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Abstract
In recent years a pathology has been discovered that could be considered a
neurodevelopmental disease. Studies with histopathological techniques and with
Neuroimaging techniques, such as MRI (Magnetic Resonance Imaging), have detected
abnormalities in the structure of certain brain regions. Other techniques have made it
possible to observe alterations in the functioning of the brain of these patients in
comparison with that of healthy individuals.

These findings support the theory that schizophrenia may have its origin in alterations in
very early brain development. However, despite significant advances in the understanding
of schizophrenia, it remains a pathology with treatment questions.

Schizophrenia is a chronic mental health disorder that affects the way a person feels,
thinks and behaves, so that the person interprets reality abnormally. Patients may lose
contact with reality (psychosis), suffer from hallucinations, delusions, among others.

This project is based on MRI and EEG (Electroencephalography) signals from a large
database of healthy control patients and patients with psychiatric disorders (chronic
schizophrenia), with the main objective of performing analyses combining the direct model
(obtained from the MRI signal) and the inverse model (from the EEG data).

For the fulfillment of the objectives, we use Brainstorm, which is an open source
collaborative application dedicated to the analysis of brain recordings. This application
allows the resolution of the direct and inverse models, in this case to identify the locations
of brain sources and areas of interest in order to find significant differences between
healthy control patients and patients with psychiatric disorders.

Finally, we were able to perform an in-depth analysis combining the direct and inverse
models to locate the sources of brain activity generation from a large database of healthy
control patients and patients with schizophrenia.

Key words. Direct Model, EEG, Inverse Model, MRI, Sources.
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1. Preface
The project arises from the need to study to locate the sources of brain activity generation
combining the application of the direct and inverse model so that it can be the basis of
information for future projects that want to continue investigating this branch of study.

1.1. Motivation
Whereas schizophrenia has been one of the first neurological disorders to attract the
attention of clinicians and experts interested in human behavior. Numerous researches
regarding it have devoted a great deal of effort to understand the enigma that this
pathology brings with it [4]. There are different studies that state that, although
schizophrenia (SCH) is a pathology with multiple and valuable researches, there is a lack
of further research regarding this disease [4, 28].

Several studies have addressed the most relevant findings regarding the neuropsychology
of SCH. A study called "Neuropsychology of schizophrenia" published in 2008 review the
main findings related to SCH obtained using different biomarkers (neuroanatomical,
neurofunctional, neurodevelopmental alterations, alterations in neurotransmitters and
cognitive deficits), as well as areas whose exploration is still deficient [7]. Another
research called "Schizophrenia: The complexity of one Distressing Disease" published
2009, exposes a review of the knowledge of SCH to understand its clinic, etiology,
prognosis and evolution [2].

In 2010, Saiz et al. [5] published an article called "The neurobiological Basis of
Schizophrenia" which presents a compilation and synthesis of the multiple branches of
medical knowledge such as genetics, neuroimaging or neurophysiology that allow us to
deepen our knowledge of neurobiology to improve our diagnostic capacity and identify
future treatment targets and thus improve the prognosis of patients. Similarly, Orellana et
al. 2017 [6] aims to update knowledge on chronic diseases such as cardiometabolic risk
and bone and renal sleep disorders related to SCH.

There are techniques that combine different biomarkers, including MRI and EEG; as a
result of this combination, more accurate results can be obtained to help in the
characterization of schizophrenia.

The present work aims to locate the sources of brain activity generation by combining the
application of the forward and inverse model so that this project can be the basis of
information for future projects that want to continue investigating this branch of this
pathology.

1.2. Previous Requirements
The previous requirements for the development of this project were mainly:

● Knowledge of brain image processing.
● Knowledge of brain signal processing.
● Knowledge of BrainStorm application.
● Knowledge of forward and inverse model to be applied to brain images and brain

signals respectively.
● Skills in the use of brain imaging and brain signal processing applications.
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2. Introduction
The model that clinicians most often describe schizophrenia is that it is a psychotic
disorder that is primarily due to abnormal dopamine function. This model has dominated
ideas about the disorder for decades [9]. Science and technology have always evolved in
tandem with man; the development of one leads to or enhances the development of the
other, which is why they are always in constant flux. One of the human activities that
seeks to implement technologies is medicine, thus, the number of users and institutions
that have joined the search for different means or methods to improve the treatment and
quality of life of patients is increasing [8].

The present project aims to locate the sources of brain activity generation combining the
application of the direct and inverse model so that it can be used and taken as a basis for
future projects that want to continue investigating this branch of this pathology.

2.1. Project Objective
2.1.1. General

● To perform analyses combining forward modeling (obtained from MRI) and
inverse modeling (obtained from EEG) in order to locate the sources of brain
evoked activity generation from a large database of healthy control patients
and patients with psychiatric disorders (chronic schizophrenia).

2.1.2. Specific

● To explore the tools offered by the open source collaborative application
Brainstorm, dedicated to the analysis of brain recordings.

● To solve forward problem solving under the head model obtained from MRI.
● To solve the inverse problem by estimating brain sources from EEG signals.
● To analyze and compare the methods used for the estimation and localization of

the sources of brain activity generation.
● To compare between the results obtained from the large database of healthy

control patients and patients with psychiatric disorders.
● Statistical study of the results obtained from the large database of healthy control

patients and patients with psychiatric disorders.

2.2. Scope of the Project
This document seeks to be a basis for future projects that wish to continue investigating
this branch of the pathology described in it. So that it will be a project that will contribute to
improve the characterization of schizophrenia neural dynamics.
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3. State of Art

3.1. Schizophrenia
Schizophrenia is one of the most disabling diseases of human beings, known as the
"cancer of psychiatry" [10], this pathology affects 1% of the world's population. It is a
severe and chronic psychiatric illness that significantly affects the functionality and quality
of life of the individual [6].

People with schizophrenia may appear as if they have lost touch with reality, which can be
distressing to them, their family and friends. The symptoms of schizophrenia can make it
difficult to participate in everyday or usual activities, but effective treatments are available.
Many people who receive treatment are able to participate in school or work, achieve
independence, and enjoy personal relationships [11].

3.1.1. Etiology

The etiology of this disease is uncertain. Experts believe it develops from a combination of
factors, including genetics, environment, and brain chemistry [2 , 12].

● Genetic factors

Occasionally, schizophrenia runs in families. However, even if you have a family
member with schizophrenia, it does not mean that another family member has
schizophrenia. Numerous studies indicate that there are genes that may increase
the likelihood of developing schizophrenia [11].

DNA sequence variations within chromosomal region 22q11, which is the loss of a
specific fragment or region of chromosome 22 associated with DiGeorge
syndrome, confer an increased likelihood of psychotic disorders [12, 13].

● Biochemical Alteration

Considerable studies have established that there is excessive CSF
neurotransmitter activity responsible for some of the positive symptoms in
schizophrenia, however, appearances of the remaining symptoms involve other
neurotransmitters such as serotonin and norepinephrine [12]. These studies also
indicate that there is GABA (gamma-aminobutyric acid deficiency) deficiency that
manifests symptoms such as seizures, hypotonia, hyperreflexia and
developmental delay in schizophrenic individuals [12, 14].

● Psychosocial Factors

Several researches suggest that combinations of genetic factors, aspects of a
person's environment and life experiences may play a role in the development of
schizophrenia [11]. The interpersonal theory proposed by Harry Stack Sullivan
assigns the interaction of individuals the major role in personality development.
Sullivan subjected patients with schizophrenia to intensive psychoanalysis and
concluded that the disorder is the result of early interpersonal difficulties related to
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maternal care [12, 15]. Another interesting theory is Freud who postulated that
schizophrenia is the result of a defective "self", which contributes to the symptoms
of schizophrenia [12].

Environmental factors such as living in poverty, stressful or dangerous
environments, and exposure to viruses or nutritional problems before birth are also
agents that may influence the development of schizophrenia [12].

● Neuropathology

Research shows that people with schizophrenia are more likely to have differences
in the size of certain areas of the brain and in the connections between the areas
that make up the brain. Some of these brain differences may develop before birth.
Researchers are working to better understand how brain structure and function
may be related to schizophrenia [11].

3.1.2. Clinical Characteristics

It is important to recognize the symptoms of schizophrenia and to seek help and begin
treatment as soon as possible after the first episode. The symptoms may be different from
person to person, but they are generally divided into three main categories: psychotic,
negative and cognitive [11].

● Psychotic Symptoms
When a patient suffering from schizophrenia switches to an altered reality, this is
called psychosis. People with psychotic symptoms may lose their shared sense of
reality with others and see the world in a distorted way. For some people, these
symptoms come and go. For others, the symptoms stabilize over time [11].
Psychotic symptoms include [2, 11, 16]:

- Delusions. This means holding strong beliefs that are not true, that may
seem irrational or even quite bizarre to others. It usually involves
misinterpretation of perceptions or experiences.

- Hallucinations. They can occur in any sensory modality such as auditory,
visual, olfactory, gustatory and tactile. However, auditory is much more
common. Patients who hear voices may have been hearing voices for a
long time before those close to them realize they have a problem.

- Thought disorder. Disordered thinking is a very common symptom of
schizophrenia. People have difficulty thinking clearly and thus may have
trouble speaking. It is difficult to understand them because their sentences
seem to make no sense; they may jump from one idea to another, losing
the subject they are trying to talk about [17].

- Movement disorder. People may have abnormal body movements that are
repeated over and over again.

● Negative Symptoms

It encompasses restrictions in the areas of emotional expression, fluency,
productivity, language, interest, and motivation. People may become very inactive,
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lonely and appear unmotivated. They usually cannot concentrate on a job or study.
These symptoms may include [2, 11, 16]:

- Presenting clearly inappropriate sexual behavior.
- Unpredictable and unmotivated agitation.
- Dressing in an unusual way, e.g., wearing several coats, a scarf and gloves

on a very hot day.
- Having trouble planning and sticking to activities.
- Having difficulty anticipating and taking pleasure in daily life.
- Speaking in a muffled voice and showing limited facial expression.
- Avoiding social interaction or interacting in an awkward manner.

● Cognitive symptoms

Cognitive symptoms include problems with attention, concentration and memory.
Some people experience severe cognitive symptoms, while others less so. These
symptoms may include [2, 11]:

- Concentration problems.
- Attention and memory problems.
- Problems processing information for decision making.
- Difficulty processing and using learned information.

3.1.3. Diagnostic

Currently there is no definitive diagnostic test for schizophrenia. In every patient a
complete diagnostic workup should be performed including [2, 17]:

● Psychiatric and general medical history.
● Psychosocial history and family psychiatric history.
● Mental status examination.
● Physical evaluation including neurological examination.
● Neuropsychological studies and general psychometrics.
● Assessment of the risk of self- or hetero-aggression.

From the Diagnostic and Statistical Manual of Mental Disorders (DSM IV) which is a tool
for the diagnostic approach [18]. The DSM-IV diagnostic criteria for schizophrenia are as
follows [2, 17]:

1. Social dysfunction. Avoids interpersonal interactions.
2. Duration. To establish a diagnosis of schizophrenia, symptoms must last at least

six months and be associated with significant impairment in work.
3. Exclusion of schizoaffective and mood disorders. The possibility that the patient's

psychotic symptoms are caused by an affective disorder must be ruled out.
4. Substance abuse and medical illness exclusion. Substance abuse or an underlying

endocrine or neurological disorder that may have some features of psychosis must
be ruled out.

5. Relation to a pervasive developmental disorder.
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Information from family and close friends is of vital importance to establish when the
disease started [2, 17].

3.1.4. Treatment
People who are diagnosed with schizophrenia will probably need treatment for the rest of
their lives. Current treatments for schizophrenia focus on helping people control their
symptoms, improve their daily lives and achieve personal goals in life. The overall goals
are to reduce the frequency, severity and psychosocial consequences of episodes.
Different treatments for schizophrenia include [11, 12]:

● Pharmacological Treatment.

- The treatment of schizophrenia is based, fundamentally, on the use of
antipsychotic drugs [1].

- Antipsychotics are used to treat all forms of schizophrenia; the rate of
improvement is close to 80%. Antipsychotic drugs include typical and
atypical neuroleptics [2].

● Typical.

- Chlorpromazine. Dopaminergic receptor antagonist, induces anxiolytic,
anti-aggressive effects. It produces antidepressant and antiparkinsonian
effects, however it has as a side effect psychomotor agitation and
amplification of psychosis [2].

- Haloperidol. It produces an effective psychomotor sedation, which explains
its effect in agitation syndromes [2].

● Atypical.

- Clozapine. A potent blocker of muscarinic, colonergic and dopaminergic
receptors. High doses appear to be more effective than low doses. It has
side effects such as headache, drowsiness, agitation, nervousness,
insomnia, dizziness, and weight gain [2].

- Quetiapine. It is a neuroleptic that exerts greater blockade of adrenergic
receptors. It is very effective in treating positive and negative symptoms of
schizophrenias with fewer side effects [2].

- Antipsychotic drugs may help psychotic symptoms to be less intense and
less frequent [11].

Both groups have in common the ability to correct neurotransmitter
imbalances, especially dopamine, and alleviate positive symptoms.
However, the atypical antipsychotics achieve imbalance of the
neurotransmitter serotonin, which is associated with effectiveness on
negative symptoms [1].
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It is possible that patients whose behavioral symptoms worsen with the use
of this type of drug have some undiagnosed organic disorder, such as
anticholinergic toxicity [1].

● Psychosocial Treatment.

Psychosocial treatments help people find solutions to everyday challenges and
manage symptoms while attending school, working and building relationships.
Typically, these treatments are used in conjunction with pharmacological
treatments [11].

Some types of therapies may include:

- Cognitive-behavioral therapy. Also known as talk therapy, which can help
cope with hallucinations and delusions, as well as work on behaviors. It
helps with learning to manage the challenges and stresses that
schizophrenia can create [12].

- Behavioral skills training
- Supported employment and cognitive rehabilitation interventions.

People who receive psychosocial treatment are less likely to have their symptoms
recur or to be hospitalized [11].

● Psychoeducation programs.

These programs enable patients and families to develop techniques and strategies
to identify symptoms and circumstances that are related to clinical relapse or
high-risk behaviors [2].

This program includes educational sessions, information about the etiology,
treatment and prognosis of the disease, identification of stressors and emotional
responses of family members to the patient's diagnosis and behavior, eliciting
realistic expectations, improving intrafamilial communication, training in conflict
resolution, and employing behavioral techniques.

● Hospitalization.

This is necessary only to prevent the patient from endangering themselves or
others. This may happen when their symptoms are severe and they need
additional care and a safe place [12]. Hospitalization is often necessary, especially
when the patient's behavior shows great disorganization [2].

● Coordinated specialized care.

The treatment team works collaboratively with the patient to make treatment
decisions, involving family members as much as possible. Compared to regular
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care, coordinated specialty care is more effective in reducing symptoms, improving
quality of life [11].

● Assertive community Treatment.

Assertive community treatment is designed to help people with schizophrenia who
are likely to be hospitalized multiple times or become homeless. This type of
treatment is usually provided by a team of health professionals and specialists who
work together to provide care for patients in the community [11].

● Treatment for drug and alcohol abuse.

People with schizophrenia often have drug and alcohol problems. A treatment
program that includes both treatment for schizophrenia and for drug and alcohol
use is important for recovery, since substance use can interfere with treatment for
schizophrenia [11].

3.2. Electroencephalography (EEG)

Electroencephalography is a simple and painless test for functional exploration of the
central nervous system (CNS) through which the recording of brain electrical activity is
obtained in real time [19, 20].

In 1929 Hans Berger defined the term "electroencephalogram", in abbreviation EEG, to
describe the recording of electrical fluctuations in the brain captured by electrodes
attached to the scalp.

The origin of the electrical signal is in the pyramidal cells of the cerebral cortex. Each of
these neurons constitutes a tiny electrical dipole, whose polarity depends on whether the
impulse to the cell is inhibitory or excitatory. In order to collect and record a signal of the
electrical activity in each brain region across the cranial surface, electrodes are placed to
capture the potential difference between them. EEG performs the study and analysis of
the cerebral electric fields (topography, polarity and their spatial and temporal variation) by
amplifying the potential difference between the electrodes that receive the signal. They
can be located on the scalp (standard EEG), on the cortical surface (cortical EEG) or
intracerebral (depth EEG) [20].

Standard EEG is a painless, noninvasive, low-cost scan that can be of great use in clinical
practice. It is performed by placing surface electrodes attached to the scalp by a
conductive gel. EEG electrodes are positioned according to the international 10-20
system. Each recording lead or channel measures the voltage difference between two
electrodes (one is the active electrode and the other the reference electrode) 20].
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Figure 1. Conventional 10–20 EEG electrode positions for the placement of 21 electrodes [21].

The different pairs of electrodes are combined to form the assemblies. There are two
basic types of assemblies:

● Bipolar (transverse and longitudinal). It records the difference in voltage
between two electrodes placed in areas of brain activity [20].

Figure 2. Schematic of a bipolar longitudinal assembly A. bipolar longitudinal, B. bipolar
transverse. Each segment between two points represents a recording channel [22].

● Monopolar (or referential). It records the potential difference between an
electrode placed on an active brain area and another electrode placed on a
non-active or neutral area (e.g., earlobe); or the voltage difference between
an electrode placed on an active area and the average of all or some of the
active electrodes [20].

Currently the devices use digital amplifiers. The analog signal is in complete disuse,
because of the great advantages that the digital EEG brings, among which are the ease of
acquisition, analysis and storage of the signal and the possibility of modifying, both during
the recording and a posteriori, parameters such as filters, sensitivity, recording time and
setups [20].

3.2.1. Neural Oscillation.
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Visual inspection of EEG signals is commonly used to diagnose and characterize brain
disorders. Clinicians skilled in the field are familiar with the manifestation of brain rhythms
in EEG signals [21].

They possess amplitudes ranging from 10 mV in recordings over the cortex, to 100 mV on
the surface of the scalp. The frequencies of these waves range from 0.5 to 100 Hz and
they are highly dependent on the degree of activity of the cerebral cortex [22].

In healthy adults, the amplitudes and frequencies of these signals change from one
human state to another, such as wakefulness and sleep. The characteristics of the waves
also change with age. There are five main brain waves that are distinguished by their
different frequency ranges. These frequency bands, ranging from low to high, are
respectively referred to as alpha (α), theta (θ), beta (β), delta (δ) and gamma (γ) [21].

Figure 3. Normal rhythms in electroencephalography [21].

● Beta waves (β). They have frequencies between 14Hz and 30Hz, although they
can reach up to 50Hz; they are registered mainly in the parietal and frontal regions.

● Alpha waves (α). They have frequencies between 8Hz and 13Hz, they are
registered in normal awake subjects, without any activity and with closed eyes,
located in the occipital area; their amplitude is between 20mV and 200mV.

● Theta waves (θ). They have frequencies between 4Hz and 7Hz, they occur in
childhood but can also occur in adults in periods of emotional stress and
frustration. They are located in the parietal and temporal areas.

● Delta (δ) waves. They possess frequencies below 3.5Hz and occur during deep
sleep, in infancy and in severe organic brain diseases. It is very easy to confuse
artifacts caused by large neck and jaw muscles with the genuine delta response.

3.2.2. Evoked Potentials

When a stimulus is presented to a subject, whether visual, somatosensory or auditory,
voltage changes associated with this stimulus are recorded simultaneously in the EEG
recording [23]. These oscillations are known as evoked potentials (EPs) or event-related
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potentials (ERPs). These voltage changes caused by the occurrence of a stimulus have
quite small amplitudes, around 5µV, and cannot be observed directly on the EEG [23].

In order to study ERPs, it is assumed that the recorded oscillations are randomly
distributed over time. By averaging the oscillations, together with the time at which the
stimulus is presented, it is possible to highlight and visualize these potentials. Therefore,
to obtain them, some segments of the electroencephalogram that are related to the
activity recorded during the repeated presentation of the same or similar stimuli are
averaged. In this way, those oscillations that do not belong to the stimulus presentation
are canceled, allowing the electrical activity associated with the repeated presentation of
the critical stimulus to stand out [23].

In the average recording there is a series of waves that are characterized by their time of
appearance, voltage and polarity. They are also characterized by their distribution in the
skull or the location of the ERP generating sources. The most common way to differentiate
ERPs is according to their latency and polarity  [23].

These potentials can be divided into two types: endogenous and exogenous [23].

● Endogenous. These are those that occur long after stimulus presentation.
● Exogenous. They are very early in time and insensitive to manipulations involving

cognitive processes.

3.2.2.1. Wave P300

Auditory evoked potentials are characterized by distinct waves in their different stages. As
can be seen in the following figure:

Figure 4. Characteristic waves of auditory evoked potentials [26].

The most characteristic wave is the P300, which has a positive deflection that appears
approximately between 300 and 500 ms after stimulus presentation, when the subject, in a
state of attention, discriminates one relaxing stimulus from another.

The P300 potential involves, among others, attention, memory and cognition processes. In
addition, it is believed that it can be directly influenced by age and can be affected after
different pathologies of psychiatric and neurological origin [29].
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Figure 5. Wave P300 [27].

3.3. Forward and Inverse Model
Localizing sources of brain activity from EEG are aimed at finding those areas of the brain
responsible for generating certain waves in EEG. In order to characterize the sources of
brain activity, these localization methods must provide a solution to two main problems:
the resolution of the forward and inverse models [24].

In general, the forward problem is usually posed as a starting point, which is based on the
assumption that, assuming that the sources of brain activity and the characteristics of the
conducting medium are known, it is possible to obtain the electric potentials generated on
the surface of the conductor. However, the problem of interest is to find the sources of
bioelectrical activity of interest as accurately as possible, knowing the distribution of the
electric potential on the surface of the conductor, which is known as the inverse problem.
Therefore, numerical estimation and resolution techniques are used, together with
techniques for solving the forward problem, to obtain feasible solutions to the inverse
problem [24].

3.3.1. Forward Model

The forward problem consists in the calculation of the electric potentials produced at the
scalp electrodes given a source [25]. This is totally linked to the models used in the
characterization of both the medium and the activity sources. We can find models of
different complexity [24]:

On the one hand, the simplest models are spherical models of the brain surface that vary
in complexity from a single sphere to multiple spheres. The most commonly used
spherical models usually consist of concentric spheres of 3 or 4 layers, due to the
differences in conductivity between the different tissues, representing the gray matter,
cerebrospinal fluid, skull and scalp [25]. These models provide an analytical solution and
are simple and fast. However, they are much less accurate and have lower mathematical
complexity, which makes them good models to start a study and a point of comparison for
approaching more complex models [25].

On the other hand, more complex models are realistic four-layer models, whose
compartments are segmented from an MRI of the patient. They are much more accurate
models, but the computational cost involved is much higher. They are further subdivided
into boundary element models (BEM, Boundary Element Method), finite element models
(FEM, Finite Element Method) and finite difference models (FDM, Finite Difference
Method) [25].
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Although many of them provide good results, the BEM method is one of the most widely
used since it allows finding a correct simplified solution by considering the medium as
isotropic in layers, besides discretizing the layers of the segmented volumes in triangular
elements to solve the forward problem in a discreet way [25].

3.3.2. Inverse Model

The inverse problem is the process of determining EEG source current densities from
surface potential measurements. However, it is the case that, given a finite number of
locations on the scalp at which the surface potential is measured at a given instant in time,
it is possible for an infinite number of source configurations to represent these
measurements. That is, the solution of the inverse problem is not unique, as there are
different configurations that can produce the same EEG and explain the same voltage
distribution [24].

Moreover, this problem is sensitive to measurement errors since small variations in the
input data can produce significant variations in the identification of bioelectrical sources.
To overcome these drawbacks, it is necessary to add constraints to obtain a unique
solution. It is the conditions of the constraints that differentiate one inverse model from
another. The two main inverse modeling approaches are dipole and distributed. In dipolar
models, a reduced number of dipoles must be selected a priori to apply the inverse
algorithm, i.e., there are more observations (electrodes) than dipole parameters to
determine the solution [25].

On the other hand, distributed inverse models assume that the electrical sources in the
brain are continuously distributed throughout the specified surface or volume and do not
require the a priori assumption of the number of sources. Since these models seek to
localize neuronal activation to a large number of sources given few sensors, the problem
requires additional constraints in the form of a regularization scheme [25].

In distributed models, the sources are assumed to be intracellular currents in the dendritic
trunks of pyramidal cortical neurons, which are oriented perpendicular to the surface, and
dipoles with fixed orientation are generally located in perpendicular alignment. It is then
necessary to estimate the amplitudes (and directions) of these dipoles. Since the location
of the dipoles is not estimated, the problem is linear  [25].

3.4. Brainstorm
Brainstorm is an open source collaborative application dedicated to the analysis of brain
recordings based on recordings of brain activity through techniques such as MRI and
electroencephalography [3].

Brainstorm shares a complete set of easy-to-use tools with the scientific community using
MEG/EEG as an experimental technique. Brainstorm's main advantage is its rich and
intuitive graphical interface, with emphasis on practical aspects [3].
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4. Methodology
This chapter will explain the methodology that has been developed for the fulfillment of the
proposed objectives of this document. This project is a study that analyzes brain
localization techniques on a database. For the realization of this project, a total of 43
subjects were used, which are classified into: control patients and patients with chronic
schizophrenia.

Patient Code Age Gender Diagnostic
C2117 24 Male Control
C2118 19 Male Control
C2119 18 Male Control
C2125 59 Female Control
C2126 52 Female Control
C2132 35 Male Control
C2133 31 Female Control
C2134 29 Female Control
C2138 22 Female Control
C2140 39 Male Control
C2142 31 Male Control
C2143 33 Male Control
C2144 28 Female Control
C2146 28 Female Control
C2147 40 Male Control
C2148 28 Female Control
C2150 57 Male Control
C2151 32 Male Control
C2152 30 Female Control
P2073 33 Female Chronic schizophrenia
P2074 54 Male Chronic schizophrenia
P2082 29 Female Chronic schizophrenia
P2083 33 Female Chronic schizophrenia
P2087 33 Female Chronic schizophrenia
P2090 23 Male Chronic schizophrenia
P2092 55 Female Chronic schizophrenia
P2094 47 Male Chronic schizophrenia
P2095 35 Female Chronic schizophrenia
P2096 30 Female Chronic schizophrenia
P2101 44 Male Chronic schizophrenia
P2102 46 Male Chronic schizophrenia
P2103 46 Male Chronic schizophrenia
P2104 27 Male Chronic schizophrenia
P2118 35 Male Chronic schizophrenia
P2122 37 Male Chronic schizophrenia
P2123 35 Female Chronic schizophrenia
P2130 19 Female Chronic schizophrenia
P2139 42 Male Chronic schizophrenia
P2141 42 Male Chronic schizophrenia
P2145 21 Male Chronic schizophrenia
P2148 28 Male Chronic schizophrenia
P2149 20 Male Chronic schizophrenia

Table 1. Study Patients.

The following diagram indicates the step-by-step process used to apply the direct and
inverse model to each of the subjects.
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Once the above steps were performed, we applied the direct model to the patients in the
database; the direct problem solving refers to the modeling of the electromagnetic
properties of the head and the sensor array. All of the following steps were performed
using Brainstorm software for each of the subjects described above.

Once patient MRIs were obtained and imported from the database, we applied the inverse
model; solving the inverse problem refers to estimating sources from recording logs.

In Annex I, each of the steps described in the previous diagrams can be observed
graphically and in detail.

On the other hand, before performing the analysis of results, or statistical analysis, it is
necessary to perform data processing for each subject, so that the results obtained later
are correct.



Pág. 24 Memory

In Annex II, shows the code used to calculate the trial-averaged activity to obtain the P300
component.

In Annex III, each of the steps described in the previous diagram can be observed
graphically and in detail.

Finally, the statistical analysis of the information obtained by applying the different models
is performed.
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5. Results

5.1. Forward Model
As indicated in the state of the art, there are different ways of approaching the resolution
of the direct problem. In the case of this project, we used BEM (Boundary Element
Method), an advanced and symmetric boundary model, which provides more accurate
results than spherical models for EEG recordings, so that it allows finding a correct
simplified solution by considering the medium as isotropic in layers, in addition to
discretizing the layers of the segmented volumes in triangular elements.

To perform the calculation of this model these layers the BEM uses three realistic layers:
scalp, inner skull and outer skull, which are extracted from the subject's MRI, in addition to
calculating cortical surface and cortex (space of origin). When calculating the space of
origin, a resolution of 20484 is applied for the SPM (Surface permanent Magnetic) mesh,
the highest possible.

One of the important parameters for the generation of the BEM is the number of vertices,
since the number of vertices is directly proportional to the accuracy of the model, i.e., the
greater the number of vertices for each layer, the more accurate the model. In this way,
the BEM 2562 vertices for each of the layers is applied to the general BEM, ensuring that
we will obtain the best results.

In this project, the different surfaces will be depicted with different identifying colors.
Figure 6 shows all the obtained surfaces for a control subject:

● Scalp. Gray
● Outer skull. Brown
● Internal skull. Orange
● Cortex. Pink

Figure 6. a) Coronal view; b) Sagittal view; c) Axial view.

5.2. Inverse Model
As indicated in the state of the art, many solutions to the inverse problem have been
proposed, based on different assumptions about the way the brain works. Among the
many methods, in this project we will focus on the solution by MNI (Minimum norm
imaging).
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MNI estimates sources as the solution of a linear problem, where the source activity is a
linear combination of EEG recordings, i.e., it finds a cortical current source density image
that fits the data when the data are associated with those of the direct model through the
covariance matrices.

The process of brain source estimation, the inverse problem, requires an estimation of the
noise level of the recordings; on the other hand, brain source mapping requires, in
addition, the estimation of the data covariance matrix [30].

Thus, before obtaining the estimation of the sources, the covariance matrix of noise and
data is calculated using stimulus 3.

● Noise covariance matrix. It is calculated from the pre-stimulus baseline of the
ERP recordings, i.e. it is equivalent to resting EEG. The total signal duration is
chosen as the baseline, since the more time samples are used, the more accurate
the estimation of the sources will be.

● Data covariance matrix. It is important that this covariance matrix contains
contributions from all sources contributing to the data over the time window to be
analyzed.

Figure 7. a) Noise Covariance; b) Data Covariance

Once the covariance matrices have been calculated, we estimate and obtain three types
of sources:

● Current density map. Produces a linear "depth-weighted" estimate of current
density using the WMNE (Weighted Minimum Norm) method. This method tends to
highlight surface sources [31].

Figure 8. Current density map.
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● dSPM (Dynamical Statistical Parametric Mapping). Implements a brain parametric
mapping based on WMNE, which calculates estimates of the noise variance at
each location of the current density map. This method provides higher values in
deeper areas than the previous one [32].

Figure 9. dSPM.

● sLORETA (Standardized Low-Resolution Brain Electromagnetic TomogAphy). It
works in the same way as dSPM, normalizing the current WMNE density map at
each point. This method produces smoother maps showing the entire potentially
activated area of the brain (given the low spatial resolution of the source location
with EEG), regardless of the depth of the sources [33].

Figure 10. sLORETA

In this project each one of the sources has been used without constraints, since, for each
point, the assumed source orientation is left undefined, so that three "elementary" dipoles
are needed to model the source.

5.3. Processing of models for results/ statistical analysis.
It is necessary to find the latency of the P300 wave for each EEG recording of each
patient, with the help of an algorithm developed in Matlab, this algorithm performs the
actions of: load the P300 signal, defining the time window for the P300, extract the
indexes of P300 window, find the maximum absolute value for each channel, obtain the
sample and the time corresponding to this sample, obtain the value of the time that
corresponds to this sample, obtain the latency in the Pz channel, that is to say, in short,
the maximum amplitude in time is sought when the P300 wave is generated.
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Figure 11. P300 wave, latency value. 0,488s.

Once the latency of each subject is obtained, a window of 100ms to the right and 100ms
to the left is created taking into account the latency value obtained. As can be seen in the
following table, the average values of the latency obtained in each group is from the
window that according to the literature the P300 wave is active, on the other hand the
standard deviation values indicate that the dispersion is low.

Group study Average (s) Standard Deviation
Control 0,4134 0,099

Patients 0,506 0,106

Table 2. Average and Standard Deviation of each group study.

By applying the window to each subject for each of its inverse models, we obtain instead
of a series of values that depend on and vary with respect to time, some average
activation values in a specific window. As can be seen in the following figure:

Figure 12. a) Current density map without average(t < 0,5s); b) Current density map with average (t
< 0,5s);c) Current density map without average (t = 0,5s) ; d) Current density map with average (t =

0,5s);e) Current density map without average(t > 0,5s); f) Current density map with average (t >
0,5s)
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From the previous results we applied statistical tests on each inverse model which will be
analyzed in the next chapter.

5.4. Results/Statistical Analysis
For the comparative statistical study, tools implemented in Brainstorm were used. In this
way, we can indicate that these tools allow us to make observations and evaluate if there
are significant differences between the groups considering the different methods used for
the estimation of brain activity.

When studying a disease such as schizophrenia, which has cerebral affections, we could
indicate that there may be a variation in the localization of the sources in comparison with
healthy subjects.

To test the above, two types of statistical tests were used: parametric Student's t-tests and
permutation Student's t-tests, for each of the inverse models obtained.

The student's t-test is a statistical test that we will use to evaluate if there are differences
between the means of the two groups, that is, we compare the average of the data set
measured in a variable of group 1 against the average of group 2. Each test has particular
hypotheses on which it is built, those of the t-test are:

● Null hypothesis. Group means are equal.
● Alternate hypothesis. Group means are different.

Student's t-test provides a series of values called t-values, which represent the difference
between the two sets. Thus, the higher the t-value, the greater the difference between the
samples participating in the study and likewise, the lower the t-value, the greater the
similarity between the samples participating in the study.

Each of these t-values is related to a p-value. The p-value is defined as the probability
corresponding to the statistic that the null hypothesis is correct. Thus, if it meets the
condition of being less than an arbitrarily imposed significance level, the null hypothesis
will be rejected.

In this context, there are different categories of tests: parametric and nonparametric.

● Parametric. They require certain strong assumptions about the probability
distribution followed by the starting sets and use well-known properties to compare
them, usually mean and variance.

● Non-parametric. They do not require any assumptions about the distribution of the
data. Therefore, they are more reliable and more generic, but more complicated to
implement.

As previously indicated, in this project we used parametric and permutation Student's
t-tests, implemented in Brainstorm, these tests will evaluate the differences between the
means of two data sets.

As mentioned in previous chapters, this project has focused mainly on the unrestricted
models, since they are more complete models that provide more accurate brain source
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estimation results, which is why in this chapter only the statistical analysis of the
unrestricted models will be performed.

In the subsequent images we observe brain activity; when the t-values are negative, i.e.
areas colored in blue, the activity in patients is higher than in control subjects. On the
other hand, when the t-values are positive, i.e. areas colored in red, the activity in control
subjects is higher than in patients.

First, we studied the average brain activity using the current density map source
estimation method.

Figure 13. Trend of difference in brain activity difference control vs patients using Current density
map method in a) parametric Student's t-test, b) permutation Student's t-test.

Figure 14. Histogram of control vs patients using the Current density map method in a) parametric
Student's t-test, b) permutation Student's t-test.

As can be seen in Figure 13, brain activity in control subjects is higher than in patients
with schizophrenia before the stimulus, located in the occipital and parietal areas, on the
other hand, in Figure 13 (b) a slight variation of light red activation in the frontal area can
also be observed.

However, it is necessary to indicate that this model can provide us with results for the
estimation of brain activation only in the cerebral cortical surface, without highlighting the
activity of the deep areas of the brain.
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Similarly, when observing the histograms of each of the tests, we obtain a standard
deviation = 0.62, which indicates that the data are dispersed at the level of data
distribution.

On the other hand, when observing the histograms of each of the tests, we obtain as a
result a p-value = 0.9844; which is greater for the chosen significance level 0.05; so we
would have to indicate that the null hypothesis cannot be rejected, however, as the sample
size is not large enough, we can detect trivial deviations from the null hypothesis and
therefore, we will analyze the Q-Q- graph respective to each test.

Figure 15. Q-Q control vs patients using the Current density map method in a) parametric Student's
t-test, b) permutation Student's t-test.

In Figure 15 we can observe that the points follow a non-linear pattern; suggesting that the
data do not follow a normal distribution, especially near the tails, so the null hypothesis
could be rejected.

Secondly, we studied the average brain activity using the dSPM source estimation
method.

Figure 16. Trend of difference in brain activity difference control vs patients using the dSPM
method in a) parametric Student's t-test, b) permutation Student's t-test.

As can be seen in Figure 16, brain activity in control subjects is higher than in
schizophrenia patients before the stimulus, located in the occipital and parietal areas in
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the two hemispheres respectively, on the other hand, a slight light red activation can also
be observed in the frontal area.

Figure 17. Histogram of control vs patients using the dSPM method in a) parametric Student's
t-test, b) permutation Student's t-test.

Similarly, when observing the histograms of each of the tests, we obtain a standard
deviation = 0.699, which indicates that the data are dispersed at the level of data
distribution.

On the other hand, as in the previous method analyzed, when observing the histograms of
each of the tests, we obtain as a result a p-value = 0.9808 and = 0.09809; which is greater
for the chosen significance level 0.05; so we would have to indicate that the null
hypothesis cannot be rejected, however, as the sample size is not large enough, we can
detect trivial deviations from the null hypothesis and therefore, we will analyze the Q-Q-
graph for each test.

Figure 18. Q-Q control vs patients using the dSPM method in a) parametric Student's t-test, b)
permutation Student's t-test.

Figure 18 shows that the points follow a non-linear pattern, which suggests that the data
do not follow a normal distribution, so the null hypothesis could be rejected.

Finally, we studied the average brain activity using the sLORETA source estimation
method.
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Figure 19. Trend of difference in brain activity difference control vs patients using the sLORETA
method in a) parametric Student's t-test, b) permutation Student's t-test.

As can be seen in Figure 19, brain activity in control subjects is higher than in
schizophrenia patients before the stimulus, located in the parietal area in the right
hemisphere, on the other hand, in Figure 19 (b) a slight light red activation can also be
observed in the frontal and parietal area in the left hemisphere.

Figure 20. Histogram of control vs patients using the sLORETA method in a) parametric Student's
t-test, b) permutation Student's t-test.

Similarly, when observing the histograms of each of the tests, we obtain a standard
deviation = 0.623, which indicates that the data are dispersed at the level of data
distribution.

On the other hand, as in the previous method analyzed, when observing the histograms of
each of the tests, we obtain as a result a p-value = 0.9734; which is greater for the chosen
significance level 0.05; so we would have to indicate that the null hypothesis cannot be
rejected, however, as the sample size is not large enough, we can detect trivial deviations
from the null hypothesis and therefore, we will analyze the Q-Q- graph for each test.
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Figure 21. Q-Q control vs patients using the sLORETA method in a) parametric Student's t-test, b)
permutation Student's t-test.

In Figure 21 we can observe as in Figure 18 that the points follow a non-linear pattern,
suggesting that the data do not follow a normal distribution, so the null hypothesis could
be rejected.



Brain sources localization in EEG data by combining forward and inverse model: Application to patients with
schizophrenia Pàg. 35

6. Environmental Impact Analysis
For the realization of the project, a computer was used; which helped in the realization of
the direct and inverse models of the patients that were obtained from the database. The
creation of the protocol and the use of applications to implement the different models
digitally, as well as the research carried out, generate a small energy expenditure. To
reduce this impact, some measures were taken:

● Keep the computer turned on, as long as it is in use.
● Switch on the computer as long as necessary to charge the battery.
● Work with an energy saving plan for the technological devices used.
● Work in daylight environments.
● Use only the necessary paper without excesses.
● Avoid printing on the drafts of the memory.
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Conclusions
Considering everything developed in the project, we can finally indicate that we have been
able to perform an in-depth analysis combining the direct and inverse models to locate the
sources of brain activity generation from a large database of healthy control patients and
patients with schizophrenia.

In other way, at the end of this project we can conclude that:

● Brainstorm is an excellent tool for solving the direct problem from MRI images.
Complete and accurate head models are obtained, suitable for further work on the
inverse problem.

● Brainstorm is an excellent tool for solving the inverse problem since it provides a
good estimation of brain sources from EEG recordings of a stimulus.

● From the methods employed for the estimation of brain activity we can conclude
that:

- The unconstrained approach proves to be complete and more robust for
any source estimation method employed.

- The minimum norm method of current density mapping (MN) provides
results for the estimation of brain activation only at the cortical brain
surface, without highlighting the activity of deep brain areas.

- The sLORETA method provided results with little brain activation trend
compared to the dSPM method.

- The method that best approximates the results observed in the literature is
dSPM.

- For all 3 methods, the null hypothesis is rejected.

● The sample size (subjects studied) is not large enough for a 100% reliable
statistical analysis.

● The results obtained when comparing control subjects vs. patients suffering from
schizophrenia were not statistically significant.
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Budget and Economic Analysis
In this section, the budget considering the development of the project will be presented;
the cost of personal will be included in the budget, as well as the cost of the material used.

Materials. The following table shows the cost breakdown of the materials used:
Materials Cost

Computer 200,00 €
MATLAB 0,00 €
BrainStorm 0,00 €
TOTAL COST 200,00 €

Table 3. Material costs.

Personal. In the following tables the costs of personnel will be taken into account, these
are subjective values considering that in the development of the project tutoring meetings,
research, methodology, among others, were carried out. The cost per hour of the master
student is 20 € and the cost per hour of the tutor coordinator of the project is 60 €.

● Student Cost
Activity Cost per hour Hours quantity Total Cost

Planning 20 € 20 400,00  €
Research 20 € 100 2.000,00  €
Project development 20 € 300 6.000,00  €
Drafting of the document 20 € 80 1.600,00  €

TOTAL COST 10.000,00 €
Table 4. Student costs.

● Tutor coordinator Cost
Activity Cost per hour Hours quantity Total Cost

Tutoring and project
coordination 40 € 100 4.000,00 €

TOTAL COST 4.000,00 €
Table 5. Coordinator tutor costs.

Total project cost. The total cost of the project can be seen below, considering the cost
of materials, the cost of personnel (student and project coordinator).

Cost type Cost
Materials 200,00 €
Student Cost 10.000,00 €
Tutor Coordinator Cost 4,000,00 €
TOTAL COST 14.600,00 €

Table 6. Total project costs.
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Work Plan
This project was developed through a work plan that takes into account the dates and
activities established for the fulfillment of the main objective of the project, as shown in the
following Gantt chart:

● September 2021 and October 2021

The initial phase of the project was carried out in the first few months.

Table 7. Work plan September 2021 and October 2021.

● November 2021 and December 2021

In the second two-month period of the project development, a bibliographic review and the
beginning of the development of the project were carried out in order to satisfy the
objectives that were initially developed of the project in order to meet the objectives that
were initially set.

Table 8. Work November 2021 and December 2021.

● January 2022 and February 2022.

In the third two-month period of the project development, the activities to meet the project
objectives were completed and then the project document began to be prepared.
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Table 9. Work January 2022 and February 2022.

● March 2022 and April 2022.

In the last months, the drafting of the project document is finalized and the presentation of
the project is made both digitally with the document and in person with the presentation in
front of the tribunal.

Table 10. Work March 2022 and April 2022.
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Appendix I - Guide to source localization with BrainStorm

The following figure shows the main interface window of "BrainStorm":

Figure 1. Main Interface

As previous steps to use the information of each one of the subjects it is necessary:

1. Create a protocol in BrainStorm, so that it functions as a folder containing
subfolders containing patient data to be processed. To create a new protocol from
the main interface click on File → "New protocol".

Figure 2. Create a new protocol.

2. Click File → "Edit Preference". Select the SPM12 directories and scale the
interface to 125%.
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Figure 3. Edit preferences.

Once the above steps were performed, we applied the direct model to the patients in the
database; the direct problem solving refers to the modeling of the electromagnetic
properties of the head and the sensor array. All the steps below were performed with the
help of Brainstorm software for each of the subjects described above.

Locate yourself in the anatomy interface:

1. Right-click on the protocol name → "New Subject". Create a new subject, keeping
the "Defaults" values of the protocol.

Figure 4. Click on "Next Subject".
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Figure 5. Create a Subject.

2. Load the subject anatomy, right click on the subject name → "Import MRI". Select
files of type "MRI: DICOM (SPM converter)" and apply the volume.

Figure 6. Click on "Import MRI".
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Figure 7. MRI Selected.

Figure 8. MRI Imported.

3. Select the fiducials on the MRI to align the different files, right click on the loaded
MRI of the subject → "Edit MRI", once the fiducials are selected, save.
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Figure 9. Click on "Edit MRI".

The Nasion (NAS), left ear (LPA) and right ear (RPA) points are used to define
the subject coordinate system (SCS) and record the EEG sensors, the anterior
commissure (AC), posterior commissure (PC) and any interhemispheric (HI)
points are used to align an individual subject's anatomical annotation with the
anatomical templates.
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Figure 10. Placement of fiducials in coronal, sagittal and axial planes. a) Nasion (NAS), b) Left ear
(LPA), c) Right ear (RPA), d) Anterior commissure (AC), e) Posterior commissure (PC), f)

Interhemispheric space (IH).

4. Normalize the MRI to obtain the MNI coordinates, right click on the loaded MRI of
the subject → "MNI normalization" → "maff8".

Figure 11. Click in "MRI normalization".
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Figure 12. Click on "maff8" for normalization of MRI.

5. Right click on the subject name → "MRI segmentation" → "Generate head
Surface", keeping the values "Defaults".

Figure 13. Click in "MRI segmentation" → "Generate head Surface"

Figure 14. Head Surface params.
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Figure 15. Generate head Surface.

6. Right click on the subject name → "MRI segmentation" → "SMP12: Tissues, MNI
Normalization".

Figure 16. "MRI segmentation" → "SMP12: Tissues, MNI Normalization".
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Figure 17. SMP12: Tissues, MNI Normalization.

7. Right click on the loaded MRI of the subject → "SPM canonical surface" and select
the resolution "20484", in this way, we obtain different brain structures such as the
internal/external part of the skull and the cerebral cortex.

Figure 18. Click in "SPM12 canonical surface".
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Figure 19. Click in "20484" for the cortex surface resolution.

Figure 20. SPM Canonical Surface.

8. Right click on the subject name → "Generate BEM surface", select "BrainStorm"
and then select the number of vertices "2562" for scalp, outer skull and inner skull,
keeping the value of skull (mm) by "Default".

Figure 21. Click in "Generate BEM surface".
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Figure 22. Click on "BrainStorm"  of BEM mesh generation method.

Figure 23. Click on "2562" in scalp, outer skull and inner skull of BEM surfaces options.

Once patient MRIs were obtained and imported from the database, we applied the inverse
model; solving the inverse problem refers to estimating sources from recording logs.

Locate in the "Functional Data" interface:

9. Load the subject's EEG data, right click on the subject's name → "Review Raw
File". Select the P300 data matrix (obtained from the average of the epochs) of
type "MEG/EEG: FieldTrip (*.mat).

Figure 24. Click on "Review raw file ".
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Figure 25. Click in files of type "MEG/EEG: FieldTrip (*.mat).

10. When selecting the channel information in "FieldTrip channels" we can see that
there is a default information, however, the channel information is not real.
Therefore, load the real information of the 60 channels; right click on "FieldTrip
channels" " → Add EEG positions" → "Import from file", select the file type "EEG:
ASCII: Name, XYZ(*.*)".

You will probably get a message to adjust units, click on "0.1" and then align the
position of the electrodes with the MRI, click on "Yes".

Figure 26. Click in "Add EEG positions" → "Import from file".
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Figure 27. Click in files of type "EEG: ASCII: Name, XYZ(*.*)"

Figure 28. Click in "0,1" to adjust units.

Figure 29. Click in "Yes" to align the sensors.

11. Align the position of the channels and the surface of the head. Right click on
"FieldTrip channels" → "MRI registration" → "Edit". Once inside click on "Refine
registration using head points", then click on "Project electrodes on Surface" and
save.
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Figure 30. Click on "MRI registration " → "Edit ".

Figure 31. Click in "Refine registration using head points".
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Figure 32. Click on "Project electrodes on surface ".

Figure 33. Save changes.

12. Right click on "FieldTrip channels" → "Compute Head Model."

Figure 34. Click in "Compute Head Model".
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Figure 35.  "Compute Head Model" params.

Figure 36. OpenMEEG BEM.

13. Right click on "Link to raw file" → "Noise Covariance" → "Compute from
recordings". Selected in Baseline  '-400ms' to '-2ms'.
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Figure 37. Click on "Noise Covariance" → "Compute from recordings".

Figure 38. Baseline parameters of Noise Covariance.



Pàg. 62 Memory

Figure 39. Noise Covariance.

14. Right click on "Link to raw file" → "Data Covariance" → "Compute from
recordings". Select Baseline from '-400ms' to '-2ms' and Data from '0ms' to
'750ms'.

Figure 40. Click on "Data covariance" → "Compute from recordings".
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Figure 41. Baseline and Data paraments of Data Covariance.

Figure 42. Data Covariance.

15. To compute the sources, right click on "Link to raw file" "Compute sources [2018].
Once inside, in the 'Method' option select the "Minimum norm imaging", in the
'Measure' option select "Current density map" and in the 'Source model.Dipole
orientation' option select "Unconstrained". Repeat this step to calculate the
measurement types "Current density map", "dSPM", "sLORETA".
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Figure 43. Click in "Compute sources [2018]".

Figure 44. Source calculation ""Current Density Map".
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Figure 45. Sources.
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Appendix II - Code to calculate latency

% Code to remove latency from the P300
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% P300 signal is loaded
load ('/Users/alex/Desktop/EDNA/3erCUATRIMESTRE/Data/NEW/P2149.mat')
% Represented (optional)
figure
plot(av_S3.time,av_S3.avg')

% The latency of the P300 has been detected: The maximum in the Pz channel is searched for in
% the window [200-600]:

% Define the time window for the P300:
P300_window = [0.2 0.6];

% Extract the P300_window indexes
P300_win_index = [min(find(av_S3.time > P300_window(1))) : max(find(av_S3.time <
P300_window(2)))];

% Search the maximum in absolute value for each channel:
[Latency_P300.amplitude, aux_sample] = max(abs(av_S3.avg(:,P300_win_index)),[],2);

% The sample and the time corresponding to this sample are obtained.
Latency_P300.sample = aux_sample + P300_win_index(1)-1;

% Obtain the time value that corresponds this sample
Latency_P300.time = av_S3.time(Latency_P300.sample);

% The latency in the Pz channel is taken:
index_Pz = 24;

Latencia_P300 = Latency_P300.time(index_Pz)

% On this value, you subtract and add 100ms to make the window.
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Appendix III - Guide to processing of models for
results/ statistical analysis with BrainStorm.

Once the latency values have been obtained for each subject and the corresponding
window has been indicated, we proceed to perform the following steps for each of the
subjects.

1. Select all sources of a subject.

Figure 1. Sources selected.

2. Drag the selected models into the "File to process: Results" Process 1 and click on
"Run".
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Figure 2. Sources dragged.

3. Click on the wheel button → "Average" → "Average time" and set the window to
±100ms according to the latency value.

Figure 3. Average time.
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Figure 4. Values of the window.

Figure 5. Average sources.

Once the above steps have been carried out, and the inverse models have been obtained
depending on a given window of interest, the comparison between the control group and
patients is made.

4. Select the MN:EEG Average model of each subject in the control group and drag it
to "Files A: Results" Process 2; Select the MN:EEG model of each subject in the
patient group and drag it to "Files B: Data" Process 2.
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Figure 6. Average source MN: EEG control group.

Figure 7. Average source MN: EEG patients’ group.

5. Click on "Run", click on the wheel button → "Test" → "Parametric Test:
Independent" and indicate in the window "All files" and test statistic "Student's
t-test (equal variance)".
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Figure 8. Parametric test: Independent.

Figure 9. Test statistic: Student's t-test, Parametric test: Independent.
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6. Click on "Run", click on the wheel button → "Test" → "Permutation Test:
Independent" and indicate in the window "All files" and test statistic "Student's
t-test (equal variance)".

Figure 10. Permutation test: Independent.

Figure 11. Test statistic: Student's t-test, Permutation test: Independent.
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7. Repeat steps 4,5,6 for each of the remaining sources.

Figure 12. Group analysis.


