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ABSTRACT

Transcranial magnetic stimulation (TMS) is a technique that stimulates the brain using electromagnetic

pulses. This technology has a wide range of uses, from the treatment of certain pathologies, such as

drug-resistant depression, to its use in research related to neuronal functionality. Serial dependence

refers to a cognitive phenomenon where an individual's perception, or memory of a current stimulus, is

influenced by the previous stimulus. This thesis consisted of an experiment involving 12 participants in

which TMS was used to study the nature of serial dependence in spatial working memory (WM) as part

of the line of research on serial dependence carried out by the Compte Lab. Participants performed a

WM task while we applied TMS stimulation and we collected behavioral and EEG data. With the

support of previous work, this thesis seeks to provide additional data and establish a direction for future

analyses and studies in the field. Therefore, the objectives of this thesis are: firstly, to replicate the

results previously obtained by the Compte Lab in order to strengthen the hypotheses put forward with

regard to serial dependency and the effect that the TMS pulse has on it [5]. Secondly, to conduct new

analyses with respect to the side the brain is being stimulated and the visual hemifield of stimulus

appearance. Finally, to obtain the electroencephalogram (EEG) to investigate neural responses to TMS

pulses in this task. The objectives of replication of the results with respect to temporality were met, but

future analysis of the EEG data obtained is required to corroborate them. The objectives regarding the

validation of previous results on the hemifields in which the stimuli appear were also met. No robust

conclusions could be drawn regarding the effect of TMS when it was applied in one hemisphere or the

other. This was due to the fact that the dataset was divided into too many different subgroups. With so

few data per subplot, it was not possible to draw conclusions. The goal of conducting the experiment

and obtaining EEG data in each session was successfully achieved.

Key words: Behavior Analysis, Biomedical Engineering, Neural Mechanisms, Serial Dependence,

TMS, Working Memory.
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1. INTRODUCTION

The brain is the organ that enables us to feel, think and perform all other kinds of functions, both

cognitive and many others which regulate the rest of the human body. It is made up of hundreds of

millions of neurons that communicate through electrical stimuli and chemical signals to create, in a

coordinated way, what is arguably the most complex object in the universe.

Embedded in human nature is the unstoppable drive to satisfy curiosity and gain a greater

understanding of both the environment in which we live and ourselves. One of the greatest questions

that mankind has asked itself since the beginning of time is as simple yet fundamental as: Who are we?

Understanding the nature of the self has been one of the greatest brainteasers of philosophers,

physicians, physicists and most, if not all, human beings who have ever walked the Earth. Within the

self, consciousness, which is the most obvious and mysterious feature of our mind, is the one of

greatest interest [1].

Historically, WM has been seen to be strongly linked to consciousness. The ability to temporarily store

and manipulate information forms the basis of what it is considered to be the attributes of

consciousness. However, it should be noted that recently it has been shown that WM also operates

outside the consciousness domain, as it functions in areas of the unconscious [2]. Therefore, it is clear

that going deeper and obtaining answers about the very nature of WM will make a contribution in the

direction of a better understanding of what is called consciousness and, consequently, who we are.

Technological advances have helped us gain a better understanding of the anatomy and functioning of

the brain. There are tools that are used to obtain neuronal signals, monitor and diagnose, such as

different types of scanners or the EEG, and others that are employed to stimulate and treat the organ,

such as the TMS. The latter, besides being a tool for treating certain neurological pathologies such as

treatment-resistant depression [3], has also proven to be a very useful tool for studying the brain's

functionality [4].

Here, it is pertinent to acknowledge the importance of the profile of the Biomedical Engineer. During

these years we have been trained in such a manner that we have obtained a biological knowledge base

which allows us to understand the bases of these kinds of problems, and at the same time we have

also been instructed in the technological field to obtain optimal solutions for each scenario. In this study

we will use techniques such as MRI, EEG, EMG, TMS and a set of technologies to obtain and study

different signals directly involved in spatial WM, which will consequently allow us to study the nature of

this kind of memory and, in a way, contribute to the understanding of who we are.
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1.1 Motivation and Origin of the project

This project is born out of the groundwork established by the research that the Compte lab has carried

out previously on the subject of spatial WM, and on the work I had done in my internship with them,

which consisted on designing and refining the clinical case planning, looking at all the limitations and

studying the different alternatives to overcome them, as well as learning to use the different laboratory

machinery, and dealing with the recruitment and scanning of the subjects who were submitted to the

trial.

In the search for answers to understand in greater depth the neurological mechanisms that govern

spatial WM, this collaborative work between IDIBAPS and the Hospital Clinic (which is part of the UB),

aims to be able to continue contributing to a line of research carried out at IDIBAPS under the tutelage

of Albert Compte, with the final aim of filling gaps in the literature in relation to serial dependence in the

spatial WM (see definitions in section 2.1), as well as to verify certain theories on the topic and to shed

more light on the possibility of identifying biomarkers for anti-NMDAR encephalitis, schizophrenia and

other disorders related to the hypofunction of NMDAR.

1.2 Objectives

There are three main objectives in this thesis. They are based on expanding and validating data

obtained from previous studies by the Compte lab. These three objectives are the following:

- Validation of previous results: to replicate the TMS experiment that the team conducted earlier

to address the mechanisms governing serial biases in spatial WM [5]. More data is needed and

further analysis to be able to validate these results.

- Bilateral and hemispheric dominance: to extend the previous TMS study, as there was only

TMS stimulation on the right cerebral hemisphere [5]. In this way, the establishment of a better

basis for bilaterality in WM will be possible. Based on the behavioral results obtained just by

stimulating one side, the goal is to verify if these results are generalized when stimulating the

other hemisphere. There are also different questions that need to be addressed, such as

whether there is a predominant side when it comes to spatial WM, or whether hemispheric

dominance shows individual differences in which it can be observe that the hemisphere in

which WM has a greater influence varies according to the hemispheric dominance of each

subject.

- Neural basis of spatial WM perturbations: to lay the groundwork for future work and analysis.

The previous study had no registration of EEG signals during the TMS stimulation [5]. This

experiment is aimed to settle the basis for further investigation on how perturbations of spatial

WM are reflected at the neural level. Therefore in this experiment the EEG helmet will be

added to obtain more signals, not only to understand how both hemispheres communicate
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between them as previously mentioned, but also of the mechanisms governing serial biases in

spatial WM. Analysis of this data is beyond the scope of this thesis.

This will be done through a volunteer recruitment, data collection and subsequent analysis of the

behavioral data. It is important to remark that this is an hypothesis-based study, as it is aimed to

replicate exploratory findings that the group made with respect to the laterality of spatial biases. The

previous studies on which this thesis is built are explained in detail in section 2.2 State of the Art.

1.4 Limitations

In order to carry out this project, a set of limitations in several different areas were encountered.

Primarily there was a time limitation, as the final degree project subject has a deadline for the project

set in June 2023 and therefore it is not possible to exceed it in time. Within the time constraints, the

availability of the experimentation room was also an important limitation. It being a shared laboratory in

which different projects are carried out, on certain occasions this issue has limited our use of it. There

were also limitations encountered when it came to learning how to work in the lab, as the staff who had

to instruct me and myself had to fit in the same timetable, and often the inability to coincide delayed the

project.

As a result of the cyber-attack on the Hospital Clínic in March of 2023, our project suffered limitations

both in communication and in obtaining certain data, which slowed down the project. In addition, the

space of the laboratory and its distribution forced us to readjust the project from our main idea, as it

limited our ability to move the TMS machine or its positioning (see section 6.2). Finally, when dealing

with software, each one has its own particular limitations, but none of them were noticeable constraints.

1.5 Location of the project

The project has been carried out in different locations. The offices in the Brain Circuits and Behaviour

Lab and IDIBAPS offices at the Esther Koplowitz Centre were used to meet, discuss the different

aspects of the project, check the progress and employ the different equipment (computers,

photocopiers, etc.). It was also used the MRI room number 23, on the ground floor of the Hospital

Clinic, which hosts the MR scanner used for research purposes. Finally, the TMS experiment was

carried out at the UB Faculty of Medicine, specifically in the laboratory of David Bartrés located in the

Department of Psychiatry and Clinical Psychobiology, Psychology Unit (5701), which is part of the

Institute of Neurosciences of the Universitat de Barcelona. In this laboratory, I was taught by Rubén

Perellón on how to handle all the machinery necessary to carry out the experiments. The data analysis

and the Python coding was carried out at home.
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2. BACKGROUND

In order to understand the fundamental concepts on which the work is based, as well as the context in

which it is set, it is important to expose the main ideas that constitute the academic framework of the

thesis. To enable the reader a correct reading of the work and an understanding of the ideas that will be

presented in point 2.2 State of the Art, some definitions of technical terms that will later be used are

described beforehand (2.1 General Concepts).

2.1 General Concepts

As mentioned before, here certain concepts which are worth understanding before reading the work

that has been carried out will be explained. The idea is to clarify technical concepts which the reader

may not be familiar with beforehand.

2.1.1 Working Memory

WM is a term that refers to a system in the brain that provides the ability to manipulate and temporarily

store information needed to perform cognitively complex tasks, such as reasoning, learning or

understanding language [6]. It must be understood that there are differences between WM, short-term

memory and long-term memory. The difference between long-term and short-term memory is that

short-term memory has demonstrated temporal decay and chunking capacity limits. It is more difficult to

differentiate between WM and short-term memory, as it depends on one of three different definitions

given in the literature, which conceive of WM in relation to short-term memory as: short-term memory

applied to cognitive tasks, a multicomponent system that maintains and manipulates short-term

information, and as the use of attention to manage short-term memory [7]. For the purposes of this

thesis, we do not further emphasize the difference between these terms, as we are only concerned with

memory maintenance.

2.1.2 Spatial Memory

Spatial memory involves the storage and recall of information in the brain related to the representation

of the environment in memory. This helps to plan a route to a desired place, remember the location of a

specific object (crucial in this project) or recall where an event occurred [8]. This thesis is interested in

spatial WM. This refers to the part of spatial memory devoted to short-term storage, maintenance and

manipulation.
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2.1.3 Spatial Working Memory Tasks

These tasks are intended to measure an individual's capability to maintain and manipulate information

in the face of distractions or competing demands for attention. Subjects are shown visual stimuli on a

screen for a brief stimulation time. Then the stimulus is removed and, after a memory delay, the subject

must indicate where the stimulus appeared. The time between the moment where the stimulus is

removed and the moment when the subject is allowed to make a response is known as the ‘Delay

Period’.

2.1.4 Serial Dependence in Visual Perception

Visual serial dependence refers to the bias caused by a previously sensed visual stimulus. It occurs

because the memory of a previous event induces an error in the subject's memory, affecting the report

of the current stimulus. The nature of this effect is still under investigation. Research has established

that the bias does not just depend on one stimulus directly affecting the next stimulus because of the

timing of their appearance, but also because of the similarity of both visual stimuli [9].

2.1.5 Dorsolateral Prefrontal Cortex

The brain is divided in two hemispheres, the left and the right. Each hemisphere has a set of fissures

(sulci) that subdivide the cerebral cortex (cerebral gray matter that covers the hemispheres of the brain)

into different lobes according to their function. The six distinct lobes in the human brain are: the frontal

lobe, the parietal lobe, the occipital lobe, the temporal lobe, the insular lobe and the limbic lobe [10].

Our point of interest lies around the frontal lobe. This lobe is involved in motor and language functions,

as well as in various cognitive processes, such as memory, attention and executive functions. It is also

of great importance in mood, personality and moral and social reasoning [11]. In it the prefrontal cortex

(PFC) is found, which is the largest part of the frontal lobe [12]. More specifically this study wants to set

the focus on a subregion of the PFC, the dlPFC. This region undergoes a prolonged maturation period

that lasts until adulthood [13]. It is a functional region of great importance because it connects to

various brain and pathway areas, for example, it is the end point of the dorsal pathway, which is of great

importance to how we interact with stimuli in space [14]. It is involved in executive functions, which

include planning, cognitive flexibility and, for our interest, WM [15].
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2.1.6 Persistent Activity

When a stimulus appears, the brain reacts upon it and neurological activity occurs as a consequence.

Persistent activity refers to supra-threshold neural activity that remains after the stimulus itself has

disappeared. It is a substantial change in the discharge of action potentials which overlasts the stimulus

[16].

2.1.7 Decoding Neuronal Activity & Decoding Strength

In this context, decoding refers to the ability to obtain, through the use of computational algorithms,

information about the brain activity taking place at a specific location. Decoding strength refers to the

accuracy and reliability of the decoding process. In other words, it gives the degree to which, given a

pattern of neural activity, the content of the WM can be efficiently extracted.

This concept can be clarified by looking at its mathematical formulation, with the equation .𝑦 ∽ 𝑤 · 𝑥 
‘y’ corresponds to the behavior or task, which is proportional to the decoder (w) multiplied by the neural

activity (x). This enables to illustrate that decoding refers to the ability to obtain information about a

behavior, such as the memorization of a visual stimulus on a screen, by studying the neural activity

associated with that specific behavior.

2.1.8 Attractor Dynamics

In the field of neuroscience, "attractor dynamics” is understood as the collective neuronal network

function that enables the stabilization of information encoding. It is a plausible mechanism for WM in

dlPFC, as these neurons not only respond to the stimulus, they remain active during the Delay period,

when the stimulus is no longer present. This activity represents the information about the stimulus

being held in memory. The full understanding of this phenomenon is still to be achieved [17][18].

‘Attractor-based’ mechanics are thought to be the processes that create and maintain persistent activity

states.

2.1.9 Bump Attractor Dynamics

In experiments with monkeys, a relationship has been observed between the precision in recalling

information and the variability of PFC activity. When recalling a spatial location, a "bump" of neural

activity representing that location is established in the PFC. Attractor dynamics provides a framework to

understand this mechanistically in what is termed a “bump attractor” model. The precision of the
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memory is determined by the size and stability of that attractor [19]. This “bump” appears because a

model of neurons that respond to similar stimuli excite each other effectively, while neurons that

respond to different stimuli inhibit each other. This creates a network structure where neurons with

similar selectivity are strongly connected and located close to each other, forming a ring-like pattern

(Figure 1a). Neurons that have less similarity in their selectivity have weaker connections and are

located further apart on the ring. The inhibitory connections in the network provide a constant level of

inhibition throughout the network. The tuning curves of the neurons involved reflect a continuous

representation of space (Figure 1b). This suggests that the neural activity patterns in the PFC exhibit a

smooth and continuous representation of spatial information during WM tasks [20].

Figure 1. Bump attractor model a) Ring-like pattern of neurons with similar b) Bump of neural activity during the
task. The bump appears in the cue ‘C’, time when the stimulus is presented, it is maintained during the delay ‘D’

and it disappears after the response ‘R’. Adapted from [21].

2.1.10 Activity-Silent

An alternative framework for WM maintenance was proposed by Mark Stokes [22]. According to this

approach, WM representations are not encoded by persistent spike activity patterns, but instead by

plastic synaptic modifications that are continuously updated by inputs from other brain regions. This

allows the prefrontal cortex to maintain information in WM even when external stimulation is absent.

This form of WM is what Stokes defines as ‘actively-silent’, because the memory is not reflected in

spiking neuronal activity. Unlike 'actively-maintained' WM, in which persistent activity emerges because

attention is focused on immediately relevant information, 'activity-silent' WM can hold multiple

representations simultaneously in a distributed manner. ‘Activity-silent’ mechanisms are ongoing,

low-level selective processes, which are present even with no external input or task-related activity.

2.1.11 Transcranial Magnetic Stimulation (TMS)

TMS is a non-invasive procedure which consists in directly stimulating the nerve cells in the brain with

electromagnetic pulses that are generated by a coil [23]. These pulses produce a weak electrical
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current that can increase or decrease the neuronal activity in specific parts of the brain. At a clinical

level, doctors are still learning to optimize the use of TMS, but it has been shown that it can be a useful

tool for different mental disorders. For example, some men and women with depression can achieve

improvements with TMS treatments when they do not respond to medication or psychotherapy [24]. It is

also a very useful tool used in research.

2.1.12 Resting Motor Threshold (RMT)

RMT is understood as the stimulus intensity that causes a minimum motor response in a resting muscle

during single TMS pulses applied over the motor hotspot. TMS studies use this parameter to

understand the power with which subjects are to be stimulated during experiments. It should be

obtained at the beginning of each experiment as there are variations between subjects (thickness of the

different tissues, amount of hair, potential needed for stimulation, etc.) and variation for the same

subject depending on the moment of stimulation [25].

2.2 State of the Art

This work is conceived to fill gaps in the literature and to continue in the line of research related to

spatial WM that is carried out at IDIBAPS in Albert Compte's team. Therefore, here I will explain in

depth where this research stands, emphasizing those studies that are of direct relevance to this thesis.

2.2.1 Neural basis of serial dependence studied in humans using TMS

Historically, the mechanism governing WM has always been thought to be persistent neuronal spiking.

Albert Compte's team, led by João Barbosa, proved by studying monkeys and humans that there is an

interaction between attractor dynamics that control neural spiking during mnemonic periods (learning

periods) and activity-silent mechanisms in the PFC, which result in neural reactivations of old

memories, causing biases in subsequent stimulus memories. This mechanism has been proposed to

underlie serial dependence [5]. To study the effect of these reactivations, they carried out a spatial WM

task and applied TMS pulses randomly to influence serial dependence.

The task itself is based on a series of steps that are repeated for each trial. It starts with a fixation

period, in which the mouse cannot be moved from the center of the screen; then the subject is

stimulated with a single-pulse TMS in randomly selected trials; then comes the cue, which is the period

in which the visual stimulus appears on the screen (this stimulus is a dot or a square that
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pseudo-randomly shows up at any point on the circumference of the fixation site at a predetermined

radius); once the stimulus disappears there is a delay period in which the mouse remains fixed in the

center of the screen, and finally there is the response period in which the cursor can move and the

subject presses on the place where they consider that the stimulus has appeared. When the subject

responds, the mouse can be moved back to the center of the screen and the next trial begins. With this

task it is possible to study the serial error, which is the error in the response due to the intervention of

the memory of a previous stimulus, and with the EEG it is also possible to study the neuronal activation

during the different moments of the task and the underlying mechanisms at each moment [5].

Figure 2. Spatial working memory task a) Successive steps of spatial WM task b) Neural activity during the task.
Adapted from [5].

Electrophysiological data recorded in this task has helped clarify a number of questions surrounding

spatial biases in WM. It has proved the interaction between bump-attractor dynamics, responsible for

activity-based mechanisms, and activity-silent mechanisms in the PFC, whose purpose is to retain

information in the PFC and is reactivated with previous stimuli in the spatial WM. In this type of task, it

is seen that the delay period is characterized by bump-attractor dynamics in the monkey PFC, which

correlates with behavioral precision (Figure 1b). This activity disappears between trials and is

reactivated before the next trial, which will enhance the bias. It is the activity-silent mechanisms that

carry information from one trial to the next, linking periods of persistent activity that are a priori

disconnected from one another. The delay-period attractor dynamics imprints activity-silent

mechanisms that retain information between trials and allow reactivations to recapitulate attractor

states. This is shown in Figure 3.
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Figure 3. Simulation of neural activity across trials. Two different bump attractors after both stimuli are seen. The
interesting thing is how the first bump disappears after the response is given, but it has a little reactivation before

the second stimulus, causing a spatial bias. Adapted from [5].

In the following graph (Image 4), simulations of a computational model that implements this mechanism

show the rate tuning (black line) and the synaptic tuning (blue line) in a neural network model designed

to perform this task. It is clear that in the mnemonic period both are at their maximum, due to the

persistent bump-attractor activity. After this period, the neurons encounter a hyperpolarizing input that

resets the baseline level of the network state for the duration of the ITI (blue triangle). What this reflects

is the absence of fire-rate tuning, but the synaptic tuning remains, although there is a decay. This

synaptic tuning permanence allows for a rate tuning reactivation due to a nonspecific input drive (light

blue line). Importantly, simulations and experimental data show that these reactivations are linked to

increased serial dependance [5].

Figure 4. Rate and synaptic tuning during DELAY period [5]. Mnemonic period (red triangle), inter-trial interval
(blue triangle) and reactivation (yellow triangle).

The use of TMS has shown that there are memory reactivations when applied in the delay period if

those memories are behaviorally relevant. Without TMS it is seen that there is an attractor behavior per

se. This means that when there is a certain spatial distance between one stimulus and the next, the

response to the second stimulus will have an error, a certain shift, and will tend towards the previous

stimulus (attractor effect). This is due to the mechanisms discussed above. This shift towards the

position where the previous stimulus was memorized is evidence that there are remnants of the
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memory of the previous stimulus when dealing with the current stimulus. Whether these areas have the

function of suppressing non-beneficial evolutionary elements to minimize performance degradation or

whether they instead highlight and promote adaptive biases, maintaining the visual representation of

the stimulus, is still being studied [27].

Enhanced serial biases after reactivating latent traces from earlier memories are consistent with the

view that biases are the by-product of memory-supporting processes. The trace left by the

bump-attractor dynamics in the form of activity-silent mechanisms can be reactivated, which causes an

error bias towards the earlier memory. This was causally demonstrated by applying a single pulse TMS

to the fixation periods in the dlPFC, which caused more serial bias. It was tested without TMS, with

weak drive (70% of the RMT) and with strong drive (130% of the RMT). As can be seen in Figure 5b,

the no drive has the expected shape of the serial bias (as in Figure 5a), while the weak drive increases

the bias and the strong drive cancels it out. The hypothesis is based on the fact that the weak drive is

able to reinforce the 'actively-silent mechanism', thus making bump attraction stronger. In contrast, the

strong drive stimulates too much, not only the neural region where the actively-silent mechanism is

located, therefore there is no trace that biases the next bump-attractor dynamics, the whole region will

have the same predisposition to reactivate and therefore no bias is observed.

Figure 5. Serial bias a) Serial bias observed in humans b) Serial bias in three different scenarios. Adapted from
[5].

Using TMS it was found causal evidence showing that reactivation in the PFC during the fixation-period

of activity-silent trance promotes attractive serial biases. This study suggests that these interactions go

further and may underlie how memory storage processes work at different time scales. The study has

shown an active role of the PFC in generating serial biases, rather than suppressing them as previously

thought. This may be because the PFC could generate biases either as a by-product of stable memory

retention or actively, in circumstances where past memory traces are behaviorally adaptive;

alternatively, strong PFC activation would suppress maladaptive memory remnants in situations where

biases are particularly detrimental to behavioral performance, as it was explained in the weak and

strong TMS.
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This study has yielded very interesting results, but it is necessary to collect new data to give validity and

support the conclusions drawn. In particular brain responses were not recorded in TMS experiments

before and the unilateral stimulation prevents exploring the laterality dimension of serial biases.

Therefore, this thesis will be carried out to collect EEG to be studied in subsequent doctoral theses,

while behavioral results will be analyzed in this study.

2.2.2 Laterality of serial biases

Within the question of identifying the neural basis of serial biases, a question of high interest concerns

hemispheric-specific basis of serial biases. Again Albert Compte's team, this time led by Melanie

Tschiersch, tries to study the laterality of serial biases by studying the effect of the TMS pulse

separately when stimuli are presented in one visual hemifield or the other. In the previous study [5],

only the right cerebral hemisphere was stimulated using TMS. It would be necessary to see the

performance when both hemispheres are stimulated in the same subject, to be able to test whether

each subject presents a dominant hemisphere or whether there is a dominant hemisphere generalized

throughout the whole dataset with regard to serial biases in spatial WM. Logic suggests that, being a

quality derived from visual stimuli (and visual stimuli can appear from any way in the field of vision), it

should be a homogeneous quality across both hemispheres.

In Figure 6, it can be seen how the visual field is processed by the brain. It can be observed that the left

visual field is processed in the right cerebral hemisphere and vice versa with the right. However, for this

information to arrive correctly, the left eye sends information about the left field of vision to the right

hemisphere through the optic chiasma (contralateral), while the information about the right field

collected by the left eye is sent directly to the primary visual cortex of the same cerebral hemisphere

(ipsilateral). The same happens with the right eye in the opposite way, as it is shown in the image.

Laterality remains prominent in the early stages of visual cortical processing but progressively reduces

as more associative areas are recruited and higher order areas only retain small lateral biases.

Figure 6. Visual pathways and visual field [26].
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As mentioned above, in the team's previous work, TMS stimulation was only applied to the right

hemisphere of the brain. Therefore, it has only been possible to study the behavioral results (the

quantitative error of where the user pressed on the screen with respect to the real stimulus) when

stimulation was performed on this side of the brain. In any case, the results obtained are very

interesting. Analysis can be performed to identify differential effects when stimuli are presented contra-

or ipsilateral to the TMS hemisphere.

It is observed that when there is stimulation on the side where the next stimulus will be presented, it is

seen an increase in serial bias, whether the previous stimulus was on the same side (Figure 7, upper

left graph) or the previous stimulus was on the opposite side (middle left graph). This means that,

although contralaterally stronger spatial WM mechanisms are produced, ipsilaterally these mechanisms

are also triggered. However, when stimulating in the hemisphere opposite to the one in which the next

stimulus will appear, it is observed that the serial bias does not occur (Figure 7, right graphs). It is

therefore concluded that there is a connection between the two hemispheres in the delay period, but it

can be seen that in the fixation period there is no longer a strong connection between the two

hemispheres.

Figure 7. Effect of TMS on serial dependence and laterality of visual stimuli. On the left side: graph when
previous and current stimulus are on the same hemisphere as the TMS stimulus (top), graph when previous

stimulus is on the other side (middle), overlapping of these two graphs (bottom). On the right side the same, but
when the current stimulus is in the other hemisphere.

All this suggests the idea that there are two anatomical zones, one in each cerebral hemisphere, in

which the anatomical structures that carry out the neural mechanisms of spatial WM are found. These

would be two independent anatomical and functional areas, but which are in turn connected to each

other (Figure 8). What is not known is what would happen when TMS stimulation is alternated between

the two brain hemispheres, and more data is needed in order to correctly understand the neuronal

mechanics underlying these processes.
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Figure 8. Bump attractor dynamics and their connectedness.

2.2.2 Biomarker for schizophrenia, anti-NMDAR encephalitis and autism

Glutamate is a neurotransmitter that has the functionality to assist in pain perception processes,

environmental responses and also plays an important role in memory. One of the receptors it binds to

is the NMDA receptor. Certain analgesic drugs such as ketamine or PCP react with these receptors by

inhibiting them, resulting in hallucinations and memory loss. These receptors are relevant in various

memory mechanisms at different timescales, so they are important for WM [28].

Albert Compte's team has studied how the reduction of the serial biases discussed above suggest

deficits in synaptic potentiation in anti-NMDAR encephalitis and schizophrenia [29]. WM was studied in

healthy (control) participants, as well as in patients with schizophrenia and patients recovering from

anti-NMDAR encephalitis. These groups are of great interest for this study because in anti-NMDAR

encephalitis there will be a reduction in information retention capacity as this disease directly affects the

glutamate neurotransmitter. In turn, schizophrenia is linked to NMDAR hypofunction [30]. Therefore,

deficits in WM are expected to exist in both non-control groups.

The results obtained are very interesting (Figure 9). First, it was observed that for all groups, accuracy

decreases equally as the delay period increases (Figure 9a). Even more interestingly, it is observed that

there is a smaller bias towards earlier stimuli for patients in the two non-control groups, as expected

due to NMDAR hypofunction. This reduction in serial dependence demonstrates a selective disruption

between information carried from trial to trial. Anti-NMDAR encephalitis patients were also found to

have more similar biases to the control group of patients as they recovered, leading to a potential

correlation between psychotic symptoms and reduced serial dependence. Both the strength of positive

symptoms and alterations in serial dependence were greater in the schizophrenia group than in the

anti-NMDAR encephalitis group (Figure 9d).
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Figure 9. Serial dependance on control, schizophrenia and anti-NMDAR groups [27].

These results open a door to use this type of quantitative study as a biomarker for diseases related to

NMDAR hypofunction, which would also include patients with autism [31].
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3. MARKET ANALYSIS

In this section we will focus on the different areas related to the various research subjects and

technologies covered in this thesis, in order to see the market in which our research is located, as well

as the contribution that this thesis can make, in the short and long term, within these sectors.

3.1 Technological Sector

Within this sector, we will focus on the technique of TMS. The use of TMS as a tool has a direct

implication for the biotechnology and medical sector. To properly understand the functioning and

importance of TMS, a quick review of its history is necessary. The fundamentals of EM were formulated

by Michael Faraday and described mathematically by physicist James Clerk Maxwell in the 19th

century. Since then, both science and technology have made use of this branch of physics to innovate

and bring great advances to society. In 1959, EM began to be used to stimulate nerve tissue [32], laying

the foundations for the use of EM for nerve stimulation, whether for treatment, diagnostic or

investigative techniques. TMS is one of the technologies that has been developed on the basis of EM

phenomena. Initially this technique was used to study brain functionality and to map the motor cortex.

In 1995 it was shown that daily repetitive TMS improved the condition of patients with depression [33].

Since then, this tool has been used to try to help patients with different mental problems, such as OCD

or treatment-resistant depression. The advantage of using TMS is that it has few side effects compared

to other conventional treatments, but there is still a long way to go to explore the potential and to obtain

solid long-term results, as well as to develop well-standardized protocols for its application [34]. Figure

10 shows the number of annual articles published in PubMed regarding the TMS technique. It shows an

exponential increase with no sign of reaching its peak. Last year was the year with the most

publications, with a total of 1250 articles related to this technique. This indicates the importance and

potential that this technology has, and how this sector is booming. This project aims to contribute to this

sector, as we show the capabilities of this type of technology, promoting research into it and proposing

possible improvements.

Figure 10. Number of Articles related to TMS over the years. Adapted from Pubmed.
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3.2 Pharmaceutical and Medical Sector

The pharmaceutical and medical sectors can also benefit from the contributions of this thesis.

Schizophrenia still lacks a biomarker for a clear diagnosis [35]. To date, the diagnosis of schizophrenia

requires an assessment by a professional. This method of diagnosis is subject to possible human error

and will not be completely homogeneous, as well as complicating early detection. Laying a stronger

theoretical foundation for the possibility of developing a biomarker for the diseases schizophrenia and

anti-NMDAR encephalitis would bring immense benefits. On the schizophrenia side, it would provide

the basis for the development of an accurate biomarker, which would allow more accurate, earlier and

more homogeneous diagnoses to be made. For anti-NMDAR encephalitis, it would provide the basis for

a new biomarker, as well as a quantitative and alternative way of measuring patient recovery. By

improving diagnostics, it consequently opens the door to improved treatment and quality of life for

patients suffering from such diseases. It is therefore clear that there is great potential in these markets,

both for the improvement in the quality of life of these patients, as well as for the gains in terms of

money and logistics that this can generate by reducing the time and treatment needed by patients in

health centers. Pharmaceutical or biotechnological companies may benefit from patenting a biomarker

that can help to diagnose more effectively and at an earlier stage, as they would benefit financially from

this.

3.3 Academic Sector

As mentioned earlier, this is a scientific research work. It is for this reason that the main sector to which

this thesis is addressed is academia. The aim of this study is to broaden the knowledge base on TMS

and the rest of the technologies used, and especially on the neural basis of serial biases in spatial WM.

We can appreciate the surge in research in the field of serial dependence (Figure 11) and the academic

pursuit to better understand the mechanisms that govern serial biases and short-term memory.

Recently, new research has been done using different technologies such as MEG or fMRI [36][37].

Specifically, this thesis will provide information for Albert Compte's team and IDIBAPS to continue the

study of WM or similar areas in which this work can provide valuable knowledge.

Figure 11. Number of Articles related to ‘Serial dependence’ over the years. Adapted from Pubmed.
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4. CONCEPT ENGINEERING

In order to obtain the behavioral curves that determine the serial bias, it is necessary to perform a set of

steps, which are reflected in Figure 12. In this section each of these steps will be reviewed and the

various options available for each step will be examined, explaining why the final option was chosen.

But first, it will be broadly explained how the whole project was carried out.

Figure 12. Engineering organization of the project. The four different blocks have listed the different elements that
make them up.

At the start of the project, a thorough study of literature related to the subject of the thesis was

conducted in order to get to know the different concepts that would be treated later on. While finishing

the theoretical foundations study, it was agreed on the objectives of the project as well as on the

timeline that was going to be followed to carry out each step. To help us better organize the project, we

first created a WBS, which allowed us to create a Gantt diagram, see section 7.3. During the internship

period, everything needed for the project to prosper was carried out (understanding of the lab

equipment, code for the experiment, recruitment strategy for the subjects, etc.). Once the database of

all the subjects was obtained, each one took an MRI image of their brain. The MRIs were co-registered

and the subjects were called for the experiment. Each subject performed two experimental sessions of

approximately 3 hours each, where behavioral data as well as EEG signals were collected. The EEG

signal data were passed to IDIBAPS for further studies done by them, while the behavioral data on

serial biases were stored and analyzed for this thesis. Finally, the results have been presented both in

this paper and in the presentation slides that will be shown to the evaluation committee.
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4.1 Database

Once the subjects who volunteered to participate in this thesis had been recruited, the next step was to

obtain a brain image of each of them in order to neuronavigate and know where to position the TMS

coil to perform the stimulation. The MRI imaging technique has been used as it is the gold-standard

technique for obtaining high-resolution images of different tissues. Another option could be to use faster

methods to save time for the subject and the research, as well as to reduce the number of times the

subject has to visit the Hospital Clínic. When thinking about rapid imaging methods, the first proposal

may be to use US, as it is a non-invasive technique and has the capacity to obtain images in real time.

The major drawback of this technique is that the resolution is much lower than that of MRI and the adult

skull prevents the correct acquisition of the brain, so it is ruled out. Another possibility is CT scanning.

This imaging technique takes less than a second and has a high resolution. The problem with this

technique is that subjects are exposed to radiation doses. CT scanning is justified for diagnostic

purposes as long as it is necessary, but in this experiment, as the subjects are volunteers and the

images are needed for academic purposes, receiving radiation for getting an image just because it is

quicker is not justified, so this option is also ruled out [38].

Within the MRI technique, there are several different ways of imaging. T2 is the time it takes for protons

to lose phase cohesion and reflects the decay of the transverse magnetisation. T2-weighted images,

due to their water enhancing properties (H2O appears white), are often used to find abnormalities in

tissues, as they allow contrast between pathological and healthy tissues to be observed. T2* is a

variation of the T2 technique that takes into account magnetic inhomogeneities, which allows the

observation of deposition of iron-bearing components (e.g. neuromelanin). Consequently, this technique

is used to study conditions such as Parkinson's disease. FLAIR is a technique that selectively

suppresses signals from fluids, especially cerebrospinal fluid (CSF), while enhancing signals from other

tissues. It is often used to observe lesions that may escape view using T1 and T2 techniques. T1 is the

time it takes for protons to align with the magnetic field once they have been perturbed. T1-weighted

images are used to visualize anatomical details and give good contrast between different tissues [39].

Therefore, for this experiment, the need to appreciate brain anatomical detail and be able to

differentiate between different tissues, the T1-weighted technique is the chosen option. Figure 13

shows the different images obtained from the same subject using different MRI techniques.
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Figure 13. MRI images. From left to right: T1, T2, and FLAIR - weighted. Adapted from [40].

4.2 Data Acquisition

There are two signals that are desired to be collected during the experiments. The first is the neural

activation of the brain and at the same time it is also desired to collect the result of the error when

performing the task to which the subjects are exposed. The second signal is simpler to collect, as it

requires a program that stores the position in which the stimulus appears on the screen and the

position in which the subject has pressed their response. In contrast, to detect neural signals there are

a number of methods that can be used. Besides the acquisition of these two signals, which are

necessary since they will be analyzed, in the experiment it is also necessary to obtain the muscle

activation signals in order to establish the RMT at the beginning of each session.

4.2.1 Data acquisition on brain function

In this section, the different methods used to obtain information about neuronal functionality will be

evaluated and the advantages and disadvantages of each one will be discussed. This will establish

which is the optimal one for this thesis.

4.2.1.1 fMRI

The principle of the fMRI technique is based on detecting which areas of the brain are most active at

any given time, as these will receive increased blood flow due to the need for energy. fMRI detects

changes that are associated with blood flow in the brain to establish areas of activation [41]. The

advantages of this technique are that it is non-invasive, does not require radiation and has good spatial

resolution, but on the other hand it requires a dedicated room for its use, it is very expensive, the

patient must be completely still and it has a low temporal resolution. Therefore, it is not optimal for our

task, which involves fast time scales and requires simultaneous TMS.
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4.2.1.2 PET and SPECT

The PET imaging technique uses radioligands (chemical compounds that have radioactive decay and

can be traced as they change from reactants to products) to obtain functional images of the brain.

Depending on the tracer used, different processes in the body can be observed, so its functionality is

wide-ranging, from detecting certain cancers, to bone formation or measuring blood flow. It is widely

used in neuroimaging with radioligands such as oxygen-15 to measure blood flow in the brain [42]. The

disadvantages it has are the same as fMRI plus the fact that the subject has to receive certain doses of

radiation. The difference between PET and SPECT techniques is based on the chemicals and the

camera used, so the advantages and disadvantages of SPECT are very similar to those discussed

above for PET.

Figure 14. PET scan, MRI and fMRI. Respectively, from left to right. Adapted from [43].

4.2.1.3 Other techniques based on magnetic properties

NMR is a technique based on the principles of nuclear magnetic resonance. It detects magnetic fields

around atomic nuclei. It is non-invasive, has high spatial resolution and allows mapping of brain activity

by measuring changes in oxygen flow (like fMRI). Like other techniques discussed above, such as fMRI

or PET, the equipment is very expensive, can cause claustrophobic episodes and does not tolerate

movement of the subject. In addition, it takes time to perform the analysis of the area of interest. MEG

is another technique based on magnetic phenomena. In this case, it detects magnetic fields caused by

electrical currents in the brain. This requires liquid helium-cooled detectors that capture these magnetic

fields, which are worth several million [44]. It has a very high temporal resolution, covers activity

throughout the whole brain and is non-invasive. The drawbacks are that it has limited spatial resolution,

is sensitive to environmental noise (e.g. magnetic noise produced by electrical equipment), is

expensive and requires a specific environment.

4.2.1.4 Optical Techniques

The NIRS technique is based on detecting the location and activity of specific regions of the brain

where there has been a rapid change in blood volume through the optical absorption coefficients seen

by constantly monitoring hemoglobin levels in the blood. For these reasons, NIRS works well as a quick
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screen for possible brain hemorrhages or to study hemoglobin saturation in the microcirculation. The

advantages are that it has good temporal resolution, it is a non-invasive technique and the equipment is

not overly complex and tolerates certain movements of the subject. The disadvantages on the other

hand are that it has a low penetration capacity, so it captures better information from the cortex but has

difficulty obtaining information from deeper regions in the brain, and it also has a rather limited spatial

resolution [45]. EROS is a technique similar to NIRS. In this case, EROS measures changes in

scattering and absorption of light in response to neuronal activity. It has excellent temporal resolution

and better spatial resolution than NIRS, but the low penetration capability is inferior even to NIRS [24].

4.2.1.5 Surgical Approach

The ECoG technique records electrical activity by placing electrodes directly on the subject's brain. For

this reason, the temporal resolution is extremely high and the spatial resolution is also excellent. It

allows a direct measurement of neuronal activity and it can be used for long-term monitoring. For these

reasons, it is a highly resolute technique for certain diagnoses, such as establishing epileptogenic

zones [46]. However, due to the invasiveness of the process, it is totally dismissed for this study.

Figure 15. ECoG during brain surgery. Adapted from [47].

4.2.1.6 Selected option: EEG

The technique to be used in this experiment for obtaining neurological data is EEG. It is more

cost-effective than most other techniques, and the hardware required is very simple. It allows for some

movement of the subject without critically compromising the data, whereas some imaging techniques

do not. In the experiment conducted in this thesis, knowing temporally what is happening at any given

moment is vital, as it is necessary to analyze what is occurring at precise moments in time. It is

non-invasive and non-harmful, as it does not require radiation doses or surgery. Other factors such as

the fact that EEG is not prone to cause claustrophobic episodes lend further weight to this technique,

and it is also the most comfortable technique for the subject, as they simply wear the EEG helmet,

which is not uncomfortable. It is easy to obtain, store and process the information collected by the

different electrodes, while spatial 3D techniques have thousands to millions of times more data stream
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inputs, so they are limited by hardware and software [48]. With respect to EROS, EEG provides better

temporal resolution and has been in the industry for much longer, so there is more information and

studies with this technique. It is also necessary to take into account the disadvantage that it does not

have as high a spatial resolution as techniques such as fMRI or PET, but in the general computation, it

comes out as the optimal option for carrying out the experiment proposed in this thesis (see Section

5.2.4), for everything mentioned previously and because it has a great temporal resolution.

4.2.2 Data acquisition of behavioral results and simultaneous TMS

A form is needed in which information can be stored for each trial. This information must indicate the

position in which a visual stimulus has appeared on the screen, the position in which the subject

presses on the screen in response to where the stimulus appeared, the number of the trial, the side of

stimulation and the RMT, among other parameters. It was decided to use CSV files because they are

light, flexible, portable, simple and compatible. Different programs such as Python, R or Matlab can

easily create, read and edit them, which is vital in this experiment. Therefore, they are perfectly suited

to the task of adding rows with the data of different parameters that are updated in each trial and, at the

same time, they allow the reading of this data for subsequent analysis. There are other types of data

storage formats that were reviewed but none have qualities that are better than CSV for this thesis.

Excel uses a structured and tabular form similar to CSV, but with more features so they are larger files

and can present compatibility issues. JSON (JavaScript Object Notation) files are more flexible and

versatile than CSV, but tend to be larger than CSV and require more parsing and processing steps. The

HDF5 (Hierarchical Data Format) format was also valued. These are versatile and are often used for

large datasets. They require specialized libraries and for simple tabular data are more complex to use

than CSV. Parquet is another data storage option. It is a columnar file format designed and optimized

for big data. For this reason it may be overkill for smaller datasets [49].

4.2.3 Eye tracker

For the subject to be performing the task correctly, they need to look at the center of the screen, where

the mouse is located, during the Fixation, Cue and Delay periods. For this reason, we use an eye

tracker that is able to detect where the subject is looking at any given moment. The different types of

eye trackers have been analyzed in order to use the best possible one for the study.

The cheapest eye trackers are those that are webcam based. They track the eye movement with a

conventional webcam, so the accuracy and speed of tracking is quite limited. The next type of eye

trackers in order of accuracy are portable eye trackers, which are compact and easy to carry. These

should be worn on the patient's head. They are followed by screen-mounted eye trackers, which use
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infrared technology and track eye movements with high accuracy. Finally there are the high-end eye

trackers, which use various techniques such as retinal photography or corneal mapping to achieve

exceptional accuracy.

For our experiment it was decided to use a screen-mounted eye tracker. Portables eye trackers are

discarded as they need to be positioned on the subject's head, making it impossible to use TMS

together with EEG. Webcam-based eye trackers are discarded due to their low precision, and high-end

eye trackers are also discarded, as certain qualities such as eye micromovement are not necessary to

know for this experiment; an eye tracker that is capable of correctly tracking eye movements is

sufficient.

4.3 Data Analysis

Once the behavioral data has been obtained, it has to be analyzed. The analysis is carried out with the

Python programming language. This language is used due to its versatility and the number of libraries

developed that are really useful for this case, such as Pandas, NumPy, SciPi or scikit-learn, among

others. In addition, it is the program with which the team has worked before for similar analysis, so the

advantages and disadvantages of this language are well known, as well as how to get the most out of

it. It should be added that it is a very convenient language for working with CSV files, for

communication with the TMS machine and with the eye tracker. Matlab would be the alternative option

due to the similarity and versatility of the language, but it would take more time to perform certain

functions that are already implemented in Python.

In order to obtain the graphs shown in Section 5.3 and the analysis carried out on the behavioral data,

in this thesis it has been performed by using the code created by Albert Compte's team for previous

studies. The code has been adjusted in order to fit the dataset of this experiment and to be able to carry

out the desired analysis. Refer to Annex F to see the code implemented.

4.4 Results Visualization

For the visualization of results I have made use of different techniques. For certain graphs I have used

libraries within Python such as matplotlib and seaborn. In addition, other programs have been used to

create different graphs and diagrams, such as diagramas.net and Google Slides.
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5. DETAILED ENGINEERING

In the previous section we discussed the steps that should be taken to carry out the project and which

was the best option for each one of them. Once it has been decided which path to follow, this section

will focus on breaking down the execution of each step and explaining in detail how it has been carried

out. Additionally, the results obtained will be visualized. The order to be followed will be roughly as

dictated by the diagram in Figure 12.

5.1 Detailed Database

This section will explain thoroughly how the database was obtained, taking into account both the

subjects and their MRIs which are necessary for the neuronavigation carried out during the

experimental phase.

5.1.1 Subjects

Previous Compte Lab studies were conducted with 10 subjects and then replication studies were

conducted with 10 more subjects. Therefore, in this study the preliminary idea was to use 20 subjects

and to perform a single session on each participant in order to obtain the necessary data that the

replication study would also provide. It was decided that in order to better understand how the

bilaterality of serial dependence behaves, it was more convenient to use half as many subjects but

double the number of sessions. In this way, each subject would have one session where they would

start with TMS stimulation on the left cerebral hemisphere and another session where they would start

with the stimulation on the opposite hemisphere, so the results obtained would be more robust. Given

that there was time to expand the study modestly, the number of subjects was eventually increased to

12.. The choice of the side on which to start stimulating is random for each subject. The database of

this experiment is composed of a total of 12 subjects (6 men and 6 women), with a mean age of 23,31

± 4,06 years. Two participants are left handed and the other 10 are left handed. One participant was

only able to attend a single session, bringing the total number of sessions to 23. No subject was

excluded from the study, either due to medical problems or at the subject's own request.

5.1.2 MRI Scanning and Stimulation Area

An MRI of each participant was obtained in the hospital clinic to collect the anatomical data required for

the source reconstruction. In a Prisma 3 Tesla magnet, the MRI T1-weighted (T1W) picture was

33



Biomedical Engineering Luis Doreste Cabrera

captured. Subsequently, the 3D T1W structural image that was kept in a DICOM dataset was converted

to NIfTI (Neuroimaging Informatics Technology Initiative) format.

In order to decide the exact zone in which the TMS stimulation should be performed, regions of interest

were selected based on areas frequently identified during spatial WM tasks on the basis of the study's

focus on these zones. To select the exact position, we relied on a previous master's thesis by Rebecca

Martinez, who performed it under the tutelage of Albert Compte [50]. In Rebecca’s study, the results of

52 fMRI studies related to spatial WM were used and underwent an automated meta-analysis on

neurosynth.org [51]. With this meta-analysis, a mask was made with those areas where activation

related to spatial WM exists. Extrapolating this information to this thesis, the areas of highest activity

within the dlPFC were obtained. Initially, the coordinates of interest were (x=40, y=34, z=16) for the

right dlPFC and (x=-42, y=31, z=29) for the left dlPFC. These coordinates were problematic as they

were too frontal, so when placing the TMS coil in this location, it collided with the support glasses that

the subject must wear to be able to neuronavigate during the session. These coordinates were

therefore modified and, within the area of interest, less frontal coordinates that allowed the correct

positioning of the coil were chosen. These final coordinates are (x=42, y=29, z=26) for the right dlPFC

and (x=-35, y=24, z=32) for the left dlPFC, see Figure 16.

Figure 16. Coordinates of Stimulation. The top row refers to the right hemisphere coordinates and the bottom row
to the left hemisphere coordinates.

5.2 Detailed Data Acquisition

A major concern in this thesis lies in the correct data acquisition. In this section, the techniques used for

this purpose will be discussed in greater depth.
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5.2.1 EEG preparation

To capture the electrical signals produced by the brain, two EEG helmets consisting of 64 active

electrodes were used, one for medium head sizes and the other one for bigger heads. Using the

standard 64 Ch, the electrode positions used in these helmets are the following: Fp1, Fpz (Ground),

Fp2, AF7, AF3, AFz, AF4, AF8, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT9, FT7, FC5, FC3, FC1, FCz,

FC2, FC4, FC6, FT8, FT10, T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP9, TP7, CP5, CP3, CP1, CPz, CP2,

CP4, CP6, TP8, TP10, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO7, PO3, POz, PO4, PO8, O1, Oz and

O2. For the subsequent analysis of the EEG signal, it is necessary that the signal has the best possible

SNR ratio, and that the impedance in each channel is less than 15 kOhm. Subjects are therefore asked

to wash their hair and scalp thoroughly before coming to the session and once in the lab, the scalp is

cleaned again with diluted alcohol. To reach the desired impeding threshold, it is necessary to go

electrode by electrode, separating the hair that lies underneath it and applying a conductive gel.

5.2.2 Determining RMT

The power at which the TMS coil has to fire to have an effect on a person's brain varies from subject to

subject and, for the same subject, this power also varies depending on the moment at which the

measurement is made. For this reason, before starting each experiment it is necessary to establish

what the RMT of the subject is at that precise moment. In order to establish the RMT, it must be studied

what is the minimum TMS intensity necessary to evoke MEPs of at least 50 μV in 50% of 5 to 10

consecutive trials [52]. In this study, the reading of the first dorsal interosseous muscle of the right hand

was performed, and MEPs had to be observed in at least 3 out of 6 consecutive trials.   The RMT study

is done with the EEG helmet on as the thickness of the helmet may slightly vary the result. The Signal

program allows the visualization of this procedure.

5.2.3 Preparation in advance of the WM task

Subjects are seated in a chair that is positioned approximately 70 cm away from the screen in which

the task will be displayed. They have a chin rest that provides support, and this can be adjusted so that

the participant is comfortable and their eyes are approximately at the same height as the middle of the

screen. The subject, during the fixation, cue and delay periods, must fixate their gaze on the center of

the screen, see Section 5.2.4.1. Therefore, when the subject is already seated, the eye tracker has to

be calibrated. The eye tracker will send information directly to the computer, and on the screen it will be

shown the exact coordinates at which the subject is looking within the limits we have set, or it will show

by the terminal that the subject is not looking where they should.
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The Brainsight software and the detectors that come with it were used to be able to neuronavigate and

know exactly where to position the TMS coil. In order to achieve this, a pair of goggles must be placed

to read its position in space thanks to a detector that launches infrared rays and is capable of tracking

the position of the subject's head with the goggles on. The position of the fiducial points and the

position of each electrode must be registered with the same Brainsight program. This enables the coil

to be moved around the subject's head and to know exactly where to position it to stimulate the

coordinates of interest. When all the above steps have been successfully completed, the task can be

performed.

5.2.4 WM task and TMS

This section will explain in detail the experiment that the subjects must perform as well as the

techniques used during this assessment. The EEG helmet data is saved with the Recorder program,

while the Python file that runs the experiment saves the behavioral data in a csv file. This file stores for

each trial parameters of interest such as: block, stimulation side, trial number, TMS_trial (if it is a trial

that triggered TMS or not), position and angle where the stimulus appeared, position and angle where

the subject responded. To see each step carried out during the experimental sessions, see Annex E.

5.2.4.1 TMS employed

The TMS stimulation was performed using the Magventure MagPro x100 with MagOption. Two different

intensities were used, 70% RMT and 0% RMT (no TMS). Half of the trials are single-pulse monophasic

triggers with an intensity of 70% RMT and the other half of the trials are performed without TMS. The

arrangement of which trials trigger TMS and which do not is done randomly by the Python file that runs

the experiment at the beginning of the trial. The Python file makes use of the MagPy package, which

allows the manipulation of TMS parameters and direct interaction with the TMS machine during the

experiment.

It has been observed that the location of TMS coil clicking noise can affect the report in motor tasks

[53]. To try to minimize this effect, subjects are required to wear earplugs during the task. The earplugs

are also of big help in trying to create the least difference between trials with TMS firing at 70% RMT

and trials without TMS. The TMS coil makes noise when performing the trials with stimulation, but no

noise is produced in the trials without TMS stimulation. The soundproofing avoids possible biases

caused by the noise of the machine, as this may create a susceptibility of alerting the subject, which

may cause some differences with those trials that do not have noise.
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5.2.4.1 WM task employed

It is determined randomly whether to start stimulating firstly the right hemisphere or the left hemisphere

of the subject’s brain. As each subject performs the experiment twice, the second time they come to the

experiment the stimulation will start on the other hemisphere. The task consists of 8 blocks, each one

containing 100 trials. Each trial corresponds to a stimulus that is presented at a random angle on the

circumference with the center at the fixation point. There is a Fixation period (0,5 s) in which the subject

cannot move the cursor from the center of the screen and the TMS pulse is triggered, followed by the

presentation of the visual stimulus (0,25 s), also known as the Cue period. When the visual stimulus

disappears, there is a Delay period in which the mouse is immobile at the fixation point (1,97 s) and

finally a Response period in which the subject has to go with the cursor to the place on the

circumference where they think the stimulus appeared and press, and then return to the center to start

the Fixation period of the next trial. The first four blocks are performed by stimulating the initial brain

hemisphere that was chosen at the beginning of the experiment and the last four blocks are performed

by switching the TMS machine on to the other side of the lab, changing the goggle holder for

neuronavigation to the other side, making the settings for neuronavigation again and stimulating the

other brain hemisphere.

It is important that the subject fixes their gaze on the center of the screen during the Fixation, Cue and

Delay periods, as this ensures that they are performing a memory exercise. If it is not verified that they

are looking at the center, it is possible that they fix their gaze on the place where the stimulus

appeared, wait for the Response period, and then move the mouse to the place where their gaze is

fixed, so it would not be a memory exercise, but simply a mechanical exercise.

5.3 Data Analysis of Conductual Results

For each session, a csv file was obtained with the different parameters that define the characteristics of

each trial. In order to carry out the study, all the data from all the sessions must be brought together by

concatenating the csv files into a single file. Once the csv files have been merged, a total of 18400 trials

have been obtained, but a total of 18347 trials have been used. This cleaning is done because of

significant errors that are caused by the subjects at the time of the response. If the time of response

was too long, more than 10 seconds, or the error to the stimulus location too big, more than 45

degrees, that trial was dismissed. This avoids obtaining incoherent data that is not relevant and does

not help in achieving results.
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The first thing to be done is an analysis of the population absolute error in degrees when it comes to

responding in the trials with and without TMS. The aim of this is to check that there is no uncontrolled

factor that affects the participant in such a way that they are more or less accurate when giving their

answers in either of the two conditions. Figure 17 displays the results. In yellow we obtain the absolute

error in degrees in the trials with TMS and in gray in the trials without TMS. With a null hypothesis

predicting that the two data sets compared follow the same probability distribution, a

Kolmogorov-Smirnov test has been carried out between the two functions. A p-value of 0.1985 was

obtained, which is not strong evidence to reject the null hypothesis, suggesting that the two data sets

are not significantly different. Therefore, there are no significant differences that would lead us to

suspect any experimental factor that would cause a bias towards either of the two conditions. With this

in mind, the study of the data can proceed.

Figure 17. Absolute error in response. From left to right: a) absolute error in trials with TMS, b) absolute error in
trials without TMS and c) superposition of the two previous graphs.

With the csv of all the sessions the serial dependence curve is computed. Serial dependence measures

the error in the response (in degrees) to the current stimulus in relation to the distance in degrees

between the previous and current stimuli. As it is seen in the literature (see Figure 5a) there should be

an attractive effect when the relative position of the preceding stimulus is less than approximately 120

degrees and that there is a repulsive effect for relative positions of greater angle. Considering all the

results obtained, regardless of whether there was TMS or not, the cerebral hemisphere in which the

stimulation was performed or the time of the session in which the trial took place, the results obtained

show the curve that should be expected, see Figure 18.

Figure 18. Serial Dependence Obtained. Shading represents ±s.e.m. Error shading
represents 68% CI.
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5.3.1 Visual Hemifield

The following is a comparative study of the visual hemifields in which the stimulus appears. Figure 19

shows three graphs. The first one indicates in green color when the previous visual stimulus and the

current one appeared in the same visual hemifield (left-left or right-right), while in orange color it

indicates when they appeared in opposite hemifields. The central graph shows the case when the

previous and the current visual stimulus appeared in the same vertical visual field (in green) or when

one stimulus appeared in the upper half and the other in the lower half (in orange). The last graph

illustrates the difference between the first and second graphs, in which it can be seen that in both

cases, when the stimulus appears in the same half of the visual field, either horizontally or vertically,

there is a greater serial dependence effect. On the other hand, the results are not robust enough to

establish quantitative differences in the effects of biases between verticality and horizontality, which

follows the line of thought of Albert Compte's team. This data does not support strong laterality effects

in serial dependence compared with the verticality effect.

Figure 19. Visual Hemifields Results. From left to right: a) horizontal hemifields, b) vertical hemifields and c)
difference between vertical and horizontal hemifields. Shading represents ±s.e.m.

5.3.2 Temporality

An important consideration is to distinguish between the data obtained during the first half of the

session and the second half of the session. This is because in the previous study, the data obtained

showed that in the first half of the experiment, trials with 70% TMS showed an increase in serial

dependence compared to trials without TMS. This effect was severely reduced in the second half of the

session [5]. Each half is composed of 4 blocks of 100 trials, giving a total of 400 trials per half-session.

The data has been separated into 4 different subgroups in which we iterate between both parts of the

session and both conditions (with and without TMS). Figure 20 shows in black the trials with no TMS, in

yellow trials with TMS and in red the difference between both conditions. The first row refers to the first

half of the session and reveals that TMS has no noticeable effect, while the second row refers to the

second half of the session and clearly displays in the trials with TMS the serial dependence curve which

is more enhanced than usual. The trials without TMS show a slight serial dependence curve in both

scenarios.
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Figure 20. Temporality Results. First column displays the first half of the sessions and the second column the last
half. The first row shows the serial dependence of the trials with TMS (yellow) and without TMS (black), while the

second row reflects the difference between the two. Shading represents ±s.e.m.

5.3.3 Bilaterality

To study bilaterality, the trials were subdivided according to the hemifield they appeared in, the

stimulation side and whether or not there was stimulation. By making so many subdivisions in the

dataset available, the number of data with which the analysis is finally carried out is very small, so the

results obtained are not clean and it is not possible to draw conclusions or establish hypotheses in this

respect, see Figure 21.

Figure 21. Bilaterality Results. In green it is shown when weak TMS has occurred and in black when there has
been no TMS. In each subplot, the brain side being stimulated is shown in capital letters, followed by the visual
hemifield in which the previous stimulus appeared and finally the visual hemifield in which the current stimulus

appeared. Shading represents ±s.e.m.
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6. DISCUSSION

The execution of the experiments and the results displayed in Section 5 open the door to further

improvements, interpretations and analyses.

6.1 Results discussion

In section 5.3.1 the behavior results were exposed with respect to the hemifield in which the previous

stimulus was presented relative to the current one. Based on the way the brain processes visual

information, as explained in section 2.2.2, large serial biases would be expected when both stimuli

appear in the same horizontal visual hemifield. The results, as can be seen in Figure 19a, corroborate

this hypothesis. On the other hand, an increase in serial bias was also seen when they appear in the

same vertical visual hemifield.What would have been expected, understanding the anatomical

separation in the vertical axis, is that a notable difference between horizontal and vertical visual

hemifields should exist, due to the dorsal and ipsilateral nature in which visual information is stored.

However, the results obtained are not significant enough to establish such differences, as can be seen

in Figure 19b. From the visual cortex, where there is a clear difference between hemispheres, to the

most posterior part of the brain, there is both a horizontal and vertical distribution of information.

Therefore, in dlPFC, the difference between verticality and horizontality is not so clear. In this Figure

19b it can be seen that around 50 degrees there is a greater bias towards verticality, which may

suggest that there really are indeed differences, but more data should be obtained to verify this

hypothesis.

The study with regard to bilaterality has not produced feasible results. Performing so many subgroups

for the data gathered resulted in noisy signals with low robustness. This analysis could be of great

interest, but more data is needed to be able to draw any conclusions.

The most interesting issue that has been found in this data deals with the temporality of the trials, see

section 5.3.2. During the previous study conducted by Joao, it was observed that the trials with TMS

showed a large serial bias in the first half of the experiment, while in the second half of the experiment

this effect was not noticeable. Our results show just the opposite, see Figure 20. To understand the

reason for this discrepancy, the conditions under which both results were obtained must be evaluated.

In the experiment carried out by Joao, three different intensities were used: no TMS, weak TMS (70%

RMT) and strong TMS (130% RMT). It was observed that with strong TMS there was no effect on serial

bias. The hypothesis was that strong TMS saturated the synapses, thus homogenizing the neuronal

area for the next stimulus and therefore there was no area predisposed to be reactivated [5].

Comparing the conditions and results of the two experiments, the hypothesis drawn is that in the first
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experiment the strong TMS ends up fatiguing the area of interest, so the effect of the weak TMS is

mitigated in the second half. In contrast, this fatigue effect is not seen in the experiment carried out in

this thesis. Therefore, the hypothesis is that a period of activation is needed for the TMS week to have

a maximum serial bias effect. This activation was very early in the previous experiment, helped by the

strong TMS condition.

EEG data will provide further insight into this hypothesis. If there is an increase in decoding strength, in

other words, more neural activity related to attractor dynamics as the experiment progresses, then this

hypothesis will gain further weight.

6.2 Methodology discussion

On the experimental side, the discussion can be divided into two main blocks: issues related to the way

in which the experiment has been conducted, and issues related to the improvement in the subject's

cognitive performance. Starting with issues related to the way in which the experiment has been

conducted, the initial idea was to change the stimulation side after each block. Due to the limited space

of the lab room, the complexity of moving the machine with the distribution of the lab and all the cables

that lay on the ground, and the need for a co-registration after each change, it was decided that this

idea could not be carried out. For this reason, instead of making seven changes on the stimulation side

in each session, only one was made in the middle of the session. To be able to carry out the main idea,

a support would have been required to see the subject's position and to be able to neuronavigate

without this being lateral, so that the pre-registration would not have to be repeated any more times. At

the same time, a larger and better designed laboratory would have also been needed to avoid having

so many cables on the floor and to facilitate the movement of the TMS machine.

For certain subjects with a lot of hair, it was difficult to obtain optimal impedance values for the EEG

recording. This was especially the case with female subjects who had very long hair. Some electrodes,

no matter how much time and gel was used, could not completely clear the signal, especially the

electrodes positioned behind the ears, which with long hair remained loose, without making firm contact

with the scalp. A possible solution would be to try to choose subjects with short hair. This would reduce

the preparation time as well as improve the quality of the EEG signals obtained.

With regard to cognitive performance, there are two issues to take into account: the subject's visual and

cognitive fatigue, as well as avoiding possible environmental biases. Some subjects have commented

that they find it difficult to maintain attention in the exercise due to the monotony of the experiment and

the lack of attractiveness for the participant. Therefore, the design of certain functions that are more

engaging but do not affect the cognitive processes can be carried out. A ranking at the end of each
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block, some statistics or scoreboard can make the subject more motivated and make the task less

monotonous. This will make them pay more attention to the task and could lead to more accurate

results, as well as improve the experience of the participants when carrying out the experiment.

Finally, there is the factor of biases caused by knowing when there is TMS and when there is not. When

the stimulus is applied, the subject hears the coil and has the sensation of a tapping in the head.

Participants wear earplugs during the sessions but these allow considerable noise to pass through.

Coupled with the monotony of the exercise, some subjects reported that on certain occasions the

sensation of TMS drew their attention back to the task and prepared them to respond, whereas when

there were several trials without TMS consecutively, they were more likely to become distracted and

lose concentration. The absolute error results suggest that there is no significant difference between

responding to trials without TMS and trials with TMS (see Figure 17), but this issue should not be

overlooked. Improved soundproofing of the subject, or the use of a coil capable of making noise and, if

possible, mimicking the sensation of TMS during trials without TMS, should be considered.
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7. EXECUTION PLAN

To reach the final objective of the thesis, it has been necessary to carry out an exhaustive organization,

as there are several tasks that depend on each other and have to be carried out in a correct manner. A

clear plan, a breakdown of tasks and a time study at the beginning of the thesis has been essential to

achieve the objectives within the established timeframe. In this section it will be studied the different

tasks that had to be carried out during the entire thesis period, as well as the organization and timetable

so that everything could be executed correctly. For this purpose, a WBS has been executed, which

allows a visual breakdown of the different tasks, followed by a PERT diagram, permitting the time

coordination of the different tasks, and ending with a GANTT diagram, which enables the visualization

of the time layout of the whole project.

7.1 WBS

The WBS is based on breaking down the project scope into those tasks that are essential for the

completion of the thesis. It has a hierarchical structure, in which the total project is divided into smaller

blocks, which in turn are subdivided into individual tasks. Breaking down the tasks that need to be

carried out in this way provides an overview of what needs to be done, as well as identifying which

tasks appear to be more urgent and which will require more time and work. Figure 17 shows the WSB

made for this thesis.

Figure 22. WBS of the project.

44



Biomedical Engineering Luis Doreste Cabrera

Definitions of the different tasks shown on Figure 17 can be found in the dictionary available in Annex

A.

7.2 PERT Diagram

It is crucial to know which tasks are dependent on other ones, as well as those which take more time to

complete. The PERT diagram allows to visualize the dependency between tasks as well as the critical

tasks, which are the ones that are absolutely necessary to perform so that the rest of the project can

continue without provoking any time lags. In order to make the PERT diagram, the different tasks must

be identified, as well as the dependencies that exist between them and the time that each one takes to

complete. This can be visualized in Table 1.

Table 1. Identification, precedences and timing of tasks.

With the information obtained in Table 1 it is possible to construct the PERT diagram of the project. It is

of interest to see which is the critical path, and for this the PERT diagram must be made and the early

and late time of each activity must be determined. The early time refers to the minimum time needed to

complete the task and the late time is the maximum time that the activity can be delayed without

compromising the pace of the project and the start of other tasks. The critical path is the one in which

the activities in the early time and the late time are the same, meaning that any delay in these tasks will

cause a delay in the development of the whole project.

The PERT diagram for this thesis can be seen in Figure 17. Each arrow corresponds to an activity and

each node has two numbers at the bottom, the one on the left is the early time and the one on the right

is the late time.
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Figure 23. PERT diagram of the project.

It can be seen that in this case the critical path is composed of the activities A-D-(E & F)-I-J-K-L-M-N.

The result is reasonable since prior to starting the thesis, the institution must first be contacted, then the

objectives must be established, and once this is done, the rest of the work can begin. Furthermore,

before starting the experiment, the student performing the thesis must learn how to use the different

tools that will be required during the experiments and the code that performs the task must be

completed and adjusted to ensure that the task can be executed correctly and with the desired

parameters. These tasks take more time than recruiting the participant and obtaining the MRIs. To start

the actual experiments, a series of pilots must first be performed to readjust the necessary parameters.

Data analysis cannot be performed without the data, but some data analysis can be started before all

the experiments are finished, to check the preliminary results that are obtained. Finally, the thesis report

can only be written once the results of the analysis have been obtained, and the presentation will be the

last thing to be carried out.

7.3 GANTT Diagram

This section ends with the presentation of the GANTT diagram, as can be seen in Table 2. It is

important to note that the temporal duration is not the same as the useful time, but rather the period in

which the activity has been carried out. Certain tasks, such as studying the concepts, can be done

every day because they can be conducted autonomously at home, while others, such as conducting

pilots, require scheduling the time of the subjects and of the professionals who must teach the student
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on how to conduct the experiment, the timetable and the availability of the laboratory, as well as the

laboratory days on which it is open for work. Therefore, the duration shown in the GANTT diagram

corresponds to the period in which the activities were carried out, while the time used in the PERT

diagram refers to the useful time of each activity, in other words, the days needed to perform each task.

Table 2. GANTT Diagram of the project.
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8. TECHNICAL VIABILITY

The study has delivered very positive results, but in order to make a proper analysis of the technical

feasibility of the project, a SWOT analysis has to be carried out to understand the weaknesses,

opportunities, threats and strengths that have been found during these months of work. Table 3 shows

the SWOT diagram of the work carried out, and in this section an analysis of each section will be

conducted.

Table 3. SWOT Diagram of the project.

8.1 Strengths

Strengths refer to those internal factors that contribute towards the successful completion of the thesis.

This study was provided with high-performance machinery that had been used for previous projects,

which reduced the total cost of the study while enabling the implementation of these cutting-edge tools.

Another great strength has been the fact that this thesis has been carried out jointly by the University of

Barcelona, the Hospital Clinic and IDIBAPS. Being leading centers at a national level, they have had at

their disposal staff and equipment of the highest caliber that have contributed to the construction of this

project. In turn, the fact that we have been able to work with professionals from different fields (doctors,

physicists, engineers, psychologists and philosophers) has allowed us to understand various problems

in their totality, and to investigate certain concepts and ideas in original ways that could not have been

done from the point of view of just one sector.

Moreover, a great strength lies in the foundations on which the work is based, given that the

publications that the Compte lab is trying to continue are from articles that they have published in the

most prestigious scientific journals (Nature Neuroscience and Nature Communications, among others).

When it comes to the experimental aspect, the strengths of the work are the use of non-invasive
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techniques and the unprecedented study of bilaterality and EEG with TMS simultaneously applied in

humans.

8.2 Weaknesses

Weaknesses are, as with strengths, internal factors within the project. In this case they are factors that

hinder the work from being carried out in the optimal way. A clear weakness is the time constraint.

Having a limited time frame limits the possibilities that can be undertaken in the project and leaves

certain analyses to be carried out in future studies. At the same time, it forces certain tasks to be

carried out at a faster speed than would be optimal, such as the recruitment of subjects. With little time

available, the subjects recruited are compressed into a very narrow sample niche, and with more time it

would have been interesting to analyze a larger or more diverse database, where factors such as age,

ethnicity, socio-economic differences could have been parameters to be taken into account.

Another weakness is the limited knowledge of the concepts and technologies used in the project. With

an already limited amount of time, part of it has been devoted to learning all these techniques and not

to the realization of the project itself. In addition, the scarce prior information required coordination with

the professionals who had to supervise these tools, creating greater complexity at an organizational

level and taking up the time of these professionals. Finally, being a clinical study carried out between

two different centers, a weakness was the organization between all the individuals involved in the

project and being able to coordinate with the participants and professionals at the same time.

8.3 Opportunities

Once the factors internal to the project itself have been looked at, it is time to examine those that come

from or are projected further afield. This project has presented different opportunities. Firstly, the

amount of information learnt during the previous academic formation has allowed a better

understanding and quicker adaptation to the working environment, and the knowledge learnt during the

thesis could be useful for the future. This thesis is a further step in the continuation of the line of work

on serial dependency in WM which, as mentioned in the Market Analysis section, is a growing field of

study. It is therefore an important area for further contributions. In turn, the University of Barcelona, the

Hospital Clínic and IDIBAPS are centers of the highest national prestige, so it is a great opportunity to

work and to be able to continue to perform research work in these establishments.
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8.4 Threats

The last point that remains to be analyzed corresponds to those external factors that pose a threat to

the objectives of the work. The main threat was the hacking of the Hospital Clínic at the beginning of

March. This caused difficulties in maintaining contact with the different professionals and professors

who used the network and the institution's e-mail. It also made it difficult to obtain MRI scans of

subjects and certain operations performed in the laboratory that required internet access within the

hospital.

Another threat lies in the high cost of the tools used (see section 8.1). A failure or breakdown of any of

these tools would mean long delays in the project or, depending on the cost, the impossibility of

proceeding. For this reason, a lot of caution has been applied in the use of the laboratory equipment.

Finally, there is the threat of external research groups capable of carrying out studies with a larger data

set or with techniques that could provide more robust results.
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9. ECONOMIC VIABILITY

The project was carried out with the support of the investment made by IDIBAPS and the University of

Barcelona. The machinery, software, personnel and everything necessary to carry out the tasks that

make up the study have a specific cost that must be studied before starting the project to check

whether it is feasible to conduct it. This section focuses on the analysis of the necessary costs incurred

to complete this thesis.

9.1 Material, Software and Licenses Resources

Firstly, we will study the physical elements that have been necessary to carry out the project. A review

of the specific element used for each task is provided. The TMS was performed with the Magventure

MagPro x100 with MagOption machine, and the coil used with this machine is the MCF-B70. To collect

the EEG signals, two actiCAP slim electrode 64 caps helmets were used, they both have different

sizes. The EEG signal receptor used was the BrainProducts 64 channels actiCHAMP plus. One of the

two helmets had problems with the ground electrode and had to be replaced. For the EMG signal,

disposable adhesive electrodes were used to sense the signals, as well as the Digitimer D360R-4

Multi-channel filter and amplifier and the CED micro 1401-4 signal recorder. The eye tracker used is the

Tobii Pro Fusion. As for the computers used in the lab, there are two BenQ GL2460BH 24" TN FHD

75Hz 1ms screens, a PCIEXPRES CONCEPTRONIC parallel port with two serial ports, an ILIFE

PR100.100 INTEL i5 9400 16GB 500GB 3Y tower and an Apple iMac i5. Table 4 displays the price of

all these elements.

Table 4. Costs derived from Physical Materials.
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On the other hand, we have the annual Matlab license and the equipment that allows us to carry out the

neuronavigation. The neuronavigation equipment implemented is the RogueResearch Brainsight

Neuronavigation, which consists of software, an infrared reader and several elements that allow its

position to be read by the infrared reader. Table 5 shows the price of these elements.

Table 5. Costs derived from Software and Licenses.

9.2 Subject related resources

As it is a clinical trial, it is necessary to take into account the cost that each subject represents to the

project. Before the experiment, the subjects have to undergo an MRI scan, which costs 153.50€ each.

In addition, each participant is paid 10€ per hour during the experimental sessions. The preparation

usually takes 1.5 hours and the experiment itself takes 1.5 hours, so each subject is in the lab for 3

hours per session, which equates to 30€ per session and 60€ per participant.

Table 6. Cost of Subject Related Resources.

9.3 Human resources

Finally, the cost of the staff involved in the project must also be taken into account. In this section an

estimation has been made, as the salaries of the team members are not known and the student did not

receive any payment. It has been estimated that both the thesis tutor and the director should be paid

20€ per hour, and that both have been involved in the project, directly or indirectly, for approximately

100 hours. Staff who have been present at specific times to teach the student how to use certain tools

or people who have volunteered to run pilot sessions should also be taken into account. They are

different people but we will put them all under 'Technical Staff'. Most of these individuals have not been

paid, but we assume a cost of 15€ per hour and a total of 40 hours spent by all of them in total. Finally
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there is the student rate. Even if there is no payment, we assume an undergraduate engineer's salary

of around 11€ per hour. Having done around 400 hours, the total price would be equivalent to 4,400€.

The breakdown of the prices derived from human resources is presented in Table 7.

Table 7. Costs of Human Resources.

9.4 Total Costs

Having looked at the different costs, they will be put together to see the total amount of funds that have

been necessary for the realization of the project. This information is represented in Table 8. It should be

noted that this is an estimation of the budget that would cost to carry out this work from start to finish

under ordinary conditions, but much of the machinery used had already been purchased and used for

previous experiments and will be used later in future tests. In turn, as discussed in section 8.3, the

prices of the professionals who have carried out the project are rough estimations.

Table 8. Total Costs of the Project.
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10. REGULATIONS AND LEGAL ASPECTS

The thesis was conducted entirely in Barcelona, and was therefore subject to the legal framework of

Catalonia, Spain and the EU. There are several issues to be taken into account in the legal framework,

such as the clinical trial itself, the use of the machinery, the personnel authorized to carry out

experiments and the patients’ data. This section will describe the legal framework within which the

project has been developed.

10.1 Project Approval and Device Regulation

In Spain, the regulation of clinical trials is governed by EU regulations and Spanish national legislation,

which falls under EU Clinical Trials Regulation No. 536/2014 [54]. This study has been conducted in

accordance with this regulation. To this end, the project’s protocol was sent and approved by the Ethics

Committee for Research on Medicinal Products of the Hospital Clinic of Barcelona, see Annex B. The

machinery used during the thesis also complies with the requirements of the EU Medical Device

Regulation (MDR) 2017/745 [55].

10.2 Protection of Participant’s Data

The participants in this study have participated voluntarily and had the right to stop or withdraw from the

experiment at any time. Participants' data are regulated by the General Data Protection Regulation

(EU) 2016/679 [56]. Patient information is protected and only identified by a code. Only the student

conducting the thesis and authorized personnel have access to the patient data and to this code. In

accordance with the regulation, the data of the patients was stored securely at the IDIBAPS offices.

Participants were given three different documents to sign. They were given first a consent form upon

contact in which they were informed exactly of what the experiment was going to be and all the possible

contraindications (see Annex C), then a screening questionnaire before the sessions to make sure that

there were no risks for the subject in order to perform the experiment (see Annex D) and finally a

document to make the corresponding payment once the sessions were finished.
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11. CONCLUSIONS

The goals of this thesis were to validate the results of previous work carried out by the Compte Lab, to

shed more light on bilaterality and hemispheric dominance and to provide more information on the

neural nature of serial biases in WM memory. For this purpose, we successfully conducted a study with

12 subjects over a total of 23 individual sessions.

I was fully responsible for the main tasks in this project: rigorous study of the literature on the topics

involved in this thesis, as well as the previous work that consisted in learning the tools to be used

during the experiment, the elaboration of the code used to run the task as well as to store the

behavioral data, the recruitment and acquisition of the MRI of the participants and the elaboration of the

various pilots prior to the experiments.

During the experimental part, coordination was essential between the other professionals who had to

use the same laboratory, myself and the participants who volunteered to contribute by performing the

task designed for the study. No participant presented discomfort or decided to stop the test at any time,

and none was rejected due to the screening carried out prior to each session. Data collection was

laborious but successful, obtaining behavioral and EEG data for all sessions. There have been

drawbacks along the way, such as a shortage of material at certain points in the project, or

complications due to the Hospital Clínic cyberattack, but with constant reorganization and coordination

between all the centers and professionals involved, it has been possible to deal with each one of them

in order to continue with the planned project schedule.

The reward of all the procedures discussed above comes with the visualization of the results obtained

in the analysis of the behavioral data. The first thing that could be visualized is that the experiment

showed the expected pattern of serial dependence when all trials were analyzed together. The analysis

of the behavioral data with respect to the hemifields of the presented stimuli gave weight to the

hypotheses put forward by Albert Compte's team that there are no major variations between the

importance of the horizontal and vertical visual hemifields with respect to the serial biases in the spatial

WM, although it leaves open the possibility that there are subtle differences. The fact that there are so

little differences between the two directionalities shows that, as the visual information moves from the

sensory cortex to more abstract and frontal areas, the information is shared to a larger and more diffuse

set of neurons, so the information distribution is homogenized once it reaches the dlPFC and we cannot

observe the lateral differences that are evident in the visual cortex region. Serial dependence was

found to be greater when the previous and current stimuli appear in the same hemifield, regardless of

their directionality. In this way, the objective of giving more strength to the ideas that the Compte Lab

has developed with regard to visual hemifields has been successfully achieved.
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Exciting results were obtained when trying to replicate the effect of temporality in the TMS trials carried

out by João Barbosa [5]. The results were not the same as those obtained in Barbosa's work. In

Barbosa's work it was observed that in the first half of the experiments the effect of TMS was very

pronounced while in the second half of the experiments there was practically no effect when using weak

and strong TMS. In this thesis it has been observed that weak TMS needs to be operating for some

time to have visible results in the serial bias. But by evaluating the parameters and results of both

studies, interesting hypotheses have been put forward regarding the efficacy and activation of the TMS

effect and the TMS intensity employed. If the EEG obtained during the sessions supports the

hypothesis put forward in Section 6.1, the replication objective of Barbosa's study will have been a

success.

From a personal point of view, this work has allowed me to learn new techniques. I had to work with

very sophisticated software and hardware that have served to broaden my knowledge acquired during

the degree, as well as the organization between the professionals of the UB, Hospital Clínic, IDIBAPS

and the participants of the study. It has been a great opportunity to work with professionals of the

highest caliber and a very gratifying way to conclude the Biomedical Engineering degree.

11.1 Future Lines

The project carried out implies a subsequent study, as the amount of EEG data obtained will have to be

analyzed in depth by the IDIBAPS and UB teams. This future study will provide more information that

will be useful for assessing the different hypotheses surrounding the results obtained in this experiment.

The most significant hypothesis is the one regarding the timing of TMS stimulation. If the EEG shows

that the decoding strength after a TMS pulse increases during the experiment, at the same time as the

effect of TMS on serial bias increases, it will be possible to give more weight to the hypothesis put

forward in this thesis, which is that weak TMS, if not combined with strong TMS, needs a period of

activation to be able to produce the effect of serial dependence in spatial WM. Understanding the

behavior of the brain in response to TMS stimulation can help to optimize this tool, which is useful both

in research and in the treatment of certain conditions such as drug-resistant depression. Therefore, if

the hypothesis that TMS strong allows TMS weak to have an effect almost automatically but that this

effect is diminished due to the saturation produced and that, without TMS strong, there is no saturation

and that weak TMS needs a period of activation to reach its maximum potential is given more weight by

the EEG data, a more robust study should be conducted in which the effect of such TMS strengths on

the dlPFC is examined.

In addition, a larger replication study that implies the manipulation of more data needs to be conducted

in order to be able to draw more robust conclusions for the other two conditions studied: hemifields and
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bilaterality. In the case of bilaterality, we have seen that it has not been possible to draw any

conclusions, therefore a better knowledge of the bilaterality effect in spatial WM has not been achieved.

This is due to the fact that, by reducing the dataset into so many subgroups, the analysis was ultimately

performed on a very small number of trials, so the results obtained are not conclusive. When studying

the hemifields, we have seen that they slightly follow the expected hypothesis, in which there are no

notable differences between the directionality in which the previous and current stimuli appear, but

there are differences if these stimuli appear in different hemifields (one above and one below or one on

the left and one on the right). From the data obtained, it seems that there are differences when the

relative distance between previous and current stimuli are around 50 degrees, with the vertical visual

hemifield showing a greater serial dependence than the horizontal visual hemifield. A replication study

can be conducted in order to verify this hypothesis.
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Annex D. Pre-session screening questionnaire
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Annex E. Lab Procedure
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Annex F. Behavioral Analysis Code
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