during the sessions when needed.
3.1.5 PARTICIPANT DEMOGRAPHIC DATA

Demographic details of all the control subjects and patients are provided in tables
3.2 and 3.3, respectively. Table 3.2 shows the data collected from the healthy control
subjects along with the experiments and analysis each subject was included in.
Subjects were excluded from a certain experiment if the data was found to be corrupted
due to any unforeseen technical problems with recording of the data and/or its storage.
Those control subjects included in any experiment are represented with a “Y’ and those

excluded with a ‘“N’. The specific details are provided in appropriate chapters for each
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experiment. The last row in the table 3.2 shows the statistics from each column. These
are the mean and standard deviations for age, gender distribution of participants (M
for male, F for Female), and the total number of control subjects included in each
experiment or type of data. In table 3.3 the patient codes (P1 to P6) were assigned by
the date of their first session. The table shows the age, clinical diagnosis, and the
PANSS and MADRS scores recorded during each of the two sessions from the

patients.

Table 3.2 Healthy control demographic data and experiment inclusion

Subject Experiments
Codes Age Gender
MMN Stroop CANTAB ER
C1 24 M N Y N Y
C2 24 F Y Y Y Y
C3 25 F Y Y Y Y
C4 30 M Y Y Y Y
C5 23 F Y Y Y Y
C6 31 F Y Y Y Y
c7 31 M Y N Y Y
C8 24 F Y Y N Y
C9 26 M Y Y Y N
C10 28 F Y Y Y Y
Cl11 55 M Y Y Y Y
C12 26 F Y Y Y Y
C13 24 F Y Y Y Y
Cl4 48 M N Y Y Y
C15 37 M Y Y Y Y
Ci16 39 M Y Y Y Y
C17 32 M Y Y Y Y
C18 26 M Y Y Y Y
C19 25 F Y Y Y Y
Mean £ Count:
Stats Std: 304  10Male, Count:17 Count: 18 Count:17 Count: 18
+85 9Female
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Table 3.3 Patient demographic data

Patient P1 P2 P3 P4 P5 P6
Gender M M M M M M
Age 35 26 57 64 59 47
Clinical Diagnosis* SA SA SA/BSD S S S
Session 1
PANSS
Positive 27 8 7 7 16 9
Negative 10 14 7 23 21 7
General 34 21 16 19 50 18
MADRS 9 7 4 2 18 5
Session 2
PANSS
Positive 28 8 7 7 18 26
Negative 27 9 10 12 20 23
General 38 19 17 17 49 59
MADRS 3 4 2 0 22 26

* S: Schizophrenia, SA: Schizoaffective Disorder, BSD: Bipolar Spectrum Disorder

3.2 Methods
3.2.1 EEG RECORDING

EEG recordings were acquired continuously using Neuroscan 4.5 Acquire

software (Compumedics) and SynAmps? amplifiers from specific scalp locations

according to the international 10/20 system. A 64-channel electrode array EA64 cap

(Advanced Medical Equipment Ltd) was used comprising sintered Ag/AgCl metal

electrodes with soft neoprene electrode gel reservoir, snapped onto an expandable and

breathable Lycra material with shielded cables (fig 3.3). This cap was chosen because

'

Figure 3.3 A model wearing Electrode

Equipment Ltd, 2019)

Arrays EA-64 cap (Advanced Medical
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it reduced the setup time for recording in the clinical setting and eliminated the chances
of individual electrodes detaching off during an experiment. Another reason to use this
cap was to avoid any delusional ideas that could arise in our group of schizophrenia
patients, possibly causing additional distress to their state of being.

In healthy control subjects all 64 electrodes were used for recording. In patients,
the number of electrodes was reduced to 37 (FP1, FP2, F7, F3, Fz, F4, F8, FT7, FC3,
FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8,
PO5, PO3, POz, PO4, PO6, O1, Oz, 02, M1, M2) to decrease the time taken for the
setup. In both cases, two bipolar channel electrodes were used to monitor eye
movements and blink artefacts: left vertical electro-oculogram (VEOG) and horizontal
electro-oculogram (HEOG). The skin under these electrodes was cleaned using

Nasion

Inion

Figure 3.4 EEG electrode configuration on a head schematic. Electrodes are shown
as circles and their labels are on to their right. All electrodes (64) were used in
recording for the healthy control subjects and the white electrodes (37) were used for
the patient group. The bipolar channels HEOG and VEOG were used across both the
groups for recording the eye movements.
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abrasive gel (Nuprep ECG and EEG abrasive and prepping gel). The EOG electrodes
were then attached to the skin using double sided adhesive O-rings (manufactured by
EasyCap). To maintain the impedance below 5 kQ in the scalp electrodes, the above-
mentioned abrasive gel was first inserted into each electrode followed with a
conductive gel (Electro-Gel, Brain Vision UK), using a syringe (BD 10 ml Syringe,
Luer-Lok™ Tip) with a blunt nosed needle (SRS needles). The cap also had a vertex
reference electrode at the top of the head and a ground electrode at the top of forehead.
All the recorded EEG data was referenced to vertex electrode and stored for post-hoc
processing at a sampling rate of 2000Hz on hard drive in Neuroscan’s cnt file format.
The configuration of EEG electrodes is shown on a head schematic (viewed from the
top) in figure 3.4. The mastoid electrodes (M1 and M2) were placed behind the ear.
The processing and analysis of EEG data involved a series of steps that was
generally followed for each EEG experiment in this thesis. An overview of these steps
in shown as a flow chart in figure 3.5. The pre-processing steps applied to the raw
continuous EEG data are shown in green. These steps are explained in detail in section
3.2.2. Following the pre-processing steps, the continuous data was converted into
stimulus locked epochs. The steps involved in this process are shown in green in the
figure and explained in section 3.2.3. The epoched data was then cleaned by removing
artefacts and rejecting some of the epochs with residual artefacts. The steps followed

Raw EEG

Data —>  Re-reference IE;;)H;]ZI; — Pﬁg;:r;?lifw — Rerr;\c]):ies:me
(2000Hz) P
Inspection of Vlsl.ml i Baseline Epoch Independent
ICA < Inspection of —=— C d 7 Fxtracti <—  Component
Components Epoched Data OEFECHon HHACHon Analysis (ICA)
. . . . Design
Remove Inspection of Reject Epochs Split Data by STUDY and
Artefact ICA =—— Cleaned = with Residual —— Task e
components Epoched Data Artefacts Condition ERP/ERSP

Figure 3.5 Flowchart depicting general steps in EEG processing and analysis.
Raw EEG data recorded during experiments is shown in the top-left box in grey.
Following steps are shown in green for pre-processing, orange for converting
continuous data to stimulus locked epochs, purple for cleaning the data by suppressing
artefacts and rejecting epochs, and blue for analysis by task condition and subject

group.
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for this are shown in purple in the figure, with the techniques described in section
3.2.4. After this step, the data was analysed based on its task conditions and/or group
of subjects in each experiment. The general steps in this process are shown in blue in
the figure and the details of analysis common across each experiment are presented in
sections 3.2.5 t0 3.2.8.

3.2.2 EEG PRE-PROCESSING

The stored EEG signals were subjected to a several steps of pre-processing and
cleaning before any analysis could be performed on them. Most of the pre-processing
steps were common across the different experiments and have been outlined in this
section. The widely used MATLAB toolbox EEGLAB (Delorme & Makeig, 2004)
was chosen for carrying out pre-processing, cleaning, and analysis of the collected
EEG data. The toolbox provided a flexible graphical user interface to easily visualize
the processing or analysis that was being carried out. This was helpful in determining
the best set of methods that could be used on the data. Once the steps were decided,
scripting functionality in MATLAB using the toolbox was then used for carrying out
pre-processing and analysis in batches efficiently. The EEGLAB version 14.1.2 was
used for all the analyses.

The effects of first few steps of processing the EEG data, from three midline
electrodes, namely Fz, Cz and Pz, are shown in figure 3.6. The figure 3.6a shows the
raw EEG signal. This signal, as mentioned earlier, was sampled at 2000Hz, and was
recorded relative to the vertex reference electrode on the EEG cap. As only two
seconds of the EEG data is shown in the figure, the plot does not show the drift in the
EEG signal that usually occurs over the entire length of the recording. In the top row
plot, a relative difference in the signal amplitude between the three electrodes is
observed. This occurred due to the close proximity of the reference electrode to Cz
and Pz electrodes when compared to the electrode Fz.
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The first pre-processing step was re-referencing the raw EEG data. This is the
process of changing the reference from what it originally was, to using either one or
more recording electrodes as the new reference to the raw EEG data. For example, in
the auditory oddball experiment (Chapter 4), following the widely used convention in
the literature, the EEG signals were re-referenced to the average of the left and right
mastoid electrodes. In other experiments, a common average reference (CAR) was
used which, as the name suggests, is the average of the activity across all the EEG
electrodes used during the recording. Different types of referencing methods can lead
to significant differences in the resulting signal. The reason for using CAR with the
EEG data (except auditory oddball experiment) was, that it does not bias the resulting
signal in anyway. It was also the most common referencing method used in the EEG
studies that were reviewed. The other advantage of re-referencing the signal was that
by using either the linked mastoid reference or CAR, the signal power on the Cz and
Pz electrodes was improved. This can be seen in figure 3.6b. This plot was made

following the re-referencing and resampling of the EEG data. The resampling step is

a. Raw EEG Data

A R WY P T WA T B U By o

T A A A AP A A I e e P ™M NNttt b P Pt st Pt P PPN g,
J A I e T T T W P, ahas WOHP PPN

b. Re-referencing + Resampling

FZMMM«JMWWW
CZ/WMMW\WWW%
PZWWWW”WWW

c. Low-Pass + High-Pass Filtering

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (secs)
Figure 3.6 EEG initial pre-processing steps. a. Raw EEG data recorded during the
experiment, b. EEG signal after re-referencing to average of left and right mastoid,
followed by resampling to 250Hz, c. EEG signal after applying low-pass filter at 45Hz
cut-off and high-pass filter at 0.05Hz cut-off. All plots show 2 seconds of signals from
three midline electrodes Fz, Cz, and Pz.
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the process of reducing the sample rate of the data to reduce its overall size, making it
feasible for further analysis. A sampling rate of 250 Hz was used as frequency range
above 50 Hz was not studied in this thesis. This comfortably satisfied the Nyquist
theorem which states that in order to adequately reproduce a signal it should be
periodically sampled at least at a rate that is 2 times the highest frequency we wish to
record. This also resulted in comparatively smaller size of EEG data that was used for
further pre-processing steps.

After re-referencing and resampling the raw EEG data, a high-pass and a low-
pass filters were applied to it. As mentioned earlier, the recorded EEG data often has
very low frequency (<0.01Hz), but also high amplitude drifts. These are usually caused
by the changes the in the skin potentials or sweating resulting in changes in electrode
recordings over the time course of the experiment (Luck, 2014b). The high-pass filter
was used with the 6dB cut-off frequency equal to 0.05 Hz to attenuate these low
frequency changes in the EEG signal, which are not a representation of the neural
activity. Using the high-pass filter also helps in mitigating the distortions that could be
caused while computing the average trial responses. The low-pass filter cut-off was
set at 45Hz. The 45Hz cut-off provided a good balance between the range of EEG
frequencies to be investigated in the experiments and the line noise at 50 Hz and its
subsequent harmonics. The electromyographic (EMG) activity that occurs at higher
frequencies (>100 Hz) was also suppressed to a large extent using the low-pass filter.
EEG data was filtered using the Hamming windowed sinc FIR filter. The filtered EEG
signal is shown in figure 3.6¢c. Comparing with the figure 3.6b, a clear decrease in the
high-frequency noise components in each of the electrodes is seen. The low frequency
suppression is not visible in this plot as it shows only two seconds of EEG activity. In
addition to using the high and low-pass filters, an EEGLAB plugin CleanLine was also
used to further reduce the sinusoidal noise caused by the line frequency harmonics
(Mullen, 2012). This plugin uses an adaptive approximation and removal of the line
noise. Though it was a part of the pre-processing pipeline, no changes were observed
while visually comparing the data from before and after the application of the function.
This was likely because most of the line noise was already suppressed from the data

due to the application of the low-pass filter.
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Following these pre-processing steps, independent component analysis (ICA)
was performed on the EEG data. The EEG activity recorded from the channel array
placed on the scalp results from mixture of several sources in the brain. At each
electrode, a weighted sum of these sources is observed, with the weights defined by
the relative location and strength of the individual neural generators. ICA is a
technique that can be used to unmix the observable EEG activity into the underlying
sources (Hyvarinen & Oja, 2000). The ICA decomposition of the recorded EEG data
was computed mainly to suppress the components contributing to the noise in the
recordings. This technique proved helpful in removing noise from the data that could
not be effectively eliminated by using the previously discussed pre-processing steps
alone. The details of identifying and suppressing these noise components are provided

in the section 3.2.4.
3.2.3 EPOCH EXTRACTION

The pre-processing steps in the previous subsection were carried out on the
continuous EEG data. Each experiment in this thesis is comprised of hundreds of trials
for varying stimulus condition. To study the dynamics of EEG activity as a response
to the different task conditions, in any experiment the continuous data was first
transformed into individual epochs of data associated with each trial. An epoch is a
short time-chunk of EEG data locked to the event of interest. For example, in the
auditory oddball experiment, subjects were presented with an auditory tone stimulus
once every second. The epoch in this case was defined as the segment of EEG data
that began 200ms before the stimulus and ended 800ms after the stimulus.

Though the post-stimulus EEG activity is of prime interest, each epoch started
before the stimulus onset event to establish a baseline period. It was assumed that the
activity in the baseline period was unaffected by the current or the previous stimulus.
The EEG activity in each epoch was “corrected” using the average activity in the
baseline period. This involved subtracting the baseline average from the whole trial
activity, with the rationale that it transforms all the trials to the same average relative
voltage level. It can be deduced that longer baseline period would lead to a better
estimation of the baseline average. However, this period was restricted by the inter-
stimulus interval and assuming that the activity was not affected by the previous

stimulus. A high-pass filter in the pre-processing pipeline was used to mitigate the
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drifts in the EEG signal over time. Baseline correction was another step that helped in
doing the same. By eliminating the absolute differences between same task conditions
separated by long durations within the experiment, it was ensured that the average trial
response was a representation of only the evoked activity and did not include
fluctuations caused by the changes in skin hydration, static charges, etc (Luck, 2014b).

A justification for the baseline correction is best illustrated in figure 3.7 which
was adapted from Steven Luck’s book (Luck, 2014b). The figure shows how the EEG
activity on a single electrode can drastically vary between trials of same condition
(marked by ‘X’s and ‘O’s). The rectangular boxes represent the epoch boundaries with
the dotted line representing the stimulus onset time. It is clear from the figure that
averaging EEG activity from all the ‘X’ trials and all the ‘O’ trials would result in
highly variable and inaccurate representations of average EEG dynamics if the
baseline correction is not applied. The drift in the EEG data in this figure is further
exaggerated by not incorporating the high-pass filter.

Following the epoch extraction, data for individual subjects was stored for
further processing. This was a necessary intermediate step to enable artefact rejection
and deletion of noisy epochs through visual inspection of EEG data and/or ICA

component suppression. These steps are outlined in the following sub-section.
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Figure 3.7 Epoch extraction and the need for baseline correction. Boxes in the plot

represent the epoch boundaries with dotted lines separating pre and post stimulus

periods. X’s and O’s mark the same trial conditions. The EEG signal is seen to have a

significant voltage offset and downward drift. Reproduced from (Luck, 2014b)
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3.24 ARTEFACT REJECTION

After the pre-processing pipeline and the extraction of epochs from the
continuous data, it was necessary to reject the trials that had noise associated with
them. This was an important step in EEG analysis to ensure that average evoked
response was minimally affected by the various artefacts that might occur during the
experiment. In the experiments described in this thesis, the EEG activity for the tasks
were recorded continuously for intervals ranging between 10 and 25mins. During this
time, the subjects blinked, adjusted themselves to get comfortable, moved their head,
had random micro-twitches in their scalp muscles, etc. All these caused different types
of artefacts that were picked up by the electrodes. Artefact rejection is a set of steps
that were followed to minimize the effect of these unwanted signals on the analysis.

The EEGLAB toolbox contains a graphical user interface (GUI), that can be used
for both analysis and visualization of the data. In the first pass of artefact rejection the
interface provided by the toolbox was used to visually inspect and mark the noisy
epochs for rejection. This involved manually scrolling through several minutes of EEG
epoch data to look for signs of eye blinks, movement artefacts, swallows and tongue
movements, signal discontinuities etc. As humans blink on an average 15 blinks per
minute while looking at a computer screen (Chu et al., 2014), blink and other eye
movement artefacts were present in every subject, through the duration of the
experiment. In some cases, these signals were only observed on the EOG electrodes,
however, on several occasions they were also picked up on other scalp electrodes.
There were also instances of large EMG activity, signal discontinuities, etc. but these
were rare and lasted only for a few epochs randomly occurring during the experiment.
In this first pass of artefact rejection through visual inspection, all such noisy epochs
were marked for rejection.

After visually inspecting the epochs for above listed noises, the numbers of
epochs that were to be rejected and retained were analysed. On average, across
multiple experiments, more than 50% percent of the epochs were clean and retained
(mean 56.27%). However, in approximately 15% of the cases, less than 20% of the
trials were retained. On further inspection, it was found that the low retention rate

occurred in cases where the eye related artefacts were large, more frequent, and
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occurred through the experiment period. To reduce the number of rejected epochs, ICA
artefact suppression was also used.

Independent component analysis or ICA, unmixes the recorded multi-channel
EEG activity and outputs the same number of independent components. These
components are, theoretically, a representation of the various sources generating the
activity recorded on the scalp electrodes. As the ICA components are a linear
combination of the electrode activity, the decomposition of the EEG signals gives a
matrix transformation that can be used to transform one activity into the other.
Similarly, once the noisy components are identified, their weights in the
transformation matrix can be set to zero to suppress the noise from the EEG data.

The identification of the noisy ICA components is not a trivial task and needs
careful inspection of each component to determine its likely origins. The EEGLAB
GUI has tools to visualize component scalp maps, frequency spectrums, event related
activation, etc. To keep the artefactual component identification as objective as
possible, an additional EEGLAB plugin called SASICA (version 1.3.4) was used
(Chaumon et al., 2015). This plugin computes several measures to define the
components. Some of these measures were designed by the creators of the plugin,
while others were adapted from previously used automatic ICA rejection algorithms,
ADJUST (Mognon et al., 2011) and FASTER (Nolan et al., 2010).

The GUI interface of the SASICA plugin allowed to select several options to
compute specific measures defined within the plugin. Apart from specifying the EOG
electrodes in our recordings, the default parameters were used. A typical output of the
computed measures from plugin, for a single ICA component, is shown in the figure
3.8a. On the top-left we see the scalp activation map of this component. This
component has a high concentrated activity close to the right eye of the subject. The
image plot on the top right of figure 3.8a shows the activity of the component during
the epoch-trial period. We see that this component was active randomly within the trial
period. This is an indication that this component does not show an event related
activation. The following row in this plot shows the frequency spectrum of the
component. This is followed by rows of different parameters computed; for example,
the correlation with the vertical (CorrV) and horizontal (CorrH) EOG activity
computed by SASICA, correlation with the EOG electrodes computed by the FASTER
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algorithms (EOGCorr), etc. These measures are also associated with the adaptive
thresholds shown on the y-axis of each plot. Based on all the computed measures and
the various plots shown by SASICA plugin, this component can be confidently marked
as a blink artefact. The specific details of each measure and method of computation
have been defined in the paper by Chaumon et. al. (Chaumon et al., 2015).

The guidelines provided by the Chaumon et. al. paper were used to inspect each
component and determine if it should be marked for rejection. It should be noted that
ICA decomposition of EEG signals is not perfect, and components that are a mixture
of noise and neural activity are also seen. The goal of ICA artefact rejection was to
eliminate a minimum number of components that were clearly capturing only the noise
in the signal. Typically, only 2-3 components from each subject were rejected. In
almost all subjects, across all the EEG experiments, the eye blink artefact was present.
This artefact was strong enough to be completely picked up by one or two ICA
components. Apart from these, depending on the subject, components that were
representative of artefacts like muscle activity, heartbeat, or just random noise, were

also rejected.
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Figure 3.8 Artefact rejection by suppression of noisy ICA components. a. Output
of SASICA EEGLAB plugin for a single ICA component, b. An epoch of EEG activity
at midline electrodes with all ICA components, c. Recorded EOG activity during the
same epoch, d. The epoch activity after ICA component (shown in a) capturing the
blink artefact was removed.
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An example of artefact rejection on the EEG activity is shown in figure 3.8b-
3.6d. This shows the activity at three midline electrodes from a single epoch. The plot
in figure 3.8b shows the activity before artefact removal. The plot in figure 3.8c shows
the EOG electrode activity in the same epoch. The plot in figure 3.8d shows the activity
from the same epoch as 3.8b, but after removal of the blink artefact ICA component
shown in figure 3.8a. In this case, it is observed that Fz and Cz electrodes were
extremely sensitive to the eye blinks, leading to high magnitudes of activity on these
electrodes. This artefact was greatly suppressed after the blink related component was
removed.

The ICA based artefact rejection was able to eliminate several different types of
artefacts by suppressing the noisy ICA components. However, there were components
that were likely a mixture of noise and neural signal. These components were retained
to preserve the neural activity present in them. Due to the presence of such
components, some artefacts could not be eliminated by using ICA artefact rejection
alone. This was particularly true in cases where there were large movement artefacts
or discontinuities during the recording that exist for a few epochs or seconds. It was
noticed in the ICA space that, these were present on one or several, otherwise “clean”
components. For this reason, after completing ICA based artefact rejection from all the
subjects and experiments, the cleaned epoched EEG data was again visually inspected.
All the epochs that still had artefacts in them were rejected in this step. As before, the
numbers of rejected and retained trials were analysed. The percentage of accepted
trials retained was computed in all subjects across different experiments. Figure 3.9
shows the kernel density estimation of these retained trial percentages with and
without using ICA based artefact rejection. The vertical lines represent the means of
the distribution without using ICA rejection (56.27%) and with using ICA rejection
(82.58%). The figure shows that percentage of retained trials was higher when ICA
based artefact rejection was used. The mean percentage of trials increased almost by

30% and in most cases more than 80% of the trials were preserved.
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After the artefact rejection was completed, the data for each subject in each
experiment was split by the task condition. The trials marked for rejection (based on
visual inspection after ICA artefact rejection), and any incorrect trials during the
experiment were then dropped. This data was again stored as clean dataset files for
group level analysis. This analysis was done using the EEGLAB structure called

STUDY. This is elaborated in the following section.
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Figure 3.9 Distribution of percentage of trials retained with and without ICA
artefact rejection. The vertical lines represent the mean of each distribution.

3.25 MULTI-SUBJECT ANALYSIS

All the previously described steps, from the recording of EEG data to the artefact
rejection were applied to data from individual subjects. To make comparisons between
the group of healthy controls and the patients recruited for the experiments, analysis
and inference needed to be carried out on collective response of a group. Even if a
single subject’s response within the group was to be observed, it was important to
setup an environment that could apply the same set of steps to each dataset. EEGLAB
provides with a data structure called STUDY which was used in conducting such type

of analysis.
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For each experiment, a STUDY structure was created for each group of subjects,
the healthy controls, the patients, and the two groups of patients segregated by clinical
diagnosis (schizophrenia and schizoaffective disorder). To create the structure, the
clean dataset files were used by specifying the subject and the task condition data
stored in the file. Once all the clean datasets were added to the data structure, several
EEGLAB STUDY designs were used to compare between different combinations of
task conditions. For example, in the auditory oddball experimental paradigm, the
standard tone stimulus trials were compared with the five types of deviant stimuli using
five STUDY designs. For each design, the event related potential (ERP) and the event
related spectral perturbation (ERSP) measures (described in the following sections),
were also precomputed. By precomputing and storing these measures at this stage,
different plots of interest and statistics could easily be computed later. In the STUDY
data structure, these measures for every subject can either be stored as an average, or
as individual trials. The individual trial data was stored only in the patient group
STUDY designs. This was done to allow statistical analysis on individual patients as
well as the patient group. In all the other cases only the average measures for each
subject were stored.

The EEGLAB toolbox provides with different types of statistical tests that can
be carried out on the STUDY data structure and design. The tests used in the analysis
for this thesis are described in section 3.2.8 below. The toolbox also provides with
some visualization and plotting functionality. Few elements of these functionality were

adapted, and changes were made to generate more informative figures.
3.2.6 EVEN RELATED POTENTIAL ANALYSIS

The event related potential or ERP is defined as the average or stereotypical EEG
response to the occurrence of an event (Luck, 2014a). In the experiments described in
this thesis, ERP was calculated with respect to the onset time of each stimulus
condition. In the precomputation step of STUDY structure and design creation, the
ERP response for each task condition was calculated and stored for each subject. The
grand averaged ERP were also computed for different groups of subjects while
studying an average group response or making comparisons between different groups.
These responses were computed by the taking the mean of the average responses of

subjects within the group.
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3.2.7 TIME-FREQUENCY ANALYSIS OR ERSP

The ERP response provides the time domain response of the EEG activity to a
given stimulus. However, the EEG signal is comprised of a wide frequency band of
neural activity which is averaged out in the ERP response. The event related spectral
perturbation or ERSP is the average change of the frequency spectrum of the EEG
signal as a function of time (Makeig, 1993). Like the ERP, the ERSP is calculated
relative to the stimulus onset event. Thus, the ERSP provides a more granular, time
and frequency domain view of the dynamics of the neural response. The mathematical
definition of ERSP, as stated by Delorme and Makeig (Delorme & Makeig, 2004), is:

1 n
ERSP(f,t) = EZIFk(f: )|
k=1

In the above equation £ is the frequency, t the time relative to the stimulus onset,
n the number of trials and F, (f, t) is the spectral estimate of the power at the given
time-frequency point. The ERSP values were computed for 100 frequencies
logarithmically distributed between 2Hz and 50Hz keeping with the limitation
associated with the sampling rate for EEG acquisition and filter settings (see section
3.2.2). EEGLAB provides with several options for estimating the frequency spectrum
(Fr(f, 1)), but the best compromise between time and frequency resolution was
obtained using a standard FFT estimation with a 250ms time window.

Similar to the ERP response precomputation, a precomputed ERSP response for
each subject was stored for each task condition. The grand averaged ERSP response
of a group, for a given stimulus condition, was calculated by taking the mean of the

stored precomputed values of subjects within that group.
3.2.8 STATISTICAL TESTING

Suitable statistical tests were used to determine the significance of the various
results obtained from analysis of collected data from the various experiments. All the
tests were performed using the standardized functions present in MATLAB or
specifically defined in the EEGLAB toolbox. The behavioural measures computed
from the various tasks performed by subjects were tested for statistical significance

using t-tests. Paired statistics were used in the cases where comparison was made
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within the group between responses to two different stimuli. Unpaired t-test was used
to make between group comparisons.

The ERP and ERSP responses to various stimuli were compared for statistical
differences with each other. Unlike the scalar values of behavioural responses, the
EEG measures are one- or two-dimensional vectors. For this reason, univariate
comparisons were made at every point in either the time (ERP) or time-frequency
(ERSP) space. As this was a multiple comparisons problem, a p-value for statistical
significance could not be used without applying a correction method. EEGLAB has
implementations of several parametric and non-parametric tests and provides standard
options for multiple comparisons analysis like the Bonferroni correction or false
discovery rate (FDR).

Bonferroni correction method is widely used in statistics however, it is not
suitable for comparing time domain or time-frequency domain data. To account for
multiple comparisons, Bonferroni correction scales the p-value threshold (typically
0.05) by the number of univariate tests carried out. This number ranges from a few
hundred in the case of ERP analysis, to a few 10s of thousands for ERSP analysis. This
would result in an extremely strict significance criteria which is very unlikely to be
met by any statistical effects present in the data. Another problem with using
Bonferroni correction with EEG data is that it treats each point in the data
independently. As ERP is a temporal signal, it is highly dependent on preceding time
points. This also applies to the time-frequency space of ERSP data in both the
dimensions, with an additional dependence introduced in time by the moving window
estimation of the spectrum. Lastly, the Bonferroni correction factor is directly
controlled by the number of tests and not the information content. Thus, the number
of tests can be easily reduced by changing the sampling rate or the frequency bins,
resulting in higher corrected p-value without any change in the actual effects observed
in the data.

Cluster-based permutation tests, implemented in the Fieldtrip plugin
(Oostenveld et al., 2010) of EEGLAB, were used to solve the multiple comparisons
problem, and to determine statistically significant regions in the ERP and ERSP
responses. The cluster-based permutation tests were first proposed by Maris and
Oostenveld in 2007 (Maris & Oostenveld, 2007). The test worked by first computing
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a univariate t-statistic between the responses of the two stimuli being compared (say,
Stimulusl and Stimulus2) and thresholding it to a desired significance value (e.g.,
p=0.05). All the values that satisfied this threshold were combined into clusters based
on their connectivity, either in the time domain (ERP) or time-frequency space
(ERSP). The cluster-level statistic was calculated by taking the sum of the t-statistics
in each cluster. To determine the significance of each of the clusters thus obtained, the
Fieldtrip plugin employed a Monte Carlo sampling method. At every iteration, a set
number of samples were drawn from the whole dataset and randomly assigned to either
of the two groups (Stimulusl or Stimulus2). On this newly created sample distribution,
the t-statistics and the corresponding cluster-level statistics were computed. These
iterations were carried out many times to determine the distribution of cluster statistics
from a randomly generated dataset (more iterations resulted in higher accuracy). The
originally obtained clusters, from the real distribution of responses, were then said to
be significant at p=0.05 if they lied outside the 95" percentile range of the random
cluster-level statistic distribution (Maris & Oostenveld, 2007).

The significant clusters obtained from such an analysis can be used to identify
the regions in the data where the effect was most prominent. It should be noted that
though the cluster of data denoted significantly different activity within its boundaries,
it did not imply that each point within the cluster individually met the significance
criteria. For this reason, making any claims about individual time points or time-
frequency point, except that they lie within a significant cluster, would be inaccurate
(Sassenhagen & Draschkow, 2019). In figures in the following chapters of this thesis,
the significant clusters are represented either by marking the time-region in ERP
analysis or by drawing contours representing cluster boundaries in the difference
ERSP plots.

Measures like peak and latency from the ERP data of individual subjects were
also computed. These measures were governed by multiple factors like the stimulus
condition, group the subject belonged to, and the location of the electrode. Mixed
factor analysis of variance (ANOVA) was used for statistical comparisons of these
measures. The standard functions available in MATLAB’s Statistics and Machine

Learning Toolbox were used for this purpose.
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CHAPTER 4. MISMATCH NEGATIVITY



4.1 Event Related Potentials

An event related potential (ERP) is the EEG activity time-locked to a certain
event like the onset of a stimulus and averaged over multiple trials. This chapter studies
the ERP signals in response to an auditory oddball task. The auditory ERP (AERP) has
several positive and negative components that are observable starting from a few
milliseconds after the stimulus (fig 4.1a). The early AERP (<10ms) is composed of
positive deflections called Wave 1-VI (in roman numerals) which represent the
response dynamics of the auditory brainstem (Hillyard & Kutas, 1983). Wave V can
be recorded to show that the brain is receiving auditory input and can be used to test
hearing without the need of a subjective response (Picton, 2006). Following the
brainstem response, the AERP components are named based on their polarity (P for
positive, N for negative), in an alphabetical sequence. The Pa, Na, Nb, etc, deflections
occur within the 100ms of stimulus presentation. These components encode the
parameters of the stimulus and are therefore called exogenous or stimulus driven
components (Hillyard & Kutas, 1983).

The later components of the AERP are again named after their polarity but now
followed by a number representing the approximate time of their occurrence. These
longer latency components are modulated by the cognitive requirements of the task
performed and are therefore called endogenous or context-driven components
(Hillyard & Kutas, 1983). The most studied of these are the N1 or N100 and the P3
or P300. The N1 component peaks at a latency of 100ms and is observed every time
an auditory stimulus is presented. The P3 component is elicited when the subjects
attend to the changes in the auditory stimulus and peaks around 300ms. However, the
experiments presented in this chapter study a different component of AERP called the
Mismatch Negativity or MMN. This is a component of ERP that has been shown to
occur when a series of repetitive standard tones is interrupted by an infrequent deviant
tone, an “oddball”, differing in a parameter from the standard, like its frequency,
intensity, etc. An ideal MMN response to a deviant tone is shown in figure 4.1b, using
a figure adapted from (Brattico, 2006). It is observed to be elicited as a large negativity
in the difference waveform calculated by subtracting the standard AERP from the

deviant AERP. MMN s elicited automatically without the need of subject to pay
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Figure 4.1 Auditory ERP signal and schematic of MMN. a. AERP recorded at the
vertex electrode is shown at three levels of zoom from shorter (upper left) to longer
(lower right) time window. Adapted from Picton, 2006. b. AERP evoked at a frontal
electrode as a response to a standard tone (blue) and deviant (red). The difference
waveform (black) was generated by subtracting the standard AERP from the deviant
AERP. MMN is seen as a large negativity to the deviant tone. Adapted from Brattico,
2006.
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attention, unlike P3. Also, unlike N1, the MMN component has a longer latency and
is observed only when there is a change in the stimulus parameter (Picton, 2006). To
prevent other attention-dependant ERP components that might overlap or elicit with
the MMN, experimenters usually have the participants attend to another stimulus. This
involves either watching a familiar (muted) video or reading a book through the
duration of the experiment (Michie et al., 2000; Michie, 2001).
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4.2  Mismatch Negativity

Mismatch negativity was documented by Risto Naatédnen and his colleagues and
presented in an article in 1978 (N&&ténen et al., 1978). In a set of experiments carried
outin 1975, Naatanen et. al. presented subjects with standard auditory tones of 1000Hz
frequency and 70dB intensity in a single, randomly selected, ear at each trial. Subjects
were also presented with a rare target tone which differed either in intensity in one
experiment or in frequency in another experiment. The subjects were instructed to
attend (count) to these target tones in only one of the ears.

The experimenters observed that the target tones resulted in a negative deviation
in the ERP signals recorded from the top of the head (Cz) and from the temporal
electrodes (T3 and T4). More specifically, the negative deviation was present at a
latency of approximately 100-300ms after stimulus for both attended and unattended
trials. They also noticed a positive deviation around 300ms, but only for the attended
trials. Naatanen et. al. concluded that the negative deviation was an automatic response
to the change in the stimulus and coined the term Mismatch Negativity (N&atanen et
al., 1978). MMN is typically seen as a negative displacement at the fronto-central and
the central electrodes with respect to a mastoid or a nose reference electrode. However,
a reversed polarity (positive deviation) MMN is generally observed at the mastoids
when a nose reference is used (N&éatanen et al., 2007)

Since its first discovery in 1978, MMN has been extensively studied in both
healthy control and patient populations with varying pathologies. The following sub-
sections summarize different aspects of research on MMN. Section 4.2.1 describes the
types of auditory deviant stimuli that have been observed to generate an MMN
response. It also discusses how this response varies with changing deviant parameters.
Sections 4.2.2 and 4.2.3 describe the current understanding of the neural basis of MMN
and the mechanisms that have been proposed to explain it. Section 4.2.4 discusses how

MMN is affected in different neuropathologies, with an emphasis on schizophrenia.
4.2.1 CHARACTERISTICS OF MMN

MMN can be reliably recorded when a stimulus parameter is varied in an

auditory oddball task. Various types of changes to the stimuli like, frequency, intensity,

57



duration, location, phonetic structure, partial omission, etc have been reported to elicit
this negative deviation.

MMN response to frequency change was first reported with the discovery of
MMN in the 1978 paper by Naaténen et. al. (Naatanen et al., 1978). Sams et. al. further
studied the frequency MMN by varying the deviant frequency in each block relative
to the standard tone (Sams et al., 1985). They used a 1000Hz standard tone and used
deviants of 1002, 1004, 1008, 1016, and 1032 Hz. Their observations showed that
MMN was elicited at deviant frequencies of 1008Hz and above. The MMN amplitude
was small at 1008 Hz and nearly the same at higher frequencies. Other studies have
shown that the latency of frequency MMN decreased as the deviant frequency is
further increased. Researchers have since concluded that because the MMN amplitude
is saturated at lower frequency deviations, latency is a more reliable measure of
frequency deviation (N&aténen, 1992).

Changes to standard stimulus intensities leading to an MMN response were
meticulously studied in the early 1990s. N&atanen et. al. varied the stimulus intensity
above and below the standard tone, and MMN was calculated at the central (Cz),
frontal (Fz, FPz), and parietal (Pz) electrodes (N&atanen, 1992). Deviant intensities
both below and above the standard were observed to produce an MMN response. Like
the frequency MMN, the amplitude and latency of MMN were modulated by the
difference in the intensities. A larger difference in intensities of the deviant and
standard tones led to a larger amplitude and a shorter latency. The amplitude, however,
did not show an early saturation that was observed with frequency MMN. The latency
of MMN at larger differences (intensities both above and below standard tone) was
closer to 100ms and led to an overlap between the MMN and N1 response. An
interesting difference between the deviants was that higher intensity (compared to
standard tone) deviants also elicited a P3a wave, while the lower intensity deviants did
not (Naatanen, 1992; Naatanen et al., 2007).

An infrequent presentation of deviant, longer or shorter in duration, compared to
the standard stimuli, also elicits an MMN response (Kaukoranta et al., 1989; Naatanen
et al., 1989). Studies from 1989 showed that decrement deviants that were half the
duration of the standards, between 25ms to 200ms, showed a clear MMN response.
Similarly, blocks with duration increment deviants of 100ms and 200ms, with standard
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tones of half their corresponding durations, also elicited an MMN response. More
complex temporal changes in the stimulus, like, changes in inter-stimulus interval (1SI)
(N&atanen, 1992), rise time, an omission of second tone in a paired stimulus (Naatanen
et al., 2007), and a silent gap in the middle of a stimulus have also shown MMN
elicitation (Bertoli et al., 2001; Desjardins et al., 1999; Pihko, 1997).

Another study demonstrated that MMN was elicited when the location of the
speakers producing the sound was changed from straight ahead to an angle of either
10, 45 or 90 degrees. MMN was also seen when the location change was only
perceived (versus real) by varying the intra-aural phase or intensities using an
earphone. This study showed a gradual increase in the MMN amplitude with the
increase in perceived angle change. However, even a small (10 degrees) change in the
physical location of the speakers elicited a large MMN response. The authors reasoned
that this could be due to more discernible cues of change in location in the latter case
(Né&atanen, 1992).

The change in MMN amplitude and latency has been previously discussed to
vary with the increase in magnitude of stimulus deviation. These amplitude and latency
effects have been seen in various types of stimulus changes like intensity, frequency,
location, etc. The MMN amplitude has been further shown to increase with a decrease
in the probability of the deviant stimuli. Sequential analysis of the experimental data
revealed that local stimulus probabilities, and the sequence of stimuli, also affect the
MMN. For example, increase in the number of standards preceding a deviant increases
the MMN amplitude. When two deviants occur one after the other, MMN generated
by the second deviant is smaller in amplitude than the first. However, the MMN
generated by the second deviant does not attenuate when the two consecutive deviants
differ from each other in their attribute when compared to the standard. The standard
signal has also been shown to elicit a small negativity when preceded by a deviant
(Naatanen, 1992; Naatanen et al., 2007).

Researchers have also studied the effect of ISI on the MMN response. As
mentioned briefly before, an infrequent reduction in the ISI leads to a small but
significant MMN. Studies with varying ISI have revealed that MMN amplitude due to
a deviant gradually decreases with increasing ISI. Though the results from different
studies are conflicting, MMN was not elicited with longer ISI of 4 or 8 secs. On the
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other end, MMN elicitation has been observed with ISI as low as 60ms (Naaténen,
1992).

The above-described studies have shown that the MMN response is dependent
on the parameters of the deviant stimulus. The MMN amplitude and latency is seen to
vary when the same type of deviant stimuli is modulated. This has led researchers to
employ various methodologies in deciphering the areas of brain contributing to the
generation of MMN. There have also been predominantly two theories to explain the
mechanism of the MMN phenomenon and consequently several studies to test each
one of them. The following sub-sections discuss the generation and the theories of

mechanisms of MMN.
4.2.2 GENERATION AND ORIGINS OF MMN

Primarily, MMN has been shown to be a result of activity from two regions of
the brain: a. bilateral process in the supratemporal regions which encompass the
primary auditory cortex, and b. largely unilateral process from the right frontal cortex
(Naatanen et al., 2007, 2012; Winterer & McCarley, 2010). One of the first evidence
of multiple mechanisms adding to the generation of MMN was the polarity reversal at
the mastoid electrodes referenced to the nose (Naaténen, 1992; N&atanen et al., 2007).
There have also been some evidence of subcortical areas like hippocampus and
thalamus responsible for contributing to certain subcomponents of the MMN response
(Alho, 1995; Csepe, 1995; Naatanen et al., 2007; Winterer & McCarley, 2010).

Kimmo Alho (Alho, 1995) and Valeria Csépe (Csépe, 1995) in 1995
simultaneously reviewed several earlier studies of origin and generation of MMN.
Alho’s review focused on findings of different methodologies and modalities that
researchers had used to determine brain regions contributing to MMN. Csépe, on the
other hand was more interested in animal analogues, development, and clinical
importance of MMN. Scalp EEG distributions along with current density analysis have
shown that MMN responses to different stimulus parameters like frequency, intensity,
and duration, fit different dipoles. Though all these are located in the auditory cortex,
they differ in orientation and location within the region. These recordings have also
located generators in the right frontal cortex, which has been theorized to cause
involuntary switching of attention to the change in auditory stimulus (Alho, 1995;

Né&atanen et al., 2007). More recently, independent component analysis (ICA) of scalp
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recordings has shown similar results with components clustered in auditory and right
frontal cortices (Rissling et al., 2014). Source localization has also been performed on
Magnetoencephalographic (MEG) recordings to provide a unique view of the MMN
and its generators. MEG is blind to the radial sources in the frontal cortex and thus, it
can be uniquely used to study the generation on MMN in auditory cortex and in
detecting processing deficits in various pathologies (N&&ténen et al., 2012).
Non-human primate studies to determine the origin of MMN, have been related
to the activity of the glutamatergic N-methyl-D-aspartate (NMDA) receptor system
(Alho, 1995; Javitt et al., 1996; Naatanen et al., 2007). Javitt et. al. showed that the
presence of an NMDA antagonist MK-801 led to an elimination of MMN like response
to frequency and intensity deviants, while keeping the initial obligatory responses to
auditory stimuli intact (Javitt et al., 1996). However, some studies have also suggested
that NMDA antagonist suppression is non-specific (Farley et al., 2010). Other animal
studies have shown the involvement of hippocampus (cats) and thalamus (guinea pig)
in MMN generation (Alho, 1995; Csépe, 1995). Human patients with lesions to
thalamus have shown reduced MMN response. However, intercranial recording from
human thalamus, hippocampus, basal ganglia, and amygdala do not show an MMN
response. The reduced MMN due to lesions to thalamic nuclei, thus points to a
necessity of sustained input from subcortical regions to the auditory cortex for
processes responsible for MMN generation (Alho, 1995). Lastly, even minor ethanol
intoxication leading to diminished attention, has been shown to diminish the MMN at
the frontal electrodes that record contributions from both the primary generators. The
polarity-reversed component recorded from mastoid, representing the auditory cortex

generator, remains unaffected in this case (Naatanen et al., 2012).
4.2.3 MECHANISMS OF MMN

The research effort in studying mismatch negativity has been extensive over the
past few decades. It has been, and is currently, being used in several areas of clinical
research. However, the mechanisms and meaning of MMN are not well understood.
Two prominent schools of thought have gained popularity and remain a point of debate
in the MMN research community: a. neural adaptation hypothesis, and b. sensory
memory hypothesis. These two theories of MMN generation have been hypothesised
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since the discovery of MMN (Né&atanen, 1992) and have, in a manner, divided the
research community into two groups.

The neural adaptation hypothesis states that, MMN is a lower level phenomenon
which represents the activities of different groups of neurons that encode the properties
of the stimulus (Fishman, 2014; May & Tiitinen, 2010). As has been stated before,
MMN is a difference signal between the average response to an intermittent deviant
stimulus and the average response to a standard, more probable, stimulus. According
to the neural adaptation hypothesis, the repeated presentation of standard stimulus
leads to an adaptation, or attenuation of response, of the neural afferents encoding its
properties. It states that the population encoding the parameters of the standard
stimulus suffers from refractoriness as it is presented continuously (May & Tiitinen,
2010). At this point, when a deviant stimulus with a distinct parameter like change in
frequency is presented, the “new” population encoding these parameters is activated,
resulting in a production of a large response. This leads to the difference observed in
the average responses quantified as mismatch negativity or MMN. It is to be noted
that, according to this hypothesis, MMN is not a distinct phenomenon but rather, a
latency and amplitude modulation of the “obligatory” auditory N1 response (May &
Tiitinen, 2010).

The sensory memory hypothesis regards MMN as a higher-level response that
represents the output of a comparison process. It states that, the series of standard
stimuli form an echoic memory trace that encodes the regularity of features in them
(Fishman, 2014; Naatanen et al., 2007). When a deviant stimulus is presented, its
features are compared to this trace, and MMN s a result of a mismatch between the
two. A similar interpretation of this hypothesis is termed as the predictive coding
model (Garrido et al., 2009). From the perspective of predictive coding, brain creates
a model of the environment by continuously integrating inputs received. The change
in stimulus from a series of standards to a deviant, results in a prediction error in the
model. This is the effect of the “encoded” environment of the standards being different
from the “observed” environment of the deviant. The MMN is hypothesized as the
representation of this error signal, that can further be used to update the model.

Extensive research has been performed in collecting evidence in favour of each

of the two prominent theories of mechanism of MMN generation. Two prominent
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review articles by Patrick May and Hannu Tiitinen (May & Tiitinen, 2010), and by
Yonatan Fishman (Fishman, 2014) have summarised the findings of several of these
studies. The article by May and Tiitinen is an attempt to bolster the lesser accepted,
neural adaptation hypothesis. Fishman on the other hand, provides an unbiased and
overall review of evidence both, in favour, and against the two hypotheses. He
concludes that the neural adaptation hypothesis is, at least, in-part a result of latency
and amplitude modulation of the obligatory response, and that it is still unclear if it
also represents a higher-level process of memory trace mismatch or predictive coding

error.
424 MMN IN SCHIZOPHRENIA AND OTHER CLINICAL CONDITIONS

Changes in MMN have been reported in several neurological, neuropsychiatric,
and neurocognitive disorders. MMN can be used to index different kinds of
information like auditory processing (discrimination, abnormal perception, etc.),
attention switching, loss of grey matter, progression and prognosis of clinical
condition, genetic inclination towards a disorder, etc. Due to this reason, MMN has
been extensively used in clinical research; an extensive review can be found in
(Naatanen et al., 2012). This section provides some details on MMN research and its
importance, specifically in the field of schizophrenia.

Studies with schizophrenia patients have consistently replicated a reduction in
MMN amplitude. Light and Braff compared 25 schizophrenia patients who met DSM-
IV criteria with age, sex, and education matched controls showing a significantly
reduced duration MMN amplitude in patients (Light & Braff, 2005). A meta-analysis
of 32 studies involving schizophrenia patients found that the neuropathological
changes underlying MMN caused a significant effect on temporal processing. The
study reported that duration deviant MMN deficits were significantly larger than
frequency deviant MMN deficits (C. C. Duncan et al., 2009). This finding provided
further confirmation to similar observations by an earlier 2000 study (Michie et al.,
2000). This study found that the duration MMN amplitude was significant smaller than
that of the frequency MMN for schizophrenia patients, but not for control subjects.
Duration MMN deficits have also been observed in first degree biological relatives of
schizophrenia patients (Michie et al., 2002). As has been described previously, in

healthy subjects, larger differences in deviant and standard magnitudes, and lower
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probabilities of deviants yield MMN with larger amplitudes and shorter latencies.
However, according to a recent meta-analysis by Erickson et. al., MMN does not seem
to be related to deviant characteristics in patients with schizophrenia (Erickson et al.,
2016).

Length of illness has also been shown to alter the deficit in MMN response. A
study by Todd et. al. showed that, early-stage schizophrenia patients (mean illness 2.6
years) exhibit MMN deficit to duration deviants but not to frequency deviants. Late
stage patients (mean illness 18.9 years) however showed MMN deficits in both
duration and frequency deviants (Todd et al., 2008). This study could have had a
secondary effect of severity of illness between the patients along with the length of
illness (Winterer & McCarley, 2010). The secondary effect issue was addressed by
Salisbury et. al. by studying 3 groups of subjects (healthy controls, schizophrenia, and
bipolar disorder) from their first hospitalization for psychosis to an average of 1.5 years
into illness. Their results clearly show that only the frequency MMN in schizophrenia
patients showed a significant decrease from initial hospitalization to 1.5 years of ilIness
(Salisbury et al., 2007). The previously mentioned meta-analysis by Erickson et. al.
(Erickson et al., 2016) also studied the effect of length of illness on 47 schizophrenia
patients from several different studies and found a small positive relationship which
was not significant. This meta-analysis included patient categories of first episode,
chronic, and a broader category all of patients not separated by the included studies.
Based on this patient distribution, and findings of previous studies (Salisbury et al.,
2007; D. Umbricht & Kirljes, 2005), it was speculated that MMN deficits in
schizophrenia patients do worsen over the first few years of illness, but remain stable
thereafter (Erickson et al., 2016).

The study by Salisbury et. al. also performed Magnetic Resonance Imaging
(MRI) of the three groups of subjects. The volumetric measurements from the imaging
data revealed a negative correlation between MMN amplitude and left hemisphere
Heschl’s gyrus grey matter volume in schizophrenia patients, even at first
hospitalization. Heschl’s gyrus contains the primary auditory cortex and some of the
secondary auditory cortex. The longitudinal measures of MMN amplitude and
Heschl’s gyrus volume also showed a positive correlation in schizophrenia patients

alone (Salisbury et al., 2007). The finding suggests the possibility of a pathological
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process causing a reduction in grey matter volume of Heschl’s gyrus which is
sufficiently advanced to produce MMN deficits only at a later stage (Winterer &
McCarley, 2010).

Studies have also reported reduction in pre-frontal and frontal cortex in
schizophrenia patients (Benoit et al., 2012; Harms et al., 2010; Rasser et al., 2011).
The pre-frontal cortex (PFC) co-ordinates information relayed from the association
areas over the entire cortex. Association areas are the regions in the cortex which
interpret information or coordinate a motor response. PFC performs abstract
intellectual functions, interprets ongoing circumstances, and predicts future
consequences. Feelings such as anxiety, tension, and frustration are evoked in the PFC.
In an MMN source analysis study, altered electromagnetic activity in the PFC of
schizophrenia patients was found. Reductions in the amplitude of MMN could be
linked to mechanisms in the PFC, like its contribution to switching involuntary
attention (Baldeweg et al., 2002) and in controlling the direction of attention (N&&tanen
et al., 2007). Moreover, deficits in verbal memory and attentional switching are
correlated to reduction in temporal and frontal MMN (Hermens et al., 2010).
Schizophrenia patients do not have an effective attention switching ability. As social
interactions require dynamically switching attention, the lack of this ability in
schizophrenia patients may be a contributing to their social withdrawal (C. C. Duncan
et al., 2009). In schizophrenia patients, there is also a reduction in MMN amplitude
due to frequency deviant which is related to the grey matter reduction in the bilateral
Heschl’s gyrus, as well as, motor and executive regions of the frontal cortex (Rasser
et al., 2011). Thus, from the above findings, the temporal lobe changes are likely
associated with pre-perceptual change detection, while the PFC and frontal lobe
changes are responsible for deficiency in involuntary attention switching and higher-

order cognitive processes.

4.3  Aims of Study

To establish a significant contribution of MMN to the research and treatment of
schizophrenia, it is essential to be able to predict the functional outcome of patients,
and provide an endophenotype for genetic studies (C. C. Duncan et al., 2009). MMN
has been shown to predict the likelihood of conversion to psychosis in clinically high-
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risk individuals. Individuals that did convert to first-episode psychosis, had
significantly smaller MMN amplitude at baseline, compared to the ones that did not
(Bodatsch et al., 2011). MMN has been shown to have a stable relationship with
psychosocial and cognitive assessment of both patients and healthy controls (Light &
Braff, 2005; Light & N&atanen, 2013). MMN has also been demonstrated as one of the
most reliable neural endophenotype (Light et al., 2012), as well as, a feasible
biomarker for multi-site clinical studies (Light et al., 2015) of schizophrenia amongst
other measures like P3a, N100, etc. For these reasons, it is one of the most useful
targets for developing drugs and possibly even precision medicine to improve the
cognitive and functional deficits in schizophrenia (Light & N&&tanen, 2013).
Following were the aims of this study:

1. To use an auditory oddball task with multiple deviant tone types that
elicited a MMN response in both healthy control subjects and patients
diagnosed with the schizophrenia spectrum of disorders.

2. To compute the ERP, MMN, and ERSP responses to each deviant tone
and study the similarities and differences across each deviant tone.
Previous research discussed in section 4.2.1 has shown that MMN
response exhibits different characteristics depending on the type of
deviant tone. We hypothesized that this experiment would let us
explicitly visualize these differences in both the time and frequency
domain of EEG data, and in the EEG measures such as MMN peak
amplitude and peak latency.

3. To visualize and calculate statistical differences between the response
from healthy control group and patient groups. We hypothesized that
MMN elicited by patient group would be significantly diminished when
compared to the healthy control group.

4. To compute the correlations between the EEG measures and patient
symptom severity. We hypothesized to see a positive correlation between
the MMN deficit, and the severity of patient symptoms as recorded by
the PANNS and MADRS scales.
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4.4  Experimental Methods
4.4.1 ODDBALL TASK DESCRIPTION

The task used to elicit and study MMN in subjects is called an auditory oddball
task. This task involved subjects listening to a series of tones using foam ear inserts
(Advanced Medical Equipment Ltd.), while they watched a pre-selected muted video
clip. The tones played comprised a standard tone which occurred with a probability of
50% and 5 different deviant tones at 10% probability each. The subjects were also
instructed to not pay attention to the tones, to produce a cleaner MMN response, free
from ERP response patterns resulting from attention related processing in the brain.
This was a passive task without any response from the participants.

In the experimental setup for this chapter, the Stim? Gentask software
(Neuroscan Inc.) was used to generate the stimuli and the triggers were interfaced with
NeuroScan 4.5 Acquire software using the Stim? hardware. The sequence of tones was
closely based on an optimal paradigm proposed by Naatdnen and colleagues in their
2004 paper (N&atanen et al., 2004). This paradigm was designed to shorten the time of
the auditory oddball task while eliciting similar MMN amplitude response. Instead of
presenting multiple time sequences for each type of deviant tone, like it was done in
standard auditory oddball tasks, the method proposed in the 2004 paper used only one
time-sequence with multiple types of deviants. Each tone was presented with an inter-
stimulus interval (I1SI) of 1000ms. The experiment started with a series of 10 standard
tones followed by an alternating pattern of one standard and one of the deviant tones.

The five different deviant tones presented were duration, frequency, intensity,

|ISI|

1000ms
S S D S D, S D S

2

Figure 4.2 Timing diagram schematic of the auditory oddball task. S: Standard
tones, Dn: Deviant tones. The experiment begins with 10 standard tones after which
one of the deviants (randomly chosen) and standard tones are presented in an
alternating pattern. Same deviant does not occur consequently.
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location, and gap. These deviant tones followed a pseudo-random sequence with no
two consecutive deviant tones of the same type. In all, 1510 stimuli were presented
with 760 standard tones and approximately 150 of each deviant tone. The experiment
took approximately 25 minutes to complete. The timing diagram of the task is
presented in figure 4.2 and the details of the optimal paradigm used are outline in table
4.1.

Table 4.1 Optimal MMN experimental paradigm (adapted Naaténen et. al. 2004).

Parameter Comment

Optimal Paradigm  One frequent standard, five rare deviant tones

Harmonic stimulus comprising 3 sinusoidal partials of 500,
Standard 1000, and 1500Hz, with intensity of second and third partials
3dB and 6dB lower than the first partial.

Duration 75ms, 5ms rise/fall
Intensity 80dB SPL
!nterstlmulus 1000ms (fixed)
interval
Location Midline (binaural)
Deviants
Duration 25ms, 5ms rise/fall
Frequenc Half of frequency deviants are 10% higher partials; half are
g y 10% lower partials.
. Half of intensity deviants are 10dB higher, half are 10dB
Intensity

lower.

Half of location deviants are perceived as having a spatial
Location location 90° to the right and half 90° to the left of the midline
by introducing an interaural time difference of 800ps.

Silent gap of 7ms (including 1ms rise/fall) in the middle of a

Gap 75ms stimulus.

.50 (standard), .10 (each of the deviants), one standard

Probabilities between each deviant
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4.4.2 SUBJECTS

All the recruited healthy control subjects (n = 19) performed the auditory oddball
task. However, 2 subjects were excluded from the analysis due to noise and corrupted
data. Therefore, data from 17 healthy control subjects was analysed and is presented
for this experiment. All the recruited patients performed the auditory oddball task.
Each patient was included in the analysis for this experiment and results are presented
for individual patients as well as three groups of patients. The groups of patients
include schizophrenia patients (P4, P5, P6), schizoaffective disorder patients (P1, P2,
P3), and all patients grouped together.

443 EEG MEASUREMENT

The standard EEG recording, and processing steps described in Section 3.2 of
Chapter 3 were used in this experiment. The epoch for individual trials in the oddball
task was defined as -200ms to +800ms relative to stimulus onset with the average
amplitude of the 200ms pre-stimulus used for baseline correction. A mean of 86% of
trials were retained in the healthy control group after artefact rejection and cleaning of
the EEG data. In the patient group, more than 85% of the trials were retained from
each patient except patient P1. Patient P1’s signals were very noisy even after artefact
rejection and approximately only 36% of trials were preserved in this case.

After each subject’s EEG data was pre-processed and cleaned, it was used for
ERP and ERSP analysis. ERP and ERSP responses were computed for the standard
tone and each of the 5 deviant tones. MMN for each deviant tone was computed as the
difference between the deviant tone ERP and the standard tone ERP. Similarly, a
difference ERSP was computed as the difference between the deviant tone ERSP and
the standard tone ERSP. Based on the literature review, maximum MMN effect is
observed on the fronto-central EEG electrodes. Hence, the ERP and ERSP responses
at electrodes Fz and Cz are reported in this chapter.

Three EEG measures, namely MMN peak amplitude, MMN peak latency, and
average MMN amplitude, were computed for each individual subject, and all the
subject groups (healthy controls, schizophrenia patients, schizoaffective disorder
patients, all patients). These measures were calculated using their definition in the

2004 paper by Naatanen and colleagues (N&&ténen et al., 2004). The MMN peak
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amplitude was defined as the largest negative peak in the 90-250ms post-stimulus
period and the MMN peak latency was defined as the latency measured for this peak.
The average MMN amplitude was defined as the mean voltage of the 40ms period
centered at the MMN peak latency. Other researchers have used shorter periods (135-
205ms) for MMN peak and latency computation (Hermens et al., 2010; Light et al.,
2007). However, these studies used only a single deviant type and therefore had
smaller variability in the MMN response. The 90-250ms duration considers all the 5
deviant types used in the experiment described in this chapter, similar to (Naaténen et
al., 2004). The computation of EEG measures was expanded to 5 midline electrodes
including the two electrodes Fz and Cz at which ERP and ERSP responses were
visualised, and electrodes FCz, CPz, and Pz. These measures were used to visualize

the variation across midline electrodes and subject groups and for statistical analysis.
4.4.4 SATISTICAL ANALYSIS

Non-parametric permutation tests and cluster-based multiple comparisons
correction were used to analyse the statistical significance of the differences between
the responses to standard and deviant tones, in both ERP and ERSP analysis. When
presenting the group results, these tests were paired statistical tests as the same subjects
within each group were presented with both standard and deviant tones. However,
when presenting the results for individual patients, unpaired statistical measures were
used as the standard and deviant tone trials presented to each patient were not paired
with one another.

A mixed factor 3x5x5 ANOVA was carried out for the MMN peak amplitude,
MMN peak latency, and average MMN amplitude measures. Group of the subject
(healthy control, schizophrenia, and schizoaffective) was used as the between-subject
factor and electrode locations (Fz, FCz, Cz, CPz, and Pz) and deviant type (duration,
Frequency, Intensity, Location, and Gap) were used as the within-subject factors. With
a total of 23 subjects (17 healthy controls, 3 schizophrenia, and 3 schizoaffective) the

analysis was performed on 575 (23*5*5) data points in each case.
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4.5 Results and Comparisons

The results from the oddball task are presented in seven subsections. The first
five subsections present the results for the five individual deviant tones. The sixth
subsection presents the results from the three measures computed from the five deviant
tones including their visualization and statistical analysis. The final subsection
presents the correlations between the computed measures and patient demographic
data.

Each of the first five subsections is divided further in three sub-subsections one
each for ERP analysis, ERSP analysis, and summarized key findings. Both the ERP
and ERSP sub-subsections follow the same specific order of results. First, results from
the group of healthy control subjects are presented. This is followed by individual
patient results. After this, results from the two groups of patients (schizophrenia,
schizoaffective disorder) along with a grand average of all patients are shown. In all
the ERP analysis figures, standard tone ERP is shown in black, deviant tone response
Is shown in grey, and MMN response is shown in yellow. The black bars at the bottom
of each plot represent the clusters of period that showed significant difference (p<0.05)
between the standard and the deviant ERP. For the group ERSP analysis figures,
response to the standard tone is plotted in the right column, response to the deviant
tone is plotted in the middle column, and difference ERSP is plotted in the left column.
The clusters of significant differences between responses to the standard and deviant
tones are shown using black contours overlaid on the difference ERSP plots. ERSP
results are presented in the same sequence as the ERP results. For the ERSP analysis

figures of individual patients only the difference ERSP plots are shown.

451 DURATION DEVIANT MMN
4.5.1.1 EVENT RELATED POTENTIAL ANALYSIS — DURATION DEVIANT

The duration deviant tone was shorter in time compared to the standard tones
(table 4.1). Figure 4.3 shows the grand averaged ERP response to the duration deviant
tone, the standard tone, and the computed duration deviant MMN. The figure shows
that compared to standard ERP, the N100 component of the ERP response to the
duration deviant is larger in amplitude and has a longer duration. As a result, a

significant difference and a MMN response with a peak before 200ms is generated.
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Figure 4.3 Grand average standard ERP, duration deviant ERP, and duration
MMN in control group (n = 17). Vertical and horizontal black lines represent trial
onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Electrode Fz, b. Electrode Cz.
There is a secondary, but significant, negativity at a later interval. This negativity is
likely a result of the N200 component of ERP, which is believed to be an indicator of
initial discrimination between stimuli when subjects are actively attending to the tone
(D. S. G. Umbricht et al., 2006; Winterer & McCarley, 2010). Though such a response
is not expected in a passive auditory oddball experiment, a similar response was
observed for most deviant types in the paper that proposed the optimal paradigm
adapted in this experiment (Naaténen et al., 2004). We also see that the negative peak
of MMN decreases from Fz to Cz electrodes and has a longer latency at Cz. This is
reflected in the duration MMN peak amplitude and peak latency measures reported in
table 4.2.

The standard and duration deviant ERP responses and corresponding duration
MMN from individual subjects in the patient group are shown in figure 4.4 for
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Figure 4.4 Average standard ERP, duration deviant ERP, and duration MMN at
Fz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot represent periods
of significant difference.

electrode Fz and figure 4.5 for electrode Cz. From these figures, we see that the ERP
responses for both the standard tone and duration deviant tone are smaller in amplitude
across each subject. We also see that only a few of the plots show any significant
differences between the two responses. Resulting from the diminished ERP amplitude
in both standard and duration deviant, and the similarity between them, the MMN
response in each patient is diminished. For example, the ERP response from patients
P2 and P4 is only marginally different from the baseline activity. It should also be
noted that unlike the ERP for duration deviant in control subjects, the N100
component, when present in patients, closely follows, and in many cases is smaller
than the N100 component of the standard tone. As a result, we see a positivity in the
MMN response earlier in the trial, followed by the negative peak later. This peak in
the MMN amplitude is a result of the difference in the ERP responses after the N100

component. Therefore, the duration MMN peak latency is delayed in the patient group.
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The duration MMN peak amplitudes and latencies for individual patients are recorded
in table 4.2.
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Figure 4.5 Average standard ERP, duration deviant ERP, and duration MMN at
Cz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot represent periods
of significant difference.

The ERP results from the groups of patients based on their clinical diagnosis are
presented in figure 4.6 for electrode Fz and figure 4.7 for electrode Cz. Both these
figures also show control group response for the respective electrodes taken from
figure 4.3. This is followed by grand average ERP responses from schizophrenia
patients, schizoaffective disorder patients, and all patients combined. From these
figures, we see that the difference between duration deviant and standard response is
significant only for a small period at electrode Cz in schizophrenia and schizoaffective
disorder patients. Similar to individual patient plots, all the ERP responses and the
computed MMN are diminished compared to control subjects. Unlike the control
group, the MMN response shows initial positivity and later negativity in both the

patient groups. In the grand averaged response from all patients grouped together (fig
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4.6d, 4,7d) there are significant differences at both Fz and Cz electrodes, and the MMN
peak amplitudes are observed within the period of this significant difference. The
duration MMN peak amplitude and peak latency for all the patient groups are
presented in table 4.2. Compared to the healthy control group, the duration MMN peak

amplitude is smaller, and the peak latency is longer in each of the patient groups.

Table 4.2 MMN peak amplitude and latency measures for duration deviant.

Peak Amplitude (uVolts) Peak Latency (ms)

Fz Cz Fz Cz
Control Subjects (n =17)
Grand Average -4.35 -2.35 116 152
Patients
P1 -2.65 -2.06 184 184
P2 -1.98 -2.26 184 196
P3 -2.73 -3.67 232 244
P4 -1.46 -1.75 188 180
P5 -2.66 -2.07 176 196
P6 -2.35 -3.15 156 156
Schizophrenia Patients
(n=3)
Grand Average -1.93 -2.01 188 184
Schizoaffective Disorder
Patients (n = 3)
Grand Average -1.73 -1.92 184 192
All Patients (n = 6)
Grand Average -1.82 -1.92 184 188
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Figure 4.6 Grand average standard ERP, duration deviant ERP, and duration
MMN at electrode Fz in subject groups. Vertical and horizontal black lines represent
trial onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Control subject response from Figure 4.3a (n = 17), b.
Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d. All
patients (n = 6).
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Figure 4.7 Grand average standard ERP, duration deviant ERP, and duration
MMN at electrode Cz in subject groups. Vertical and horizontal black lines
represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Control subject response from Figure 4.3b (n =
17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d.
All patients (n = 6).
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4.5.1.2 TIME-FREQUENCY ANALYSIS — DURATION DEVIANT

The healthy control group ERSP responses to the standard and duration deviant

tones, and the difference ERSP are shown in figure 4.8. The figure shows an initial

synchronisation (i.e. an increase in power, represented by blue) of lower frequencies

up to approximately 16Hz in both the standard and deviant response. The duration

deviant ERSP response has a relatively stronger synchronisation (darker blue) around

100ms time point, with a peak in the 4-8Hz region. This response closely matches the

duration MMN peak latency seen in figure 4.3. The responses at both the Fz and Cz

electrodes show similar pattern with the synchronisation at Fz being stronger. The

synchronisation of the lower frequencies gradually decreases to the baseline level

200ms post-stimulus. The right column in the figure with the plot of the difference
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Figure 4.8 Grand average standard ERSP, duration deviant ERSP, and
difference ERSP in control group (n = 17). a. Electrode Fz, b. Electrode Cz. Each
row represents three plots (left to right): standard ERSP, duration deviant ERSP,

difference ERSP. There are no significant difference regions (p<0.05).
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ERSP shows that the lower frequencies are more synchronised during the duration
deviant trials. We also see a desynchronisation (i.e. decrease in power, represented by
red) of higher frequency in the range around 16Hz. The permutation statistical test
along with the cluster-based multiple comparisons correction did not show any
significant differences between the standard and deviant tone response at either Fz or
Cz electrodes.

The average difference ERSP responses from individual patients are shown in
the figures 4.9 and 4.10 for electrodes Fz and Cz, respectively. From these plots, we
see that most of the patients do not show a pattern of synchronisation and
desynchronisation as observed in the averaged difference ERSP plots (fig 4.8) from
the control subjects. Patients P1, P3, and P5 show a strong desynchronisation at lower

frequencies during the duration deviant relative to the standard tone. Some similarity
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Figure 4.9 Average difference ERSP between duration deviant and standard tone
at Fz electrode in individual patients. The six patient (P1 to P6) response differences
are plotted on 2x3 grid from a to f. In each plot, areas of significant difference at p<0.05
(if present) are presented by black contours.
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Figure 4.10 Average difference ERSP between duration deviant and standard
tone at Cz electrode in individual patients. The six patient (P1 to P6) response
differences are plotted on 2x3 grid from a to f. In each plot, areas of significant
difference at p<0.05 (if present) are presented by black contours.
is observed between the plots from patient P2 and the control subjects, but a
desynchronisation of lower frequencies is observed later in the trial. However, in
patient P6, following an initial desynchronisation, a strong synchronisation of the
lower frequency bands is observed later in the trial. In some plots, we see clusters of
regions where standard and duration deviant ERSP are significantly different from
each other (overlaid black contours). In the figures 4.9 and 4.10, we also see that the
responses at electrodes Fz and Cz from each subject exhibit similar patterns.

The difference ERSP plots for individual patients show considerable variability
both within and between subjects. To get a better understanding of the patient group

responses
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Figure 4.11 Grand average standard ERSP, duration deviant ERSP, and
difference ERSP at electrode Fz in subject groups. a. Control subject response from
Figure 4.8a (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP. In the difference plots on the
right, areas of significant difference at p<0.05 are presented by black contours.
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to the duration deviant, the average ERSP response at electrode Fz and electrode Cz
are shown in figure 4.11 and figure 4.12, respectively. Both these figures show ERSP
responses from control subjects, followed by schizophrenia patients, schizoaffective
disorder patients, and all patients grouped together. All the plots use the same range of
colour scale as seen in figure 4.8. The ERSP response to standard and duration deviant
tones are plotted with £2.5dB range and the average difference ERSP is plotted with
+1.2dB range.

In schizophrenia patients (figs 4.11b and 4.12b), the ERSP response to the
standard tone is similar to that of the control group but comparatively smaller in
magnitude. The duration deviant on the other hand results in small changes in the time-
frequency signals and is close to the baseline. This is in contrast to the control group
where the duration deviant tone elicited a stronger initial synchronisation in the low
frequency region compared to that of the standard tone. Due to a relatively lower
magnitude of response to the duration deviant, we see a desynchronisation of lower
frequencies that peaks around a latency of 200ms as seen in difference ERSP of
schizophrenia patient group.

A different pattern is observed in the patients diagnosed with schizoaffective
disorder (figs 4.11c, 4,12c). In this case, the response to the standard tone looks similar
to that of the control group, however the range is even lower than schizophrenia
patients. Due to this, the response looks barely different from the baseline period
before the trial onset. In the duration deviant ERSP however, we see that the lower
frequency region is desynchronised in schizoaffective disorder patients. This also
results in a difference plot that has a strong desynchronisation. It is also interesting to
note that the peak of the desynchronisation in the difference plot is observed at latency
longer than 300ms.

In the grand averaged ERSP response from the whole patient group (figs 4.11d,
4.12d) we see that, patients have a lower overall response magnitude (synchronisation
or desynchronisation) to both the standard tone and duration deviant tone. We also see
that the response to the duration deviant is small and is close to the pre-stimulus

baseline period.
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Figure 4.12 Grand average standard ERSP, duration deviant ERSP, and
difference ERSP at electrode Cz in subject groups. a. Control subject response from
Figure 4.8b (n = 17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP. In the difference plots on the
right, areas of significant difference at p<0.05 (if present) are presented by black
contours.
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4.5.1.3 KEY FINDINGS — DURATION DEVIANT

1. The control subject group showed a large and significant duration deviant MMN
response at both electrode Fz and Cz.

2. The patient groups showed a diminished duration deviant MMN response which
was significant only for a short duration at electrode Cz.

3. The duration deviant ERSP response in control subject group showed stronger
synchronization compared to standard tone ERSP response around 100ms post-
stimulus however, the difference was not significant at either Fz or Cz electrodes.

4. The ERSP responses to both standard tone and duration deviant were diminished
in patient groups and did not show the synchronization pattern observed in control

subjects.
452 FREQUENCY DEVIANT MMN

The frequency deviant in the auditory oddball task was created by using
sinusoidal partials that differed in their frequencies, when compared to the standard
tone partials. Expanding on the description given in table 4.1, half of the frequency
deviants had 10% decrease in the partial sinusoidal frequency (450Hz, 900Hz,
1350Hz) and the other half had a 10% increase in the partial’s frequencies (550Hz,
1100Hz, 1650Hz).

4.5.2.1 EVENT RELATED POTENTIAL ANALYSIS — FREUQENCY DEVIANT

The grand average ERP response from the healthy control group to frequency
deviant stimuli is shown in figure 4.13. This figure also shows the standard tone
response for comparison and the frequency MMN response computed by taking the
difference between the frequency deviant and the standard tone.

The ERP response to the frequency deviant shows a larger N100 component
compared to that of the standard tone. This component is also boarder in duration . As
a result, we see the MMN response starting to increase around 100ms and peak after
the N100 component. The peak of the MMN is seen around the time of the positive
peak in the standard tone ERP. Both the Fz and Cz electrodes show a similar MMN
response, with a larger peak on the frontal electrode. The values of frequency MMN
peak amplitudes and peak latencies are outlined in table 4.2. Similar to the duration

deviant response, the black bar at the bottom of each plot in figure 4.13 represent
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statistically significant differences between the responses to the frequency deviant and
standard tones during the 100-200ms post-stimulus period,. The secondary significant
negativity is present in this case too.

Control Subjects, Frequency Deviant

-0 R, —Stand
-8t Freq
E -6F MMN
~
v 4
T af \
E Nf /—-—‘-—--—\\
o \ N —
¥ W,
4-
6 —— 1
‘12 " b.Cz —Stnd
-8t req
%: ! MMN
U |
EIN| \
bl 0 : — e
F e e
4-
6f — , IEEEe—— .
-200 0 200 400 600 800

Latency (ms)
Figure 4.13 Grand average standard ERP, frequency deviant ERP, and
frequency MMN in control group (n = 17). Vertical and horizontal black lines
represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Electrode Fz, b. Electrode Cz.

The frequency deviant ERP response and MMN from individual patients, is
shown in figure 4.14 for electrode Fz and in figure 4.15 for electrode Cz. We see from
these plots that for most of the patients, the MMN response shows small fluctuations
that are barely distinguishable from that of the pre-stimulus baseline period. Only
patient P6 at electrode Cz showed a significant difference between the standard tone
and frequency deviant in the region where the peak of the MMN is expected. The
frequency MMN peak amplitude and peak latency values for individual patients are

shown in table 4.3. We see from this table that on average compared to control
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subjects, each patient showed a decreased MMN peak amplitude which occurred at a
longer peak latency. The relatively shorter latency in patient P3 (92ms at Cz) resulted
from not having a clearly defined MMN peak.
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Figure 4.14 Average standard ERP, frequency deviant ERP, and frequency
MMN at Fz electrode in individual patients. The six patient (P1 to P6) responses
are plotted on 3x2 grid from a to f. Vertical and horizontal black lines in each plot
represent trial onset and baseline, respectively. Black bars at the bottom of each plot,
when present, represent periods of significant difference.

Individual patients showed considerable variability between each other and do
not represent the group response to the frequency deviant tone. The grand average ERP
responses from the schizophrenia and schizoaffective disorder patient groups, to
frequency deviant and the frequency MMN, are shown in figures 4.16 for electrode Fz
and 4.17 for electrode Cz. In both these figures the ERP response from control subjects
from figure 4.13 is presented at the top. This is followed by the ERP response from
the two clinically diagnosed groups of patients and then by the ERP response from all
patients grouped together.

In schizophrenia patients (fig 4.16b, 4.17b) we see the frequency deviant N100

component peak is a little higher than the standard tone ERP response. However, this

86



Electrode Cz

1
oy

—Stand —Stand

{
I

0 oF
8 a. P1 Freq ~ 8 d.P4 Freq
& -6t \ MMN # -6f MMN
T 4t \ < 4}
L 2t " v 2f
—E‘, 0 A pd) A | RN YV S e VAT, A 'U: 0 ¥ A, P —
A G A It AR v v = S
S| e
< gt f 24
8F 8F
-10F —Stand 10 —Stand
-3 b. P2 Freq —_ -8r e. P5 Freq
E 6f MMN z -6f MMN
= -4 S af ‘
2 -2 A o . < 2 [\‘\ A=,
g 0 g0 ~
2 2 g2
E 4 g 4t
< ¢ i 6F
8 8t
-10F —Stand 101 —Stand
-8F ¢c. P3 Freq —_ 8r f. P6 Freq
& -6f MMN = -6F MMN
> -4 = -4f {
$ 2 oo T P WA=
b= < ~ =7 2 v —
£ 7 ! 4
< 6 E 6
8 8F
. N L . — . . .
200 0 200 400 600 800 -200 0 200 400 600 800
Latency (ms) Latency (ms)

Figure 4.15 Average standard ERP, frequency deviant ERP, and frequency
MMN at Cz electrode in individual patients. The six patient (P1to P6) responses are
plotted on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent
trial onset and baseline, respectively. Black bars at the bottom of each plot, when
present, represent periods of significant difference.

ERP response has a smaller positivity leading to the peak of the MMN in the time
region following the N100 component. As can be inferred from the individual patient
plots, there is an overall reduction in the ERP response, and thus the MMN. In patients
with schizoaffective disorder, the ERP response to the frequency deviant (fig 4.16c,
4.17c) closely follows the standard tone response, until a little after the N100 peak.
The deviant ERP, unlike the standard tone response, stays negative for most of the trial
period and shows positivity only for a short period. As a result, the MMN peak in
schizoaffective disorder group is little higher than the schizophrenia group, but still
lower than the control group. In both the patient groups we do not see significant
differences between the two ERP signals. In the grand averaged response from all the
patients (fig 4.16d, 4,17d) we see a significant difference at electrode Fz, however, the
MMN peak amplitude is still smaller than the control subject group. Like in the
individual patient case, the MMN peak amplitudes and peak latencies for patient

groups are presented in table 4.3.
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Table 4.3 MMN peak amplitude and latency measure for frequency deviant.

Peak Amplitude (uVolts) Peak Latency (ms)

Fz Cz Fz Cz
Control Subjects(n = 17)
Grand Average -4.89 -3.34 164 164
Patients
P1 -4.48 -3.37 176 180
P2 -3.65 -3.43 196 196
P3 -1.49 -1.72 192 92
P4 -1.04 -1.42 196 216
P5 -2.52 -1.90 216 108
P6 -3.40 -3.54 196 200
Schizophrenia Patients
(n=3)
Grand Average -1.88 -1.83 200 208

Schizoaffective Disorder
Patients (n = 3)
Grand Average -2.38 -2.23 192 196

All Patients (n = 6)
Grand Average -2.10 -1.94 196 196
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Figure 4.16 Grand average standard ERP, frequency deviant ERP, and
frequency MMN at electrode Fz in subject groups. Vertical and horizontal black
lines represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Control subject response from Figure 4.13a (n =
17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d.
All patients (n =6).
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Figure 4.17 Grand average standard ERP, frequency deviant ERP, and
frequency MMN at electrode Cz in subject groups. Vertical and horizontal black
lines represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Control subject response from Figure 4.13b (n =
17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d.
All patients (n = 6).
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4.5.2.2 TIME-FREQUENCY ANALYSIS — FREUQENCY DEVIANT

The ERSP plots for electrodes Fz and Cz from control subjects are shown in
figure 4.18. Compared to the standard tone ERSP we see a strong synchronisation of
the lower frequencies from 2Hz to 16Hz. This synchronisation peaks approximately
100ms after trial onset. We also see a smaller secondary synchronisation around 200ms
latency. The power during the frequency deviant response is significantly higher than
the standard tone response only at electrode Fz. The region of significant difference
after multiple comparisons correction (p<0.05) is marked by the black contours
overlaid on the difference ERSP plot in the right column. A significant difference is
observed during the primary peak of synchronisation. Other regions in the time

frequency plot show little to no difference between the two stimuli.
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Figure 4.18 Grand average standard ERSP, frequency deviant ERSP, difference
ERSP in control group (n = 17). a. Electrode Fz, b. Electrode Cz. Each row has three
plots (left to right): standard ERSP, frequency deviant ERSP, difference ERSP. The
significantly different region (p<0.05) is marked by black contours in the right column.
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The average difference ERSP responses from individual patients for the
frequency deviant, are shown in figure 4.19 for electrode Fz, and figure 4.20 for
electrode Cz. For electrode Fz, we see that patients P1, P2, and P5 show some regions
of initial synchronisation of lower frequencies from 2Hz to 16Hz, as seen in the
difference plot for control subjects in figure 4.18a. However, the synchronisation is
not consistent across the whole region till 200ms post-stimulus. Also, patients P2 and
P5 respectively have a significant region of synchronisation and desynchronisation
towards the end of the trial period. This type of late effect was not observed in control
subjects and is not expected in response to a frequency deviant during an auditory
oddball task. Patients P3, P4 and P6 show large areas of desynchronisation that are
distributed across the time-frequency region. For electrode Cz, from the difference
ERSP shown in figure 4.20, we again observe variability across individual patients. In
this case, patients P1 and P3 show synchronisation of low-frequency bands while

others show no clear pattern. Overall, for both the electrodes, we see more
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Figure 4.19 Average difference ERSP between frequency deviant and standard
tone at Fz electrode in individual patients. The six patient (P1 to P6) response
differences are plotted on 2x3 grid from a to f. In each plot, areas of significant
difference at p<0.05 (if present) are presented by black contours.
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desynchronisation in activity than synchronisation, during the deviant trials. The
desynchronisation is also stronger than the average synchronisation in each case. This
again is different from the control group where a more synchronised low-frequency
response was observed during the deviant trials.

The individual patient difference ERSP plots are highly variable, and there is no
clear pattern within the schizophrenia and schizoaffective disorder patient groups. The
group average ERSP plots are shown in figures 4.21 and 4.22 for electrodes Fz and
Cz, respectively. In these plots, the ERSP response of control subjects taken from
figure 4.18 is shown at the top. The figures also show group averaged ERSP from
schizophrenia patients, schizoaffective disorder patients, and all patients grouped
together.

Figures 4.21b and 4.22b show that on average, schizophrenia patients (P4, P5,
and P6) have a smaller change from the pre-stimulus baseline period during any type

of stimulus. This is expected as a similar pattern was observed in the ERP response.
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Figure 4.20 Average difference ERSP between frequency deviant and standard
tone at Cz electrode in individual patients. The six patient (P1 to P6) response
differences are plotted on 2x3 grid from a to f. In each plot, areas of significant
difference at p<0.05 (if present) are presented by black contours.
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Similar to the control subjects, we see a synchronisation before 200ms in the lower
frequency signals up to 16Hz. However, later in the frequency deviant trials, 300ms
post-stimulus at Fz and 400ms post-stimulus at Cz, we see an overall
desynchronisation of the frequency spectrum, which was not observed in controls. The
difference ERSP further shows us that, compared to the standard tone, response during
the frequency deviant exhibited lower synchronisation of the frequencies below 8Hz.
We also see regions of desynchronisation in higher 16Hz to 32Hz range. None of the
differences in this group were significant, and unlike the control subjects,
desynchronisation was stronger than the synchronisation.

In schizoaffective disorder patients (figs 4.21c, 4.22c) we see a relatively
stronger and consistent synchronisation of lower frequencies in the deviant trials. This
stronger synchronisation compared to the standard tone ERSP is seen in the difference
plots, with peaks at approximately 8Hz. However, these peaks are observed around
400ms post-stimulus and none of them satisfy the significance criteria. This 400ms
latency is much longer than the typically observed MMN peak latency, which occurs
between 100ms and 200ms. The grand average response from all the patients to the
frequency deviant (fig 4.21d, 4.22d) shows a relative synchronisation of low
frequencies from 2Hz to 16Hz, and desynchronisation of higher frequencies. No

significant differences are seen in this case either.
4.5.2.3 KEY FINDINGS — FREQUENCY DEVIANT

1. The frequency deviant MMN response in control subject group resulted from a
larger and broader N100 component in the ERP response to the frequency deviant
compared to standard tone.

2. The frequency deviant MMN response in patient groups was diminished and
significant differences between the frequency deviant ERP and standard tone ERP
was observed only in all patient group at electrode Fz.

3. The frequency deviant ERSP response in control subject group showed stronger
synchronization compared to standard tone ERSP response before 200ms post-
stimulus. This increase in synchronization to the frequency deviant tone was
significant at electrode Fz.

4. The ERSP responses to frequency deviant was diminished in patient groups and

did not show any significant difference from the standard tone ERSP.
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Figure 4.21 Grand average standard ERSP, frequency deviant ERSP, and
difference ERSP at electrode Fz in subject groups. a. Control subject response from
Figure 4.18a (n = 17),b. Schizophrenia patients (n = 3), c. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP. In the difference plots on the
right, areas of significant difference at p<0.05 (if present) are presented by black

contours.
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Figure 4.22 Grand average standard ERSP, frequency deviant ERSP, and
difference ERSP at electrode Cz in subject groups. a. Control subject response from
Figure 4.18a (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
patients (n = 3), d. All patients. (n = 6) Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP.
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453 INTENSITY DEVIANT MMN

The intensity deviant tone used in the auditory oddball experiment was either
10dB below or above the standard tone intensity. Both higher and lower intensity
deviants were presented with 50% probability each. In this section, the MMN response

generated by this tone is studied in both healthy controls and patients.
4.5.3.1 EVENT RELATED POTENTIAL ANALYSIS — INTENSITY DEVIANT

Figure 4.23 compares the ERP response to the intensity deviant with the standard
tone and plots the intensity MMN in the control group. This figure shows responses at
both Fz and Cz electrode. The ERP response to the intensity deviant shows a
significant deviation from the standard tone. We see from the figure 4.23 that at both

the Fz and Cz electrodes, the peak of the N100 component is a little larger in the
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Figure 4.23 Grand average standard ERP, intensity deviant ERP, and intensity
MMN in control group (n = 17). Vertical and horizontal black lines represent trial
onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Electrode Fz, b. Electrode Cz.
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intensity deviant response. However, the MMN peak due to this deviant is a result of
the difference between the ERP responses after the N100 peak. The ERP response for
the intensity deviant in the control group does not have a significant positivity
throughout the trial period. Therefore, we see that the MMN peak occurs in the period
where the standard tone response is at the peak of its positive amplitude. During this
period, we see that both the electrodes meet the significance criteria, marked by the
black bars at the bottom. Electrode Fz also shows significant difference between the
two tones later in the trial period. This is a result of the secondary negativity observed
during the intensity deviant, but not during the standard tone. A similar MMN response
from frontal electrode was shown in the paper by Naatdnen and colleagues in 2004
(N&atanen et al., 2004). Like the previous two deviant tones, we also see a decrease in
the MMN peak from Fz to Cz electrode. The MMN peak latencies at both the
electrodes are the same. The values for the intensity deviant MMN peak amplitudes

and peak latencies are shown in table 4.4.
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Figure 4.24 Average standard ERP, intensity deviant ERP, and intensity MMN
at Fz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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Figures 4.24 and 4.25 respectively show the intensity deviant responses at
electrodes Fz and Cz from individual patients. Like the ERP response to standard tone,
intensity deviant response is diminished in the patient group. Except for one patient
P4, we do not see significant differences between the responses in any other patients.
In patient P1, though the ERP signals from both tone types are relatively large, they
closely follow each other resulting in a small MMN response. In patient P2 the small
N100 ERP response due to intensity deviant, is larger than that of the standard tone,
resulting in an earlier peak of the intensity MMN (<100ms latency, table 4.4). In
patients P3 and P6 the ERP signals show a similar pattern to the control subjects. In
these patients, the largest difference between the ERP signals comes due to the smaller
positivity after N100 peak during the intensity deviant. Patient P4 shows a constantly
negative intensity deviant ERP. This leads to an MMN response that is significant at a
later period at electrode Fz and starting from about 200ms at electrode Cz. In patient

P5, the ERP signals are relatively large but are similar in their time course. In this case,
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Figure 4.25 Average standard ERP, intensity deviant ERP, and intensity MMN
at Cz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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the MMN response is barely present as a random fluctuation around the baseline. From

the intensity MMN peak amplitude and latency data in table 4.4, we see that all patients

have a smaller intensity MMN peak amplitude compared to control subjects.

Table 4.4 MMN peak amplitude and latency measures for intensity deviant.

Peak Amplitude (pVolts)

Peak Latency (ms)

Fz Cz Fz Cz
Control Subjects (n =17)
Grand Average -4.85 -3.19 176 176
Patients
P1 -2.62 -2.82 248 248
P2 -2.34 -2.55 92 92
P3 -2.04 -2.65 172 196
P4 -2.46 -3.13 220 224
P5 -1.85 -1.60 172 188
P6 -3.01 -2.72 196 196
Schizophrenia Patients
(n=3)
Grand Average -1.85 -2.16 192 196
Schizoaffective Disorder
Patients (n = 3)
Grand Average -1.50 -1.34 244 92
All Patients ( n = 6)
Grand Average -1.38 -1.33 248 196

The response variability in individual patients is large. To get a broader
understanding on these patients, the grand average responses were computed from
patient groups with distinct clinical diagnosis. The grand average ERP from the
schizophrenia patients (P4, P5, and P6), schizoaffective disorder patients (P1, P2, and
P3), and all patients grouped together are shown in figure 4.26 for electrode Fz and
figure 4.27 for electrode Cz. These figures also show grand average ERP response
from control subjects (figs 4.26a, 4.27a) taken from figure 4.23. Schizophrenia patients
(figs 4.26b, 4.27b) show a similar ERP response and MMN profile as that of control
subjects. The overall response is smaller compared to the control subjects, but we see

a small increase in the N100 peak followed by a small or no positivity during the

intensity deviant.
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Figure 4.26 Grand average standard ERP, intensity deviant ERP, and intensity
MMN at electrode Fz in subject groups. Vertical and horizontal black lines represent
trial onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Control subject response from Figure 4.23a (n = 17), b.
Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d. All
patients (n = 6).

101



Electrode Cz, Intensity deviant
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Figure 4.27 Grand average standard ERP, intensity deviant ERP, and intensity
MMN at electrode Cz in subject groups. Vertical and horizontal black lines
represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Control subject response from Figure 4.23b (n =
17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d.
All patients (n = 6).
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Besides the smaller amplitude we also see a longer MMN peak latency in
schizophrenia patients. Only small periods of significant differences are observed on
either electrode; marked on the plots with black bars. The ERP response from the
schizoaffective disorder patients (figs 4.26¢, 4.27¢) shows a different pattern with a
broader N100 component during the intensity deviant. The positivity after N100
component in this group closely follows the standard tone response. The MMN peak
occurs due to the later negativity of the intensity deviant ERP at Fz. However, the
MMN peak at Cz is observed at a shorter latency due to the earlier intensity deviant
N100 response. The grand average response from the whole patient group (figs 4.26d,
4.27d) shows a MMN response that is relatively constant between the 90ms to 250ms
interval. The peaks are observed at a longer latency compared to control subjects. The
details of intensity MMN peak amplitudes and latencies for each patient group are

provided in table 4.4.
4.5.3.2 TIME-FREQUENCY ANALYSIS — INTENSITY DEVIANT

The results of the ERSP analysis for the control subject group are shown in figure
4.28. From this figure we see that for both Fz and Cz electrodes the ERSP response
for the intensity deviant is similar to that of the standard tone. This is further confirmed
in the difference plot that shows a relatively weak desynchronisation and
synchronisation of various frequencies. The power range of this plot is smallest of all
the 5 deviant types that were used in this experiment. Also, the lack of contours on this
difference plot states that none of the time-frequency regions satisfied the significance
criteria of p<0.05, after multiple comparisons correction was applied. However,
looking at the changes for both the electrodes, we can see similar patterns exhibited in
the difference plots. In the lower frequencies from 2Hz to 12Hz, we see an initial
synchronisation from the beginning of the trial. This gradually transitions into a
desynchronisation that peaks little before 200ms in the lowest frequency bin. There is
also a characteristic short time desynchronisation and synchronisation in the lowest
frequency bins of 2-3Hz at approximately 100ms, which happens before the larger
desynchronisation is observed. Outside this region, that is beyond 200ms for all
frequencies, and above 12Hz before 200ms, we see only small relative changes in the
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difference plot. There is a desynchronisation of frequencies between 8Hz and 24Hz

and a weak synchronisation at other regions.
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Figure 4.28 Grand average standard ERSP, intensity deviant ERSP, difference
ERSP in control group (n = 17). a. Electrode Fz, b. Electrode Cz. Each row has three
plots (left to right): standard ERSP, intensity deviant ERSP, difference ERSP. There
are no significant difference regions (p<0.05).

Though no significant differences were observed between the ERSP plots in the
control group, the ERSP response from patients was still investigated. The average
responses from individual patients are plotted in figures 4.29 and 4.30 for electrodes
Fz and Cz, respectively. In these figures only the difference ERSP is shown for each
patient, corresponding to the right column in figure 4.28 for control subjects.

In patient P1 the lower frequency bins at electrode Fz show a pattern that
switches between desynchronisation and synchronisation until 200ms. This pattern is

opposite to what is seen in control subjects. We also see a strong synchronisation of
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Patients, Intensity deviant
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Figure 4.29 Average difference ERSP between intensity deviant and standard
tone at Fz electrode in individual patients. The six patient (P1 to P6) response
differences are plotted on 2x3 grid from a to f. In each plot, areas of significant
difference at p<0.05 (if present) are presented by black contours.

frequencies from 2Hz to 8Hz around 400ms, that is significant at electrode Cz. Patient
P2 mostly showed a broadband synchronisation of all the frequency bins through the
trial period with small regions of desynchronisation. The desynchronisation region
includes the frequencies 2Hz to 16Hz in the beginning of the trial at electrode Fz. This
is similar to the pattern observed from patient P1 at Fz, however the scales of the two
plots are different. The ERSP response from patient P3 maybe considered the most
similar to the control group. Here, we see an initial synchronisation followed by a
desynchronisation of the lower frequency range. While the desynchronisation in this
case lasts for a longer period and is observed at both the electrodes, the synchronisation
is only observed at Fz, with initial Cz response close to the baseline. Patient P4 shows
a large desynchronisation of frequencies 2Hz to approximately 12Hz throughout the
trial period at both electrodes. Two clusters of significant differences at electrode Fz
are also observed. One of these clusters is around 200ms latency where the peak of the

MMN was observed for patient P4. In patient P5 we see a desynchronisation of 2Hz
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to 12Hz frequencies until 200ms at both the electrodes. Patient P6 shows a pattern that
Is opposite of patient P4 with a synchronisation of 2Hz to 12Hz frequencies throughout
the trial period. This synchronisation is significant at both the electrodes Fz and Cz.
Overall, the figures 4.29 and 4.30 demonstrate that there was considerable variability

across the individual patients.
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Figure 4.30 Average difference ERSP between intensity deviant and standard
tone at Cz electrode in individual patients. The six patient (P1 to P6) response
differences are plotted on 2x3 grid from a to f. In each plot, areas of significant
difference at p<0.05 (if present) are presented by black contours.

To better understand the group dynamics of response to intensity deviant, the
grand average ERSP responses from the patients diagnosed with schizophrenia,
schizoaffective disorder, and all patients grouped together were examined. The figures
4.31 and 4.32 show these plots for electrodes Fz and Cz, respectively. The ERSP
response from control subjects in also shown in these figures (figs 4.31a, 4.32a) to

easily visualize the differences in group responses. The standard tone and intensity
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Figure 4.31 Grand average standard ERSP,
difference ERSP at electrode Fz in subject groups. a. Control subject response from
Figure 4.28a (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP. In the difference plots on the
right, areas of significant difference at p<0.05 (if present) are presented by black

contours.
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Figure 4.32 Grand average standard ERSP, intensity deviant ERSP, and
difference ERSP at electrode Cz in subject groups. a. Control subject response from
Figure 4.28b (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP.
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deviant ERSP response plots all use the same colour-scale of +2dB while the
difference ERSP plots all use the colour-scale +1dB. In schizophrenia patients (P4, P5,
and P6) we see that the grand average ERSP (figs 4.31b, 4.32b) for intensity deviant
show smaller changes from baseline compared to the control group. The difference
ERSP show a pattern that does show similarity to control group with an initial
synchronisation of frequencies below 12Hz that transitions into desynchronisation.
The healthy controls and schizophrenia patients do not share any further similarity.

In schizoaffective disorder patients (P1, P2, and P3) the ERSP response (figs
4.31c, 4.32c) to the deviant again show smaller changes from the pre-stimulus baseline
period compared to the control subjects. The difference ERSP do not show any
similarity with the control subjects in this group. We see a strong synchronisation of
lower frequencies, especially at electrode Cz, that was not see in control subjects. The
results from the whole patient group (figs 4.31d, 4.32d) show that the grand average
ERSP response were close to the pre-stimulus baseline activity. The difference ERSP
has some similarity to the control group, but it is not very clearly seen. Except for a
small region in schizoaffective disorder patients at electrode Fz, no regions of
significant differences were seen in these group plots. This is expected as no significant
difference between ERSP responses of standard and intensity deviant tones were
observed in the control subject group as well.

4.5.3.3 KEY FINDINGS — INTENSITY DEVIANT

1. The intensity deviant MMN response had a longer peak latency of 176ms in
control subject group. This resulted from significant differences between in ERP
response to the intensity deviant and standard tone after the N100 component.

2. The intensity deviant MMN response in patient groups was diminished with longer
peak latencies of greater than 190ms in all cases except for schizoaffective disorder
patients at electrode Cz.

3. The intensity deviant ERSP response in control subject group was similar to
standard tone ERSP response and there were no significant differences between
the two.

4. The ERSP responses to intensity deviant was diminished in patient groups and did
not show any significant difference from the standard tone ERSP as well.
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454 LOCATION DEVIANT MMN

The location deviant tone was created by introducing a time difference of 800us
between the left and right channel of the headphones. This resulted in a perceived
change in the location of the tone coming from either 90° to the right or left of the
standard tone. On average, half the tones were placed on the right, and other half on
the left of the standard tone location. These details have also been outlined in table 4.1.

4.5.4.1 EVENT RELATED POTENTIAL ANALYSIS — LOCATION DEVIANT

The ERP response and the MMN response generated due to the location deviant
in healthy controls group are shown in figure 4.33. The control group elicited the
largest N100 peak in the location deviant ERP, compared to any other tone type. We

see from the figure that, the N100 component is broader compared to the standard tone.
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Figure 4.33 Grand average standard ERP, location deviant ERP, and location
MMN in control subject group (n =17). Vertical and horizontal black lines represent
trial onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Electrode Fz, b. Electrode Cz.
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Following the N100 peak, the ERP response has a significant, but smaller positivity.
These dynamics of the time series lead to a large location MMN with peak latency of
144ms, at both the Fz and Cz electrodes. The black bars at the bottom of each plot
indicate that this peak occurs within the time window of significant differences
between the ERP response to the two tone-types. As has been seen in previous deviant
types, there is a sharp decrease in the MMN peak amplitude as we move from the
frontal to central electrode location. Similar to other deviant MMNSs, a secondary
significant negativity which occurs at a longer latency is also observed.

The ERP responses and location MMN of individuals from the patient group are
shown in figure 4.34 for electrode Fz, and figure 4.35 for electrode Cz. For the location
deviant we see some relatively large MMN response from a few patients. In these
cases, the location deviant ERP is significantly large when compared with the standard
tone ERP. A large N100 component is elicited by the location deviant in patient P1 at
both the Fz and Cz electrodes. This component is similar to that seen in control
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Figure 4.34 Average standard ERP, location deviant ERP, and location MMN at
Fz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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subjects, with a wider profile and a peak larger than standard tone response. However,
the difference between the ERP responses did not satisfy the significance criteria in
this case. This could be due to the relatively small number of trials (Standard tone:
273, location deviant: 68) that were used for calculating the average responses in
patient P1. A similar response is observed in patient P2 that is also significantly
different from the standard tone ERP. This patient even shows a significant secondary
negativity in the MMN response, as seen in the control subjects. In patients P3, P5,
and P6 the N100 component of the location deviant ERP closely follows the standard
tone response. The peak of the location MMN in these subjects is observed due to the
difference between the positive component of the ERP following the N100 wave. In
patient P3 the MMN peak is close to the baseline (zero) in the 90ms to 250ms region.
We do see a significant difference for a short duration at electrode Cz for this patient,
but it occurs at a longer latency than is expected for the peak MMN. In patient P4, the
negative peak of ERP for the location deviant occurs at a longer latency than in the
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Figure 4.35 Average standard ERP, location deviant ERP, and location MMN at
Cz electrode in individual patients. The six patient (P1 to P6) responses are plotted
on 3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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standard ERP response. This resulted in a significant difference between the signals,
and location MMN peak at a latency little longer than what was observed in control

subjects.

Table 4.5 MMN peak amplitude and latency measures for location deviant.

Peak Amplitude (uVolts) Peak Latency (ms)

Fz Cz Fz Cz
Control Subjects (n =17)
Grand Average -5.08 -3.14 144 144
Patients
P1 -4.64 -4.65 120 116
P2 -3.88 -3.84 96 96
P3 -0.96 -1.66 244 240
P4 -2.93 -2.71 180 180
P5 -3.25 -2.58 220 220
P6 -1.91 -2.61 184 184
Schizophrenia Patients
(n=3)
Grand Average -2.13 -1.90 212 212
Schizoaffective Disorder
Patients (n = 3)
Grand Average -2.58 -2.73 120 100
All Patients (n = 6)
Grand Average -1.90 -2.01 212 212

The grand averaged group ERP response from patients with different clinical
diagnosis is shown in figures 4.36 for electrode Fz and 4.37 for electrode Cz. To help
visualize the differences in group responses, each of these two figures also include the
grand average ERP response from the control subjects taken from figure 4.33. We see
that in schizophrenia patients (figs 4.36b, 4.37b), the N100 component of the response
to the location deviant closely follows the standard tone response. The location MMN
peak is observed due to the differences during the period following the N100 peak.
This resulted in a smaller MMN peak that occurs at longer latency compared to the
control subjects. In schizoaffective disorder patients (figs 4.36c¢, 4.37c), a different
pattern is observed due to the large N100 peaks in response to the location deviant. As
seen in the individual patient plots (fig 4.34 and 4.35), patients P1 and P2 show a
similar response which translates into this pattern observed in the schizoaffective

group. Due to this, the location MMN peak in this group is larger than the
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Figure 4.36 Grand average standard ERP, location deviant ERP, and location
MMN at electrode Fz in subject groups. Vertical and horizontal black lines represent
trial onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Control subject response from Figure 4.33a (n = 17), b.
Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d. All
patients (n = 6).
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Electrode Cz, Location deviant
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Figure 4.37 Grand average standard ERP, location deviant ERP, and location
MMN at electrode Cz in subject groups. Vertical and horizontal black lines
represent trial onset and baseline, respectively. Black bars at the bottom represent
periods of significant difference. a. Control subject response from Figure 4.33b (n =
17), b. Schizophrenia patients (n = 3), c. Schizoaffective disorder patients (n = 3), d.
All patients (n = 6).
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schizophrenia patients and occurs at a shorter latency compared to the control subjects.
Neither of the groups showed any time periods with significant differences.

The grand average ERP response from the all the patients (figs 4.36d, 4.37d), as
expected, is an average of the two groups segregated by the clinical diagnosis. The
MMN response shows a longer period of negativity that lasts for approximately
200ms. This negativity spans from a few milliseconds before the N100 peak to the
time when the positivity of the standard tone ERP returns to baseline. At both Fz and
Cz electrodes we see a window of significant negativity with the peak of the MMN
occurring within this window. The values of the location MMN peak amplitudes and

peak latencies are shown in table 4.5.
4.5.4.2 TIME-FREQUENCY ANALYSIS — LOCATION DEVIANT

The time-frequency or ERSP response to the location deviant in control subjects
is shown, and compared with the standard tone response, in figure 4.38. Both the
standard and location deviant ERSP responses are plotted with a colour scale of £3dB,
which was used to visualize all grand average ERSP responses shown in this section.
The right column plots the difference ERSP with the colour scale of £1.5dB. From this
figure we see that there is a strong synchronisation of the lower frequencies starting
from 2Hz and extending to almost 16Hz during the first 200ms of the location deviant
trials. The peak of this synchronisation occurs at approximately 100ms latency,
directly corresponding to the N100 peak observed in the ERP analysis (fig 4.33). There
is also a secondary peak at approximately 200ms which spans 2Hz to 8Hz frequencies.
This effect is stronger on the frontal Fz electrode compared to the central Cz electrode.
The difference plot shows that for location deviant, this synchronisation is significantly
stronger than the synchronisation in the standard tone response. The plot also shows
that the significance criteria is met for a wider range of frequencies on the frontal
electrode compared to the central electrode.

The ERSP response to the location deviant in individual patients is examined in
the following figures. Figure 4.39 shows the ERSP difference plot for each patient for
electrode Fz and figure 4.40 for electrode Cz. The plots for individual patients look
quite different from each other and from the average control group. In control subjects
there are no regions in the time-frequency difference plots that show a strong

desynchronisation through the trial period. This is unlike what we see from the
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individual patient ERSPs in previous sections, where every patient exhibits regions of

strong desynchronisation in time range and frequency spectrum.
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Figure 4.38 Grand average standard ERSP, location deviant ERSP, and
difference ERSP in control subject group (n = 17). a. Electrode Fz, b. Electrode Cz.
Each row has three plots (left to right): standard ERSP, location deviant ERSP,
difference ERSP. The significantly different region (p<0.05) is marked by black
contours in the right column.

Similar to the control subjects, patient P1 shows an initial synchronisation of
frequencies lower than 24Hz. However, this synchronisation lasts less than 200ms. In
the later time bins, we also see a desynchronisation of frequencies centred
approximately at 8Hz, with a stronger effect observed at electrode Fz. Patient P2 is the
only patient to show any significant difference between the standard tone response and
the location deviant response, though at a latency much longer than expected for

location MMN. This patient also shows short periods of low frequency
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Figure 4.39 Average difference ERSP between location deviant and standard tone
at Fz electrode in individual patients. The six patient (P1 to P6) response differences
are plotted on 2x3 grid from a to f. In each plot, areas of significant difference at p<0.05
(if present) are presented by black contours.

desynchronisation that range from 2Hz to 8Hz, unlike the control group. Like patient
P1, patient P3 also shows shorter latency synchronisation of low frequencies. This
synchronisation lasts longer at electrode Cz and is followed by desynchronisation of
these bands at both the electrodes. In patient P4 the response is more variable between
the frontal and central electrodes. At electrode Fz we see an initial desynchronisation
of frequencies below 16Hz, which then transitions to an average synchronisation of
the time-frequency plot, with a few small regions of desynchronisation. At electrode
Cz we do not see the initial desynchronisation, but only synchronisation across most
of the time-frequency plots. Patient P5’s difference ERSP response shows an average
desynchronisation of the whole time-frequency plot, except for some small regions of
synchronisation. This effect is observed at both the frontal and central electrodes and
is opposite to control group. The difference ERSP response from patient P6 also shows

variability between electrodes, as seen in patient P4. At electrode Fz there is
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desynchronisation of frequencies below 16Hz from the beginning of the trial to 200ms
post-stimulus, which transitions into synchronisation for approximately another
200ms, and then desynchronisation again lasting till 600ms post-stimulus. On the
central Cz electrode however, we see an average synchronisation of these frequencies,
and a few short time windows during which frequencies close to 2Hz are

desynchronised.
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Figure 4.40 Average difference ERSP between location deviant and standard tone
at Cz electrode in individual patients. The six patient (P1 to P6) response differences
are plotted on 2x3 grid from a to f. In each plot, areas of significant difference at p<0.05
(if present) are presented by black contours.

We have seen from figures 4.39 and 4.40 that the ERSP responses from
individual patients vary significantly. In the proceeding figures the patients are
grouped based on their clinical diagnosis and their responses are investigated. Figures
441 and 4.42 show group averaged ERSP responses at electrodes Fz and Cz,
respectively. The ERSP responses from control subjects are taken from figure 4.38 and
included in these figures. The colour-scales used in these plots are also same as the

ones used in figure 4.38 (x3dB for standard and location deviant ERSP and +1.5dB
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Figure 4.41 Grand average standard ERSP, location deviant ERSP, and
difference ERSP at electrode Fz in subject groups. a. Control subject response from
Figure 4.38a (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
patients (n = 3), d. All patients (n = 6). Each row has three plots (left to right):
congruent ERSP, incongruent ERSP, difference ERSP. In the difference plots on the
right, areas of significant difference at p<0.05 (if present) are presented by black

contours.
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Figure 4.42 Grand average standard ERSP, location deviant ERSP, and
difference ERSP at electrode Cz in subject groups. a. Control subject response from
Figure 4.38b (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder
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for difference ERSP). We have seen from previous ERSP plots for both the groups of
patients that, the relative increase/decrease in power across the time-frequency plot is
smaller in patients when compared to the control group. This applies to average
response to the standard tone as well as the deviant tones. Location deviant ERSP
response also shows this pattern in both the patient groups.

In schizophrenia patients (figs 4.41b, 4.42b) we see a weak synchronisation of
frequencies below 16Hz during the location deviant stimulus and a desynchronisation
of these frequencies at latencies greater than 400ms. The difference plot demonstrates
that the initial synchronisation seen in the location deviant ERSP is weaker than that
of standard tone response. This leads to a relatively desynchronised response in the
difference plot. This desynchronisation also meets significance criteria during a short
time window close to 200ms at electrode Fz. This is in contrast with what was seen in
the control group. The schizoaffective disorder patients (figs 4.41c, 4.42c) show a
stronger initial synchronisation of frequency signals below 16Hz during the location
deviant trials. This synchronisation is marginally stronger at electrode Cz. However,
unlike the control group, this synchronisation lasts for a shorter duration and does not
meet the significance criteria. We also see desynchronisation of these frequencies at
longer latencies, particularly at electrode Fz.

The grand averaged response from all the patients (figs 4.41d, 4.42d) for location
deviant does show a synchronisation of frequencies below 16Hz that is relatively
stronger than the standard tone response. As expected, this is also observed for a
shorter duration compared to the control group and does not meet the significance
criteria of p<0.05 after multiple comparisons correction.

4.5.4.3 KEY FINDINGS — LOCATION DEVIANT

1. The location deviant ERP had the largest N100 component which also resulted in
a large significant MMN response in control subject group.

2. The location deviant MMN response in patient groups was diminished and
significant differences between the location deviant ERP and standard tone ERP
were observed only for a short duration at electrodes Fz and Cz.

3. The location deviant ERSP response in control subject group had significantly
stronger synchronization of 2-16Hz frequencies from the beginning of the trial to

approximately 300ms post-stimulus at both electrodes Fz and Cz.
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4. The ERSP responses to location deviant was diminished in patient groups and only

a small cluster of significant difference with the standard tone ERSP response was

observed in schizophrenia patients at electrode Fz.

455 GAP DEVIANT MMN
4.5.5.1 EVENT RELATED POTENTIAL ANALYSIS — GAP DEVIANT

The gap deviant tone was created by introducing a 7ms silence in the middle of

the 75ms standard tone signal. The grand average ERP response from the control

subject group to this deviant tone is shown in figure 4.43. This figure also shows the

standard tone response, and the gap MMN response calculated from subtracting the

standard response from the gap deviant response.
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Figure 4.43 Grand average standard ERP, gap deviant ERP, and gap MMN in
control subject group (n = 17). Vertical and horizontal black lines represent trial
onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Electrode Fz, b. Electrode Cz.
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The gap deviant elicits an ERP response with a relatively higher N100 peak
compared to other deviants, and a broader time-course. Following the N100 negativity,
we see a positivity in the ERP signal that is larger than the positivity exhibited by the
ERP response to the standard tone stimulus. This is unlike what is observed for any
other deviant type where, the positive response is either smaller than standard tone
ERP or is even absent (fig 4.23a., intensity deviant, Fz electrode). Due to this larger
negativity in the ERP response, the resulting MMN response has a positive peak close
to 200ms along with the usual negative peak earlier in the signal time-course. From
the black bars at the bottom of each plot in figure 4.43, we see that the MMN amplitude
is significantly different from the baseline during multiple periods of the trial. At
electrode Fz we see a primary significant negativity that peaks at 136ms. There is also
a secondary significant negativity observed at a latency longer than 400ms. At

electrode Cz we observe that along with the primary negativity, the positivity around
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Figure 4.44 Average standard ERP, gap deviant ERP, and gap MMN at Fz
electrode in individual patients. The six patient (P1 to P6) responses are plotted on
3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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200ms latency is also significantly different from the baseline. The gap MMN peak
amplitudes and peak latencies for each electrode are tabulated in table 4.6.

The average ERP response and gap MMN were computed to study the individual
patient responses to the gap deviant tone. Figures 4.44 and 4.45 provide these
responses at electrodes Fz and Cz, respectively. Similar to the previous deviant stimuli,
there is a considerable variability in the response to gap deviant across the patient
group. In none of the patients we see an increase in the positivity of the deviant ERP
response compared to the standard response, like seen in the control group.

In patient P1, we see a marginally higher N100 peak in response to the gap
deviant stimuli. This peak is more prominent at electrode Fz than at Cz. The MMN
peak in this case, however, is observed after the N100 peak, when the standard tone
response exhibits positivity. The gap deviant ERP in patient P1 also shows a positivity
at longer latencies of the trial, unlike other deviant responses. In patient P2, we see a

small positivity in the gap deviant ERP when the standard tone ERP is in the N100
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Figure 4.45 Average standard ERP, gap deviant ERP, and gap MMN at Cz
electrode in individual patients. The six patient (P1 to P6) responses are plotted on
3x2 grid from a to f. Vertical and horizontal black lines in each plot represent trial
onset and baseline, respectively. Black bars at the bottom of each plot, when present,
represent periods of significant difference.
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wave period. The MMN peak in this patient is seen because of a later negativity in gap
deviant ERP response. In patient P3, the gap deviant ERP closely follows the standard
tone ERP with the difference occurring after the N100 response. We observe the peak
of the MMN in this patient during the period close to 200ms. In patient P4, like the
standard ERP response, the gap deviant ERP response is also diminished. These two
ERP are close to each other in amplitude, leading to an MMN response which shows
small random fluctuation around the baseline. In patient P5, the gap deviant ERP has
larger N100 peak at the frontal electrode. This results in the MMN peak at electrode
Fz to occur at 120ms latency. At Cz electrode, both the standard and gap deviant ERP
N100 peaks are closer to each other, however the MMN peak in the 90 to 250ms period
is still observed at the same latency. Patients P6 is the only patient in the group that
meets the significance criteria for difference between the gap deviant and standard tone
ERP responses. The significant period occurs after the peak in N100 component and
due to the difference in the positivity of the ERP signals. The peak of the MMN
responses, at both the electrodes, are also observed during this period of the trial. The
values of gap MMN peak amplitudes and peak latencies for individual patients at both
the electrodes are shown in table 4.6.

The ERP responses were further analysed from the groups of patients in the study
based on their clinical diagnosis. The grand average ERP responses from
schizophrenia, schizoaffective disorder, and all patient groups are plotted in figures
4.46 for electrode Fz and 4.47 for electrode Cz. The figures also include the ERP
responses from control group. From these figures we see that similar average pattern
of ERP responses to the gap deviant stimuli are exhibited by both the patient groups.
The peak of the N100 component is a little higher than that in the standard tone
response at electrode Fz. At both the frontal and central electrodes, the peak of the
MMN is observed after the N100 peak. This is a result of the difference between the
time course of the ERPs, and the smaller positivity during the gap deviant response.
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Table 4.6 MMN peak amplitude and latency measures for gap deviant

Peak Amplitude (uVolts) Peak Latency (ms)

Fz Cz Fz Cz
Control Subjects (n =17)
Grand Average -4.49 -2.70 136 136
Patients
P1 -4.70 -4.44 168 164
P2 -0.96 -0.96 180 184
P3 -1.67 -2.18 204 200
P4 -0.66 -0.24 124 172
P5 -3.56 -1.03 120 120
P6 -2.95 -2.90 192 184
Schizophrenia Patients
(n=3)
Grand Average -1.73 -1.22 152 176
Schizoaffective Disorder
Patients (n = 3)
Grand Average -1.95 -1.77 168 168
All Patients (n = 6)
Grand Average -1.72 -1.43 168 168

The values of the gap MMN peak amplitudes and peak latencies shown in table
4.6 clearly demonstrate the variability across individual patients. We also see that for
grand averages of the 2 clinically different patient groups, the values do not differ
much from each other, or when all patients are grouped together. It is also evident from
the plots that MMN response in patients is diminished when compared to the control
group. This is also reflected in the smaller MMN peak amplitudes shown in table 4.6,
in almost all individual patients, and the patient groups. The table also shows that the

peak latency in patient groups is longer compared to the control group.
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Figure 4.46 Grand average standard ERP, gap deviant ERP, and gap MMN at
electrode Fz in subject groups. Vertical and horizontal black lines represent trial
onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Control subject response from Figure 4.43a (n = 17), b.
Schizophrenia patients (n = 3), ¢. Schizoaffective disorder patients (n = 3), d. All
patients (n = 6).
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Figure 4.47 Grand average standard ERP, gap deviant ERP, and gap MMN at
electrode Cz in subject groups. Vertical and horizontal black lines represent trial
onset and baseline, respectively. Black bars at the bottom represent periods of
significant difference. a. Control subject response from Figure 4.43b (n = 17), b.
Schizophrenia patients (n = 3), ¢. Schizoaffective disorder patients (n = 3), d. All
patients (n = 6).
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4.5.5.2 TIME-FREQUENCY ANALYSIS — GAP DEVIANT

Figure 4.48 shows the control group ERSP response from standard tone stimulus
(left), gap deviant stimulus (middle), and the difference between the two (right), for
both Fz and Cz electrode. The standard and gap deviant responses are plotted using a
colour scale of approximately £3dB and the difference ERSP is made with £1.5 dB
scale. These scales are chosen to accommaodate the plots from all the groups, including
control subjects and patients. Comparing the standard and gap deviant ERSP response
from both the electrodes we see that the synchronisation of frequencies below 16Hz is
relatively stronger for the gap deviant. In the deviant plot, we observe two peaks at the
lower end of the spectrum at approximately 100ms and 200ms. These peaks closely

line-up with the negative (N100) and positive peaks in the gap deviant ERP shown in
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Figure 4.48 Grand average standard ERSP, gap deviant ERSP, and difference
ERSP in control subject group (n = 17). a. Electrode Fz, b. Electrode Cz. Each row
has three plots (left to right): standard ERSP, gap deviant ERSP, difference ERSP. The
significantly different region (p<0.05) is marked by black contours in the right column.
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figure 4.43. We also see in the gap deviant ERSP, specifically at electrode Fz, that the
second peak around 200ms is higher than the first peak. This is unlike what is seen in
the standard tone ERSP and other deviant plots where the earlier peak is higher. This
can be clearly seen for the standard tone response in figure 4.28, where different
colour-scale limits are used. The difference ERSP plots further show us that the
synchronisation of the 2-16Hz frequency for the gap deviant is significantly stronger
than that of the standard tone. The plot shows that at the beginning of the trial,
frequencies below 6Hz on the frontal electrode and below 4Hz of the central electrode
are significantly synchronised. As the latency increases, we see the range of
synchronised frequencies also increasing, reaching approximately 16Hz on the frontal
Fz electrode and 8Hz of the central Cz electrode. In this plot we also observe that the
peak at 200ms is higher than the lower latency peak. This peak is in the period during
the positivity of the MMN response observed in figure 4.43. The other regions of the
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Figure 4.49 Average difference ERSP between gap deviant and standard tone at
Fz electrode in individual patients. The six patient (P1 to P6) response differences
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(if present) are presented by black contours.
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ERSP plots show weaker synchronisation and desynchronisation that do not pass the
significance criteria of p<0.05 after multiple comparisons correction.

The difference ERSP response from individual patients is shown in figures 4.49
for electrode Fz and 4.50 for electrode Cz. As we have previously seen for other
deviant stimuli, there is a substantial variability between patients. In patient P1, we
predominately see a desynchronisation of low-frequency signal approximately below
12Hz. At electrode Fz this relative desynchronisation during the gap deviant response
is also significant in 100-300ms range. In patient P2, the pattern of response is
relatively close to that of the control subjects. A significant synchronisation of
frequencies below 8Hz is observed at electrode Fz with the peak observed in the 4Hz
to 8Hz frequency range. We do see a relative synchronisation of this band at electrode
Cztoo, but it does not satisfy the significance criteria. In this case significant difference
is seen at the end of the trial centred around 8Hz. In patient P3, we see early

synchronisation of lower frequencies until 200ms post-stimulus period at electrode Fz.
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At electrode Cz however, we see a strong desynchronisation during this time which is
centred at approximately 8Hz. In patient P4, like P1, the difference plot again shows
an overall desynchronisation of the frequencies below 16Hz. At electrode Fz this
occurs for the first 200ms and does not satisfy the significance criteria. It is followed
by synchronisation for about 200ms. At electrode Cz the desynchronisation of these
frequencies is much more prominent and is also significantly smaller than the standard
tone response for most of the trial period. Patient P5 exhibits synchronisation of lower
frequencies from a few milliseconds after trial onset to about 200ms at both electrode
Fz and Cz. This synchronisation is followed by desynchronisation which is stronger at
electrode Fz. None of the changes seen in the two difference plots meets the
significance criteria. In patient P6, we see a region of significant desynchronisation at
electrode Fz. This region occurs at a latency that also showed significant MMN
response as seen in figures 4.47 and 4.48. At electrode Cz we do not see a significant
difference. However, we see a similar pattern of desynchronisation as observed at Fz
that lasts until 200ms post-stimulus.

To study the grand averaged response from the schizophrenia and
schizoaffective disorder patient groups, and all patients grouped together, their ERSP
responses to the gap deviant are plotted in figure 4.51 for electrode Fz, and figure 4.52
for electrode Cz. These figures also include the responses at these electrodes from
control group shown in figure 4.43 and use the same colour scales for the patient
groups.

In schizophrenia patients, we have seen earlier that the response to the standard
tone is diminished across the whole time-frequency plot. From the middle columns of
figures 4.51b and 4.52b, we see that this holds true for the gap deviant ERSP as well.
Similar to the control subjects (figs 4.51a, 4.52a), the gap deviant ERSP in
schizophrenia patients also exhibit synchronisation of lower frequency signals with
two peaks around 100ms and 200ms respectively. However, unlike the control
subjects, the frequency range of this synchronisation is smaller and extends only from
2Hz to 8Hz. We can tell from the difference plot that, relative to the standard tone
response, the synchronisation in gap deviant response is smaller, hence leading to a

negative value in the difference plots. We also see that electrode Cz exhibits a larger
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Figure 4.51 Grand average standard ERSP, gap deviant ERSP, and difference
ERSP at electrode Fz in subject groups. a. Control subject response from Figure
4.48a (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder patients
(n=3), d. All patients (n = 6). Each row has three plots (left to right): congruent ERSP,
incongruent ERSP, difference ERSP. In the difference plots on the right, areas of
significant difference at p<0.05 (if present) are presented by black contours.
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Figure 4.52 Grand average standard ERSP, gap deviant ERSP, and difference
ERSP at electrode Cz in subject groups. a. Control subject response from Figure
4.48b (n = 17), b. Schizophrenia patients (n = 3), ¢. Schizoaffective disorder patients
(n=3), d. All patients (n = 6). Each row has three plots (left to right): congruent ERSP,
incongruent ERSP, difference ERSP. In the difference plots on the right, areas of
significant difference at p<0.05 (if present) are presented by black contours.
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decrease from standard to gap deviant tone response, when compared to the Fz
electrode. None of the regions in these plots satisfied the significant difference criteria.

In schizoaffective disorder we again see a diminished response to the gap deviant
stimulus (figs 4.51c, 4.52c). However, in these patients there is an initial phase of
synchronisation in the gap deviant response that is larger than the standard tone
response. We also see that this initial synchronisation period is exhibited by wider
frequency spectrum extending from 2Hz to about 32Hz. The relative synchronisation
is stronger at electrode Fz compared to Cz. This initial period of synchronisation is
like what is exhibited in control subject group but lasts for a shorter period. It is
followed by a relatively stronger desynchronisation of the 2Hz to 16Hz frequency
spectrum for almost the whole remaining trial. In this case too, none of the regions of
the plot satisfy the criteria of significance.

The grand averaged results from all the patients grouped together (figs 4.51d,
4.52d) show that the electrode Fz shows an initial period of relative synchronisation.
This period is shorter than what is exhibited by control subjects and is followed by
stronger desynchronisation, which is not seen in control subjects. At electrode Cz, we
see that through the whole trial, the gap deviant response for frequencies below 16Hz
is smaller than the standard tone response. Similar to the observations from the two
patient groups, and unlike control subjects, none of the regions in the patient group

ERSP plots are significantly different between the two types of stimuli.
4.5.5.3 KEY FINDINGS — GAP DEVIANT

1. The significant gap deviant MMN response was observed in control subject group
and was the only MMN with a prominent positive peak around 200ms at both
electrodes Fz and Cz.

2. The gap deviant MMN response in patient groups was diminished and no
significant differences were observed between the gap deviant ERP and standard
tone ERP responses at electrodes Fz or Cz.

3. The gap deviant ERSP response in control subject group had a strong
synchronization of lower frequencies with two prominent 2Hz peaks at 100ms and
200ms post stimulus. This synchronization was also significantly stronger that the
standard tone ERSP response from beginning of the trial to approximately 300ms

post-stimulus.
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4. The ERSP responses to gap deviant was diminished in patient groups and no

significant differences were found relative to the standard tone ERSP response.
45.6 STATISTICAL ANALYSIS OF EEG MEASURES

The results presented in sections 4.5.1 to 4.5.5 show that the MMN response for
each deviant type in patients is diminished when compared to the control group. This
Is further illustrated by figure 4.53 showing MMN elicited by the five deviant types in
both healthy control and patient groups. A variability in the MMN peak latency
between control and patient groups is also observed in tables 4.2 to 4.6. In the previous
sections, each deviant type is analysed individually. In this section, an overall picture
of the differences seen in patient group is constructed by considering all the deviant

types together, and through visualization and statistical analysis of EEG measures.

a. Healthy Controls b. All Patients
_5t—Dur _5t—Dur
~—Freq K —Freq
9 —Int 9 —Int
5;'3 I 3-3 [—Loc
o o —Gap )
] - A A
Al Al O AN RAENA]
~ Sr
£l g1} v Y/ W
< <
3t 3t

-200 0 200 400 600 800  -200 0 200 400 600 800
Latency (ms) Latency (ms)

Figure 4.53 Grand Average MMN at electrode Fz elicited by the five deviant
tones. a. Healthy control subject group, b. All patients group.

The MMN peak amplitude and peak latency measures computed from grand
average of heathy control subjects and patients grouped by their clinical diagnosis are
presented in figure 4.54. These results are graphically presented to effectively compare
the subject groups, deviant types, and responses at the midline electrodes. Figure 4.54a
to 4.54e represent the duration, frequency, intensity, location, and gap deviants,
respectively. In each plot within the figure, the x-axis represents the five electrodes Fz,
FCz, Cz, CPz, and Pz, in sequence from the frontal scalp region to the parietal region.
In each figure, the left side plots the MMN peak amplitude. On the right side the MMN
peak latencies are plotted. Each plot has three lines for control group, schizophrenia
patient group, and schizoaffective disorder patient group. It should be noted that all
the values plotted in these figures are measures computed from the grand averaged

signal. They are computed, for each group, from MMN response obtained by taking
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Figure 4.54 Grand average MMN measures across midline electrodes in control
and patient groups for all deviant types. a. Duration deviant, b. Frequency deviant,
c. Intensity deviant, d. Location deviant, e. Gap deviant. Left column: MMN peak
amplitudes, Right column: MMN peak latencies. Solid lines and circle markers
represent healthy controls. Dotted lines are used for patients with square markers for
schizophrenia and diamond markers for schizoaffective disorder, respectively. The
peak latency plots have a non-zero y-axis as the purpose of them is to visualize the

patterns in the data.
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the difference between the grand average ERPs of the deviant and the standard tone.
Therefore, each point is a single value and not an average of values obtained from
individual subjects in the group. For this reason, there are no statistical comparisons
to be computed for the measures shown in this figure.

From the plots on the left side of figure 4.54, we see that in control subjects there
a is gradual decrease in the MMN peak, going from the frontal region of the scalp to
the parietal region. This decrease in observed in all the deviant types (fig 4.54a to fig
4.54e). On the other hand, the patient groups do not show any such pattern. In this case
a diminished MMN is observed on the frontal electrodes and it does not change much
across the midline electrodes. We do see some small differences between the patient
groups across the deviant types. For example, the MMN peak amplitudes are higher in
schizoaffective disorder patient group for frequency, location, and gap deviant, when
compared to the schizophrenia patient group. For the intensity deviant, the amplitudes
are higher in schizophrenia patient group compared to the schizoaffective disorder
patient group.

The plots on the right side of figure 4.54 show the variation of MMN peak
latencies. The peak latencies do not show any specific pattern in control group across
the midline electrodes from Fz to Pz. The only variations we see are in the duration
deviant where the peak latency increases at electrode Cz (staying constant after that)
and in the location deviant where there is a small decrease at electrode Pz. This
increase in peak latency during duration deviant can be explained from plot of duration
deviant ERPs and duration MMN response in figure 4.3. We see a double peak at
electrode Cz with the latter peak higher than the earlier. It is also interesting to note
that the initial smaller peak at electrode Cz occurs close to the MMN peak latency at
electrode Fz. The MMN peak latencies across the midline electrodes are relatively
constant for the patient groups as well. However, we see longer peak latency in
schizophrenia patients in intensity and location deviants, compared to control subjects.
Even more interesting observation is that schizoaffective disorder patients have shorter
intensity and location MMN peak latencies compared to the control group. In the other
three deviant types, we see an increase of peak latencies in both the patient groups.

The figure 4.54 shows how the grand average responses in the patient groups
differ from that of the control subjects. These grand average responses give a big
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picture of the different group, however, to determine the statistical differences between
the groups, measures that were computed from average responses from individual
subjects were used. The results of the mixed factor 3x5x5 ANOVA for the average
MMN amplitude, MMN peak amplitude, and MMN peak latencies are presented
below.

For the average MMN amplitude, a significant main effect was observed in all
the three group (F(2, 532) = 46.08, p < 0.0001), electrode location (F(4, 532) = 9.66,
p < 0.0001), and deviant type (F(4, 532) = 2.95, p = 0.0198) variables. There was also
a significant interaction between the group and electrode location variables (F(8, 532)
= 5.47, p < 0.0001). Multiple comparisons analysis revealed that the average MMN
amplitude was significantly larger in control subjects when compared to both
schizophrenia patients (p < 0.0001) and schizoaffective disorder patients (p < 0.0001).
There was no significant difference between the two patient groups. For the electrode
locations, average MMN amplitude at both electrode Fz and FCz was significantly
larger than the amplitude at electrode CPz (Fz: p = 0.0282, FCz: p = 0,0410) and Pz
(both Fz and FCz: p < 0.0001). The average amplitude at Cz was also larger than at
electrode Pz (p = 0.0088). Location deviant elicited a larger average MMN amplitude
than the gap deviant (p = 0.0078).

The results from the analysis of MMN peak amplitudes showed a significant
main effect only in the group (F(2, 532) = 46.85, p < 0.0001) and the electrode location
(F(4,532) =9.21, p < 0.0001) variables. Similar to the average MMN amplitude, there
was also a significant interaction between the group and electrode location variables
for MMN peak amplitude (F(8, 532) = 5.49, p < 0.0001). Multiple comparisons
analysis revealed that, the MMN peak amplitude was significantly larger in control
subjects compared to schizophrenia patients (p < 0.0001) and schizoaffective disorder
patients (p < 0.0001). There were no significant differences between the two patient
groups. For the electrode locations, MMN peak amplitude at CPz was significantly
lower than the peak at Fz (p = 0.0287) and FCz (p = 0.0391). The peak at electrode Pz
was significantly lower than the peak at electrodes Fz (p < 0.0001), FCz (p < 0.0001),
and Cz (p = 0.0141).

The interaction effect between the group and electrode locations, was similar for
both MMN peak amplitude and average MMN amplitude. This interaction is best
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understood from the plot for MMN peak amplitude interaction in figure 4.55a. Each
point in the plot is the mean of the MMN peak amplitude, with the standard error of
mean represented by the error bars. The points are jittered in x dimension for the ease
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Figure 4.55 Interacting factors observed from ANOVA analysis of MMN
measures. a. Interaction plot between subject groups and electrode locations in
determining MMN peak amplitudes. b. Interaction plot between subject groups and
deviant in determining MMN peak latency. The asterisk (*) represents significant
differences (p<0.05) between adjacent groups and are coloured by the corresponding
factors in the plot legends. Points are jittered in x dimension for the ease of
visualization. The plots have non-zero y-axis as we mainly focus on the patterns in
values of data presented.
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of visualization of each value. The plot shows that though significant main effects were
seen in both group and electrode locations, the variation of MMN peak amplitude
cannot be determined by either factor individually. The asterisks on the plot represent
the results of the multiple comparisons test. The MMN peak amplitude was
significantly larger in control subjects compared to schizophrenia patients at electrodes
Fz (p <.0001), FCz (p < 0.0001), and Cz (p < 0.0386). Not shown in the plot, this
pattern was observed between control subjects and schizoaffective disorder patients
too, but only for electrodes Fz (p < 0.0001) and FCz (p = 0.0005). The plot also shows
that for the CPz and Pz electrodes, while there were small changes between the control
and patient groups, the differences were not significant.

The ANOVA analysis of the MMN peak latencies revealed a significant main
effect in the group (F(2, 532) = 38.12, p < 0.0001) and deviant type (F(4, 532) = 4.89,
p =0.0007) variables. A multiple comparisons analysis of the results showed that peak
latencies were significantly longer in both schizophrenia patients (p < 0.0001) and
schizoaffective disorder patients (p < 0.0001) compared to control subjects. There was
no significant difference between the two patient groups. There was also a significant
interaction between the deviant type and subject group variables (F(8, 532) = 4.45, p
< 0.0001). The interaction plot between them is shown in figure 4.55b. Each point in
the plot is the mean of the MMN peak latencies, with the standard error of mean
represented by the error bars. The points are jittered in x dimension for the ease of
visualization of each value. The plot shows that the peak latency changes between the
subject groups are dependent on the type of deviant. The asterisks in the plot represent
significantly longer peak latency in schizophrenia patients for location deviant
compared to both healthy controls (p < 0.0001) and schizoaffective disorder patients
(p = 0.0067). In duration and gap deviants, the latency is longer in patient groups
compared to healthy controls. However, only schizoaffective patients showed
significantly longer peak latency when compared to control subjects (duration: p <
0.0001, gap: p = 0.0021). Though schizoaffective patients had a longer peak latency
compared to the schizophrenia patients in these two deviants, the increase was not

significant.
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45.7 CORRELATIONS WITH DEMOGRAPHIC DATA

All the patients in the study were scored using two questionnaires on the day of
the auditory oddball experiment; a. Positive and Negative Syndrome Scale (PANSS)
which measure the symptom severity in schizophrenia patient (Kay et al., 1987), and
b. Montgomery—Asberg Depression Rating Scale (MADRS) (Montgomery & Asberg,
1979) used to rate the severity of the depression in patients. The scores obtained from
these two scales were compared with the MMN peak amplitude and peak latency

measurements of MMN for each deviant types. As seen from figure 4.54 the MMN
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Figure 4.56 Correlations between MMN measures at electrode Fz and symptom
severity scores in patients. Left column: correlations with absolute MMN peak
amplitudes, right column: correlations with  MMN peak latency. Top raw:
schizophrenia patients, bottom row: schizoaffective disorder patients. Asterisk (*)
represent p<0.05. The vertical and horizontal axis labels are shared by the plots in the
rows and columns, respectively.
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response is most prominent on the frontal midline electrodes. Therefore, the measures
at electrode Fz in patient group were used to calculate the correlations.

Figure 4.56 shows the correlations between these scales and the absolute MMN
peak amplitude (left columns) and peak latency (right column) for both the
schizophrenia (top row) and schizoaffective disorder (bottom row) patients. The
significant correlations are marked with an asterisk. As seen from the plots, though
there are some positive and negative correlations, most of them are not significant. The
correlations between the MMN peak amplitude and the various measurements from
PANSS and MADRS mostly show a positive value. Only in a few