




Manuel Coelho Moura Ramos

Exploring directly the neural
correlates of feedback-related reward

saliency during fMRI-based
Neurofeedback

Thesis submitted to the

University of Coimbra for the degree of

Masters in Biomedical Engineering

Supervisors:

Prof. Dr. Miguel Castelo-Branco (CiBIT, Faculty of Medicine, University of Coimbra)

Prof. Dr.Bruno Direito (CiBIT, Faculty of Medicine, University of Coimbra)

Coimbra, 2019



This work was developed in collaboration with:

Coimbra Institute for Biomedical Imaging and Trasnlational Research,

University of Coimbra

Institute of Nuclear Sciences Applied to Health

National Brain Imaging Network

Faculty of Medicine, University of Coimbra

ii
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Resumo

O neurofeedback (NF) é um procedimento experimental no qual a atividade neural

medida é apresentada ao participante em tempo real na forma de um representação

auditiva ou visual, auxiliando na auto-regulação desses mesmos correlatos neurais

de processos mentais. A variabilidade interindividual da eficácia e especificidade do

neurofeedback ainda permanece uma questão importante que afeta a introdução do

neurofeedback no contexto cĺınico. Estudos focados na investigação dos diferentes

aspetos que influenciam o desempenho (como atenção, aspectos motivacionais e en-

volvimento da tarefa) estimam que o sucesso em neurofeedback varia entre 30 % e

50 %. O presente trabalho explora os correlatos neurais do feedback em relação às

redes de recompensa e saliência e a sua associação com variações individuais associ-

adas ao sucesso do treino cognitivo. Adquirimos dados anatómicos e funcionais de

dez participantes saudáveis num paradigma de neurofeedback personalizado, com

três tarefas distintas de imaginação de movimento. O paradigma do neurofeed-

back personalizado visa o aumento da motivação do participante e o empenho na

tarefa e, consequentemente, o aumento do desempenho geral da neuromodulação.

Os resultados mostraram ativações em áreas cerebrais relacionadas com a recom-

pensa em relação com o feedback, que diferiram de acordo com o valor percebido

da recompensa do feedback auditivo. Em última instância, este trabalho permitirá

a otimização de parâmetros de neurofeedback personalizados e ajudará a definir

potenciais biomarcadores de neuroimagem que sejam indicativos do sucesso do neu-

rofeedback.

PALAVRAS-CHAVE: fMRI, recompensa, aversão, auto-regulação, sucesso
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Abstract

Neurofeedback (NF) is an experimental procedure in which measured neural activ-

ity is presented in the form of visual, auditory display to a participant in real-time,

aiding on self-regulation of putative neural correlates of a given mental process.

Individual variability of the efficacy and specificity of neurofeedback remains an

important issue affecting the introduction of neurofeedback in the clinical context.

Studies focused on the investigation of factors that affect performance (such as at-

tentional variables, motivational aspects and task engagement) estimated success

on neurofeedback experiments ranges between 30% and 50%. The present work ex-

plores the neural correlates of feedback concerning the reward and saliency networks

and their association with individual variations associated with the success of the

training. We acquired anatomical and functional data from ten healthy participants

in a tailored neurofeedback paradigm with three distinct motion imagery tasks. The

tailored neurofeedback paradigm aimed at the increase of participant’s motivation

and task engagement and, consequently, the increase in the overall performance in

neuromodulation. The results showed activations in reward-related neural correlates

concurrent with the feedback which differed according to the perceived reward-value

of the auditory feedback. Ultimately, this research will allow the optimization of in-

dividually tailored neurofeedback parameters and help define potential neuroimaging

biomarkers of neurofeedback success.

KEYWORDS: fMRI, reward, aversion, self-regulation, success
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Introduction

Imaging techniques have emerged as an essential part of the study of brain structure

and function since the second half of the 20th century. Imaging modalities have

been used in complementary ways to give insight into the different structural and

functional organization aspects of the nervous system (Latchaw, Kucharczyk, and

Moseley 2005).

Neuronal plasticity

The discovery of processes underlying neuronal plasticity as a substrate for struc-

tural and functional reorganization through learning processes or adaptation to in-

jury has earned the attention of scientists as a potential gateway for promising

interventions for neurorehabilitation. Harnessing the potential of brain plasticity,

new neuroscience-driven clinical applications have emerged (Nava and Röder 2011).

Imaging and Neurofeedback

The identification of a relationship between neural activation and performance of

tasks led to the development of neurofeedback. This procedure aims at modulating

the intensity of task-specific brain activation to improve normal function or correct

functional abnormalities or enhance performance in health and disease (Sulzer et al.

2013). Neurofeedback experiments were first performed with Electroencephalogra-

phy (EEG) (Elbert et al. 1980). The evolution of imaging techniques and computa-

tion speed resulted in the advent of new neuroimaging modalities such as real-time

functional Magnetic Resonance Imaging (rtfMRI), which presents an enhanced spa-

tial resolution and wider brain coverage compared to EEG. RtfMRI neurofeedback

enabled the target of specific subcortical brain regions and increased the potential

of neurofeedback as an instrument for neuroimaging research.

Despite the promise of being a tool for neurorehabilitation, rtfMRI-based neurofeed-

back is limited in its efficacy with estimated moderate percentages of participant’s

success (Niv 2013). The understanding of the causes of inter-subject variability is

key to increase its success and propel neurofeedback to the status of an established

clinical therapy.
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1. Introduction

1.1 Motivation and Relevance

The introduction of a non-invasive mechanism-driven alternative in the clinical

context to correct neurophysiological abnormalities has been the main goal of re-

searchers since the advent of neurofeedback. Despite its non-invasive nature, absence

of negative pharmacological effects and results in brain modulation activity with

behavioural changes associated with it, the reduced efficacy of this experimental

procedure remains a caveat in the field (Niv 2013). The estimated efficacy of 50%-

70% prevents the introduction of NF training in the clinical setting (Kadosh and

Staunton 2018). The identification of brain structures involved in feedback process-

ing and their association with the individual success in NF training may serve as the

basis for the development of a new tailored NF experimental designs which aim at

decreasing inter-individual variability effects in overall self-regulation performance.

The present contribution identifies the neural correlates of feedback in relation to

the reward and salience networks in rtfMRI-based neurofeedback (Menon 2015) and

the putative association with individual variations associated with the success of

the neurofeedback training. Following the main purpose, the structures identified

in this study may be utilized to tailor neurofeedback experiments to achieve higher

rates of neurofeedback success.

1.2 Main contributions

The main contributions of the present work are:

• Identification of neural correlates associated with feedback events with differ-

ent reward-values during neurofeedback sessions;

• Proof-of-concept study for the establishment of neuroimaging biomarkers to

allow the implementation of individually tailored neurofeedback session to the

participant.

2



1. Introduction

1.3 Research Questions

The research questions the present work intends to answer are:

1. Is it possible to identify neural correlates of learning processes related to the

moments when participants receive feedback information during a neurofeed-

back experiment?

2. How do the neural correlates of feedback events relate to neurofeedback success

within a session?
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2

Neurofeedback and the reward
system: understanding neural

correlates and improving efficacy

2.1 Neurofeedback

2.1.1 Brain activity as the source of biofeedback

Biofeedback is a non-invasive technique that allows a subject to receive informa-

tion about a specific physiological variable that is being measured during a certain

amount of time allowing the subject to attempt to modify it accordingly to a pre-

defined activation goal (Sitaram, T. Ros, et al. 2016). Neurofeedback is a form of

biofeedback which uses as variable the brain activity of a specific brain area. This

procedure allows for self-regulation of brain activity with possible lasting effects on

behavior (Weiskopf 2012).

A variety of theories exist suggesting explanations for the process of learning during

neurofeedback sessions(Sitaram, T. Ros, et al. 2016:

• Operant or instrumental learning: states that the reward of achievement of

target brain activation levels by means of feedback leads to learning of neuro-

modulation (Skinner 1945). In this way, the participant learns how to correctly

neuromodulate by making an association between the brain response and the

respective feedback which acts as a reinforcer(T. e. a. Ros 2016).

• Motor learning: states the learning of regulation of neurophysiological signals

resembles the acquisition of motor learning of movement sequences.

• Dual process theory: the complementation of feedback and feedforward pro-

cesses leads the participant to learning. The participant’s search for an effec-

tive mental strategy to control the feedback signal is mediated by processes of

feedforward when a successful strategy is discovered and its reinforcement by

feedback leads to an automatization of such strategy.

• Awareness theory: states the control of brain activity results from the aware-

ness of the brain activity itself and not an mental strategy. This theory is
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adversarial to the operant learning model.

• Global workspace theory: states that a global distribution of structures in the

brain play a role in feedback processing in the brain which leads to a con-

scious learning of brain self-regulation. This theory complements the operant

learning model, by adding external brain structures feedback processing and

consciousness to the process of learning.

• Skill learning: states that neurofeedback learning is a skill, which involves a

initial rapid improvement and slowly starts to become consolidated over time.

The most prominent theory is the ”operant learning theory”, which states that the

reward of achievement of target brain activation levels by means of feedback leads to

learning of neuromodulation (Skinner 1945). In this way, the participant learns how

to correctly neuromodulate by making an association between the brain response

and the respective feedback which acts as a reinforcer(T. e. a. Ros 2016).

Nevertheless, theories such as the global workspace theory and the dual process

theory become complementary of the operant learning theory.

This study is focused on the principles of the operant learning and global workspace

theory, studying the role of the reward system in feedback processing and perfor-

mance success.

2.1.2 Neurofeedback systems and the evolution of imaging

modalities

Brain activity is measured based on changes in the membrane potential of acti-

vated neurons (using electrophysiological methods) or based on changes in energy

metabolism required to activate neurons (hemodynamic methods). A wide variety

of non-invasive techniques allow the indirect measurement of electrical, magnetic

and metabolic variations. Two of these techniques are referred below are briefly

explained in association with NF: EEG and fMRI.

2.1.2.1 EEG-based Neurofeedback

EEG is a non-invasive electrophysiological technique which measures brain electri-

cal activity on the surface from the scalp. This method is based on the fact that

a population of underlying neurons activated synchronously leads to a considerable

summed electrical activity which leads to an electrical signal in the superficial ex-

tracellular space near the skin. Therefore, the recorded brain waves are indicative

of fluctuations of excitability in neuronal populations and its signal represents the

sum of excitatory or inhibitory postsynaptic potentials (Beres 2017). The recording
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of the electric field is performed using electrodes on the scalp of the participant and

electrical changes are measured comparing with a reference electrode.

Historically, electroencephalography-based neurofeedback (EEG-NF) was the first

method used to implement neurofeedback (Elbert et al. 1980).Positive results have

been reported in the application of EEG-NF in treatment of neurological disor-

ders such as epilepsy (Walker and Kozlowski 2005), attention deficit hyperactivity

disorder (Shereena et al. 2019), autism spectrum disorder (Kouijzer et al. 2013),

depression (Linden 2014), anxiety (Moradi et al. 2011), chronic pain (Hassan et al.

2015), traumatic brain injury (Gray 2017), dyslexia (Breteler et al. 2010), brain

stroke (Mottaz et al. 2018) and Alzheimer’s disease (Jiang, Abiri, and Xiaopeng

Zhao 2017).

Three types of EEG-NF protocol are in use nowadays, which modulate different

eletrophysiological parameters(Omejc et al. 2018):

• Slow cortical potentials (SCPs) training: Protocol aims at the indirect regu-

lation of cortical excitability by self-modulation of specific event-related po-

tentials denominated SCPs. This training is based on association between

variation of SCPs and the effects on information processing (Gevensleben et

al. 2014). SCPs may be negative or positive, indicating lowered or increased

thresholds for excitation of neuronal structures respectively. The thresholds

for excitation influence, in turn, information processing either by facilitating

it (low threshold) or hindering it (high threshold).

• Coherence training: Protocol aims at regulating connectivity activation pat-

terns among different brain structures. For this purpose, the correlation of

brainwaves of specific brain structures is measured concerning aspects such

as phase, amplitude and frequency. The rationale for this type of training

results from the observation of distorted connectivity activation patterns in

neurological disorders when comparing with healthy controls.

• Frequency training: Protocol targets the power ratio between specific EEG fre-

quency bands. The hypothesis behind this training protocol is the association

of amplitudes of different types of frequencies with a corresponding cognitive

function. Brain waves with different frequency bands have been observed dur-

ing EEG: delta (less than 3Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30

Hz) and gamma (higher than 30 Hz).

EEG-NF still is the most widely used neurofeedback type. However, its inherent

characteristics of measuring neuroelectrical signals with a limited number of elec-

trodes placed on the surface of the scalp lead to reduced performance in localizing

active brain areas, especially for deep subcortical areas.
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2.1.2.2 rtfMRI-based Neurofeedback

The development of new imaging modalities such as functional magnetic resonance

imaging (fMRI) and the advancement of computation hardware and processing

speed, resulted in the advent of real time fMRI (rtfMRI) (Cox, Jesmanowicz, and

Hyde 1995), enabling tracking brain activity of both cortical and subcortical circum-

scribed areas and online processing of functional images in a MRI scanner (Weiskopf

2012). The application of the principles of neurofeedback with rtfMRI resulted in

studies reporting successful modulation in areas such as the primary motor and

pre-motor areas (Scharnowski, Veit, et al. 2015), anterior insula (Caria et al. 2010),

visual cortex (Scharnowski, Hutton, et al. 2012) and prefrontal cortex (Zhang et al.

2013).

More recently, self-regulation of brain networks using information concerning the

interaction between brain areas has become a trend in rtfMRI NF studies (Xiaojie

Zhao et al. 2013, Koush et al. 2013).

2.1.3 Neurofeedback protocol

Neurofeedback experimental protocols vary according to the task. Nevertheless,

neurofeedback sessions adopt a similar framework as reference (Sulzer et al. 2013):

• Definition of a region-of-interest, either functionally or by means of an anatom-

ical reference, which will be the target of modulation training;

• A training run is executed before feedback runs in which the participant is

unaware of its performance. This run will serve as a reference to prove feedback

runs success and behavioral change post-training;

• Presentation of real-time online information of the ROI’s activity to the par-

ticipant. The ROI’s activity is presented to the participant in the form of a

representation which translates the percentage of activation relative to the pre-

defined target activation level of the task. This representation takes the form

of a stimulus which can be visual, auditory, haptic or electrical and its pur-

pose is to ease participant’s comprehension of the information received. After

receiving the information, the participant will attempt to modulate activation

in the ROI using mental strategies based on the feedback;

• After feedback training, a transfer run is performed to ensure the participant

did learn a skill to control brain activity and can perform such skill absent of

feedback;

• Implementation of control conditions to account for confounds and minimize

bias in results (Sorger, Scharnowski, et al. 2019);
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• Test for behavioral effects after session in relation to the baseline performance.

2.1.4 Factors in Neurofeedback Design

Neurofeedback consists of an experimental procedure which lasts from minutes to

hours and should follow a specific study design. A variety of factors should be taken

into consideration to maximize its efficacy (Sorger, Scharnowski, et al. 2019). Such

factors include:

• Feedback approach - Feedback is given to the participant in a way the partic-

ipant can perceive the levels of activation of the target area whilst executing

a mental strategy that he/she learns to change such activation levels. An ex-

planation about the ROI functional role and a suggestion of potential mental

strategies to modulate it can be presented to the participants before the session

(explicit) or otherwise success in ROI modulation can result from in-session

”trial and error” operant learning (implicit).

• Perception of success and motivation - Participant’s engagement in task and

motivation may affect performance.

• Non-Specific Effects - Effects due to factors non-related with the task exe-

cution should be minimized to ensure a replicable relationship between the

participant’s target brain region activity levels and the results obtained dur-

ing feedback training. The minimization of the effects may require monitoring

of the factors during the session coupled with post-session processing.

• Specificity of ROI - The extent to which the feedback from a particular ROI

and its specificity in processing a particular cognitive aspect is important to

reach the desired target activation levels or the specified behavioral change.

• Expectation Effects - Placebo effects due to the technological setup where

neural modulation occurs may affect the behavioral change that transfers to

real-life settings after feedback training.

• Behavioral effects unrelated to feedback per se - The extent to which feedback

training results differ from results using other mental strategies and training

(Dewiputri and Auer 2013).

• Adaptive difficulty level - Definition of thresholds adapted to e.g. each partic-

ipant, specific ROIs.

All these factors are related to study design and should be considered. In particular,

the perception of success by the participant is a factor which depends not only on

the experimental design but also the capability of the participant to correspond

to the goals of the experiment. Consequently, it is closely linked with a relevant

intersubject variability.
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2.1.5 Factors in Neurofeedback Success

Currently, neurofeedback does not have results in a significant part of the population

that undergoes study, varying from 50 to 70 % (Kadosh and Staunton 2018). Seeing

that such a significant part of the population does not respond to neurofeedback

treatment (”non-performers”), a need to understand what drives such variability

in-between subjects in neurofeedback performance is made relevant. In the review

Kadosh and Staunton 2018, the author addresses the inefficacy problem of neuro-

feedback as a experimental procedure using results of EEG-based and rtfMRI-based

neurofeedback studies. In this sense, the author points out the latest evidence on

the effects of psychological factors in NF performance (independent of the basis

imaging modality or technique) and refers to them as a priority to address inter-

subject variability, emphasizing the possibility of modulation of these factors for the

optimization of results.

The psychological factors identified in the review include attention, motivation,

mood and personality factors. In terms of correlation with performance and learn-

ing in neurofeedback training, attention has been the most influential psychological

variable. It also has a high correlation with the level of motivation and engagement

on the task by the participant. Aspects such as confidence in mastery of a task,

interest in the task at hand, fear of failing and the perceived degree of challenge

of a task have been implicated in altering the performance of participants. Fear of

incompetence harms performance and is amplified during the course of the feedback

run by poor results with negative influence over confidence of mastering the task.

The fact that psychological variables influence outcomes suggests that the best ap-

proach to neurofeedback training should include personalized study design according

to each participant’s characteristics. The maximization of the efficiency of training

not only includes considerations in overall design by minimizing distractions and

optimizing feedback for the task’s purpose but also an adaptation to participant’s

capability of neural activity modulation and psychological factors to maximize en-

gagement with the task, minimize frustration and increase the success rate of train-

ing (Alkoby et al. 2018).
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2.2 fMRI-based Neurofeedback

2.2.1 Magnetic Resonance Imaging Principles

Matter is constituted by atoms, which in turn have electrically charged components

(electrons and protons). These components have intrinsic angular moments (spins)

different from 0 but normally the spin of the components in an atom tend to cancel

each other due to the fact they are directed at random directions. However, when in

the presence of an external magnetic field, the nuclear spin of these components tend

to line up with the direction of the field and spin with a frequency which depends

on the field strength. This alignment leads to a change in net magnetization thus

creating a magnetic signal. Adding a transversal radiofrequency (RF) pulse causes

the components to be unaligned with such field. When the RF pulse is turned off,

the components recover until they realign with the external magnetic field and, in

the process, create a decaying signal.

In Magnetic Resonance Imaging (MRI), the relaxation time constants T1, T2 and

T2* are measured:

• T1 refers to the recovery of vertical magnetization following the end of the RF

pulse.

• T2 refers to the quick dephasing which occurs due to the loss of coherence

between different spins after the RF pulse is turned down.

• T2* refers to the transverse magnetization observed due to interactions on the

atomic level.

The amplitude of the measured signal as well as the relaxation time constants change

according to the properties of the tissues where the nuclei are embedded. This

allows for the establishment of contrasts and extraction of high resolution anatomical

spatial information in the form of three-dimensional images (Brown, Cheng, and

Haacke 2018).

2.2.2 Functional Magnetic Resonance Imaging

The functional MRI (fMRI) extends the principles of MRI referred above coupled

to the fact that blood presents a different magnetic susceptibility compared to the

surrounding tissues in the brain which changes according to neuronal activity. Active

neurons have higher metabolic demands than inactive neurons which require more

energy. Since neurons are not able to store energy, there is a need for a increase

blood flow concurrent with the activation of these neurons. The blood flow increase

brings more oxygen in the form of oxygenated hemoglobin. The variation in the
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net value of oxygenated hemoglobin causes inhomogeneity in the nearby magnetic

field, leading to measurable changes in the magnetic signal. This variation is called

hemodynamic blood oxygen level-dependent (BOLD) signal (Barth and Poser 2011).

These variations influence T2*, allowing for the generation of contrasts (Logothetis

and Wandell 2004).

The reduction of the minimum repetition time, the increase in computational power

and its effect on the reduction of the length of analysis and processing of data as

well as developments in the scanners have potentiated the advent of rtfMRI. The

reduction of repetition time (TR) to a minimum of 2 seconds and the online analysis

and processing of the data allow the introduction of experimental protocols where

the participant receives online information during the session (Sitaram, Lee, et al.

2011).

Figure 2.1: Illustration of the haemodynamic response function (Barth and Poser 2011).

The timecourse of the BOLD signal is known as a hemodynamic response function

(HRF) and resembles the response function presented in Figure 2.1. The function

initiates with a short-lived decrease in signal (so-called “dip”) before cerebral blood

flow increase followed by an overshoot with a peak after 3 to 6 seconds and finally

followed by a post-stimulus undershoot (Barth and Poser 2011).

2.2.3 Experimental protocol design in NF

The experimental protocol varies according to the goal of the experimental setup

(Petersen and Dubis 2012). Most widely used protocols in rtfMRI NF include block

protocol and event-related protocol (Dale and Buckner 1997; Maus et al. 2010).

The block design is organized in several trials of the same type and reduced duration

(15-50 seconds) conducted sequentially and the responses during the session are
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Figure 2.2: Illustration of types of experimental design used in fMRI-based Neurofeedback (Petersen
and Dubis 2012).

averaged over all trials (Figure 2.2 A). This approach allows to establish task-specific

conditions and leads to better signal-to-noise ratios. This design is often applied to

localize functional areas or model sustained activity brain processes. Block design

analyzes differential activity between task blocks, with standard protocols including

control task blocks interleaved with activation blocks or regulation control (Sorger,

Scharnowski, et al. 2019).

With the improvement of fMRI sampling and analysis strategies, the event-related

design became increasingly more popular. This design measures transient activity

due to an short-lived stimulus that may last only a couple of seconds (Figure 2.2

B). The resolution improvement results smaller intervals between similar tasks with

minimums depending only upon the BOLD response function duration. This design

type allows a random presentation of stimuli with no need of a priori definition.

Limitations to this design include a reduced signal-to-noise ratio due to a reduced

number of events.

The mixed design results from a combination of the block design and event-related

design, where different types of events occur within predefined task blocks, account-

ing for both transient and sustained activity (Petersen and Dubis 2012).
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2.3 Reward System

2.3.1 Reward system and reinforcement learning

The reward system consists of a network of brain structures that activate when

action outcomes surpass predicted value, which is important to guide motivated goal-

directed actions (Sescousse, Li, and Dreher 2013). Reward is therefore intimately

related to the concept of motivation which is essential for adaptive behavior (Sutton

and Barto 1998).

The principle of learning associated with the effect of neurofeedback training is

referred to as operant learning (also known as reinforcement learning) and is based

on the association between two stimuli in which a reinforcing stimulus leads to an

expected physiological change in neural activity (Sulzer et al. 2013).

2.3.2 Neural Correlates

The concept of an anatomically identifiable reward circuit was first introduced

by Olds and Milner 1954 and was later corroborated by pharmacological studies

(Phillips and Fibiger 1978 , Bevan, Smith, and Bolam 1996). The reward system is

constituted mainly by the cortical-basal ganglia circuit which includes the anterior

cingulate cortex (ACC), the orbital prefrontal cortex (OFC), the ventral striatum

(VS), the ventral pallidum (VP) and the midbrain dopamine neurons (Haber and

Knutson 2010). This network of brain structures plays key roles in reward an-

ticipation and reinforcement learning and is separated into two major pathways

(Alexander and Crutcher 1990):

• Mesolimbic dopamine pathway: Projections initiate in ventral tegmental

area (VTA) and terminate in nucleus accumbens (NA);

• Mesocortical dopamine pathway: Projections initiate in the VTA and

terminate in different areas of the prefrontal cortex (PFC). These areas include

the anterior cingulate cortex (ACC), the anterior insular cortex (AIC) and

orbitofrontal cortex (OFC).

Both pathways function in parallel encoding reward (mesolimbic) and effort pre-

diction (mesocortical), with information on both aspects integrated in the VS for

decision-making (Hauser, Eldar, and Dolan 2017). For the purpose of directing

goal-oriented behaviour and reinforcing learning, the organization of this circuit is

interwoven with sensorimotor and associative circuits (Gremel and Lovinger 2017).

The functional connection of these circuits is essential for stimulus-response associ-

ations (sensorimotor circuit) and response-outcome associations (associate circuit)
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which regulate decision-making (Redgrave et al. 2010).

Complementing the main dopamine pathways, other brain areas have reported reg-

ulatory roles in the reward circuit (Figure 2.3) :

• Amygdala: Subregions of the amygdala present different roles in the reward

system. The basolateral amygdala is linked to the association of sensory infor-

mation with reward and the modification of the reward value of an outcome

based on motivational aspects. The central amygdala is linked to reinforce-

ment of reward dependent on the motivational state (Chesworth and Corbit

2017).

• Hippocampus: Hippocampal synapses connecting to the nucleus accumbens

(NAc) in the VS (LeGates et al. 2018) and the existence of reward-predictive

cells in the CA1 subfield and subiculum (Gauthier and Tank 2018) indicate a

role in reward processes.

• Lateral habenular nucleus (LHb): Activations contigent on negative va-

lence reward-related signals (Ullsperger and Von Cramon 2003) indicate a in-

direct modulatory role in the reward-related dopamine signal (Araki, McGeer,

and Kimura 1988).

• Pedunculopontine tegmental nucleus (PPT): Relay structure for strongest

excitatory input to dopamine neurons in substantia nigra (SNc) and potential

involvement in the computation of the difference between the reward expected

and the actual reward received (Kobayashi and Okada 2007).

• Raphe nucleus (RN): The dorsal subregion of the raphe nucleus mainly

comprises serotonergic innervations. Several studies report involvement with

a variety of reward-related processes, including modulation of reward value

and encoding of expected and actual rewards (Nakamura, Matsumoto, and

Hikosaka 2008).

2.3.3 Reward and learning: role in neurofeedback

Several brain areas in the reward system have been linked to aspects of neurofeed-

back, including reinforcement learning, reward processing and neurofeedback control

(represented in Figure 2.4).

In the article Sorger, Kamp, et al. 2018, the effectiveness of neurofeedback in enhanc-

ing self-regulation of brain activity has been established when compared with other

cognitive strategies, independent of ROI and functional task. Furthermore, the use

of a parametric activation paradigm appears to further facilitate the success of the

neurofeedback session when compared with standard up-regulation/down-regulation

paradigms. The parametric activation paradigm suggests that a higher perceived
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Figure 2.3: Schematic illustration of the reward and aversion pathways in the reward circuit.
Legend: BLA: basolateral amygdala; CEA: central amygdala; CPu: caudata nucleus; DRN: Dor-
sal raphe nucleus; LDT: laterodorsal tegmental nucleus; LHA: lateral hyphotalamus; LHb: lateral
habenula; mPFC: medial prefrontal cortex; NAc: Nucleus Accumbens; OFC: orbitofrontal cor-
tex; RMTg: rostromedial tegmental nucleus; SNc: substantia nigra pars compacta; VTA: ventral
tegmental area (as in Hu 2016).

challenge of the task positively influences the performance in neurofeedback, which

is in accordance with reported results of previous studies (referred in the section

2.1.5).

In a recent study Skottnik et al. 2019 addressed the success in neurofeedback sessions

with visual feedback when compared with other techniques of neuromodulation ab-

sent of feedback and revealed an overall increase in activation in areas such prefrontal

control regions, anterior insula and visual cortices as well as decreased activations

in the default mode network and the posterior insula, all of which involved in vi-

sual information processing (Gattass et al. 2005) or reward-related processes (Haber

and Knutson 2010). The anterior striatum showed significant increases in activa-

tions correlated with success in neurofeedback sessions when compared with other

cognitive strategies.
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Figure 2.4: Representation of key brain structures involved in different aspects of neurofeedback.
Reward processing: Reported involvement of AAC and AIC in conscious perception of feedback
and reward and VS involvement in reward processing; Learning: Dorsal striatum linked to neuo-
rofeedback learning; Control: dlPFC involvement in performance of executive tasks, attention
to signal mediated by LOC and thalamus as a mediator of cortical arousal. Legend: Anterior
cingulate cortex (ACC), anterior insular cortex (AIC), Ventral Striatum (VS) / posterior pari-
etal cortex (PPC), lateral occipital cortex (LOC), dorsolateral prefrontal cortex (dlPFC) / Dorsal
striatum (DS). (as in T. e. a. Ros 2016).
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Methods

3.1 Participants

10 participants with no history of neurological or psychiatric disorders were included

in this study (5 male and 5 female). Participants’ ages ranged between 19 and

35 years old (mean age = 26, SD = 5.25) and the majority was right-handed (1

participant was left-handed). Only 2 of the participants had previously been part

of any rt-fMRI neurofeedback. The participants details are presented in table B.1

in the Appendices.

Before the start of the scanning session, the participants were informed of the visual

and imagery tasks to perform and different types of auditory cues. Additionally,

participants were asked to identify from a subset of 20 vocalizations the most re-

warding, penalizing and neutral vocalization. The subset was obtained from the

database available in Cowen et al. 2018. The process of identification was a Likert-

type scale questionnaire in which participants rated each vocalization from 1 (most

punishing) to 5 (most rewarding). A follow-up questionnaire presented the partici-

pants with all vocalizations previously rated with the same numerical classification

(only for classifications 1,3 and 5) to allow the selection of one vocalization for each

classification to be used as auditory feedback in the neurofeedback runs (Figure 3.1).

Figure 3.1: The diagram represents the 5-point Likert Scale used to rate the reward-value of a subset
of 20 vocalizations. Feedback sounds for the 3 different feedback types are defined according to
each participant’s rating.

Pilot studies were performed to test and optimize the experimental protocol in 2

participants which are not included in the results. Information about the pilot
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studies is presented in section A in the Appendices.

3.2 Experimental Protocol

Each session consisted of an anatomical scan and 5 functional runs: a bilateral

hMT+/V5 functional localizer and 4 imagery runs (Figure 3.2). The first and last

imagery runs were presented without feedback information. The remaining two

functional runs are neurofeedback runs.

Both anatomical and functional runs were performed in a 3 Tesla Siemens Magnetom

Scanner using a 20-channel head coil.

The following experimental protocol is based on a previously used protocol of Sousa

et al. 2016 complemented with new features in the Neurofeedback (NF) runs and

offline analysis in order to adapt it to the research question of the present work.

All modifications in the protocol design were coded using MATLAB 2014a (Math-

Works) and the PsychoPhysics Version 3 toolbox (http://psychtoolbox.org/). The

modifications in the experimental protocol are presented briefly below:

• A priori selection of personalized sound for feedback presentation by feedback

type (positive, neutral and negative). The sounds introduced in this study

were cross-culturally validated human vocalizations of emotion made available

in the article Cowen et al. 2018;

• Presentation of feedback in a predefined volume (5 TR and 9 TR) for each

task block. In the previous experimental protocol, feedback was given by the

directly by the experimenter by voice and expressed the quantitative change

in the signal (experimenter express changes in self-regulation as increases or

decreases based on the defined baseline level).

• Introduction of a personalized threshold of activation for each participant ac-

cording to its own self-regulation capabilities. This new feature intended to

address inter-subject variability by challenging each participant according to

their own self-regulation ability established on a imagery task in the first func-

tional run.

Experimental sessions were conducted using Turbo-BrainVoyager Version 3.2 (Brain

Innovation, Maastricht, The Netherlands) which was used for real-time fMRI data

processing, MATLAB 2014a (MathWorks) for stimulus and feedback display and

NeuroElf Version 1.1 Toolbox (http://www.neuroelf.net/) for threshold feedback

calculation.
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Figure 3.2: The neurofeedback session timeline includes a priori feedback sound selection, an
anatomical scan and 5 functional runs.

3.2.1 Structural run

Each session started with the acquisition of a high-resolution magnetization-prepared

rapid acquisition gradient echo (MPRAGE) sequence for co-registration of functional

data (176 slices; Repetition Time (TR): 2530 ms; Echo Time (TE): 3.42 ms; Voxel

size: 1.0 x 1.0 x 1.0 mm3; Flip Angle (FA): 7o; Field of view (FOV): 256 x 256 mm2).

3.2.2 Functional runs

Functional images obtained consisted of 33 slices (FOV: 256x256 mm2, voxel size

4.0 x 4.0 x 3.0 mm3, FA: 90o, TR: 2000 ms; TE: 30 ms) covering the occipital and

posterior temporal lobe.

The order of up-regulation tasks in each functional run was randomized for each

participant and interspersed by a block of down-regulation tasks in order to avoid

prediction of the upcoming task by the participant and to further ensure that the

performance relates to the task.

3.2.2.1 Functional localizer

The functional localizer was composed of 200 volumes and used a moving dot task

to activate the bilateral hMT+/V5 area which is the target region for neurofeed-

back.The selection of the neurofeedback target area was based on the fact this is a

well-studied area sensitive to motion which has been previously easily identifiable

through functional visual localizers with motion selective responses to both visual

stimulus and imagery. Evidence is available in the study Castelo-Branco et al. 2009.

This task was organized in one stationary dot and 2 moving dot conditions (’two

opposing moving stimulus - 2OMS’,’four opposing moving stimulus - 4OMS’) which

aimed at achieving different levels of bilateral hMT+/V5 activation. In addition, an

imagery condition of a square moving in 4 opposing directions (‘four opposing motion
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imagery - 4OMI’) was included to determine the threshold used to provide feedback

during the neurofeedback runs. Participants were asked to look at a fixation cross

during the whole run while the sequence iterated through all condition blocks.

Feedback threshold calculation

The thresholds used to provide feedback were determined as a function of the maxi-

mum PSC value obtained during the 4OMI condition during the localizer run. First,

we use a 3-point time-window to smooth the PSC time course and minimize the

impact of outliers. Then, we estimate the maximum value during the condition of

interest. As a threshold for the 4OMI condition in the feedback runs, we use half of

this maximum value to decrease the difficulty of obtaining positive feedback. Figure

3.3 describes the threshold calculation, where s is the 3-point moving average time

course, t is the index of the time point, v is the PSC time course for the imagery

condition, n is the total number of time points in the time course and τ+ the

threshold value.

st =
1

3

t+2∑
j=t

v(t), 1 ≤ t ≤ n− 2;

S = [s1, s2, ...sn−2] ;

τ+ =
1

2
∗max [S]

Figure 3.3: Equations for the calculation of the activation threshold of rewarding feedback for the
condition 4OMI.

This value was also used to determine the threshold for the 2OMI condition in the

feedback runs. According to Sousa et al. 2016, the ability to modulate activity based

on ’2 opposing moving imagery’ (2OMI) task is worse (approximately half) than the

modulation based on 4OMI task. In this sense, we decided to set the threshold for

this condition as half of the value of τ+.

The negative threshold for both up-regulation conditions was set to 0 (the rationale

was to inform the participants that the modulation was in the opposite direction).

During the down-regulation condition, the goal was to maintain a stable BOLD

signal. To inform the participants of deviations (instability of the signal, either

increase or decrease), we set the positive and negative thresholds to τ+ and -τ+,

respectively.
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3.2.2.2 Imagery runs

In the imagery runs, the participants were asked to perform a imagery task resem-

bling the dot motion task performed on the localizer run. During the imagery runs,

auditory cues were given to inform which task should be performed. All cues were

recordings of a voice saying numbers in Portuguese indicating the number of oppos-

ing directions the participant should imagine the square moving - ”zero” referred

to a stationary square imagery block whilst ”dois” and ”quatro” referred to motion

imagery with a square moving in 2 opposing directions (‘two opposing motions im-

agery - 2OMI’) and 4 opposing directions (‘four opposing motion imagery - 4OMI’),

respectively. Imagery runs were composed of 275 volumes divided in 25 blocks of 22

seconds.

Training

The training run is the first functional one following the localizer run. All imagery

tasks are performed after the participant receives an auditory cue. Performance in

this run serves as a reference value for comparison with subsequent runs.

Feedback runs

Feedback was provided in the form of 3 different vocalizations that were selected

from a sub-sample by each participant to address the subjective perception of each

vocalization and convey:

1. Feeling of reward

2. Neutral sound (no perception of a positive or negative reward value)

3. Feeling of punishment

The selected vocalizations were played during the runs in each TR according to the

current value of mean BOLD signal achieved when compared to a positive and a

negative threshold (Figure 3.4). These thresholds will be defined according to the

performance of each participant in the imagery task of the localizer run.

Transfer run

The final imagery run is similar to the training run and serves as a control run to test

for learning effects in feedback sessions. It also allows comparison of performance

when feedback generation is present or absent.

The expectation on the transfer run is the increase in the self-regulation ability of

participant when compared with the Train run. However, the limitation of the study

to one NF session can be a limiting factor due to the fact the participants have a

relative short time to engage in feedback-aided self-regulation.
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Figure 3.4: Feedback presentation scheme. Feedback threshold is defined in the and the events are
defined as the moments when feedback is presented to the participant. The type of events will
change based on the mean BOLD value (measured as a percentage of the BOLD signal variation)
in the region of interest defined in bilateral area hMT+/V5.

3.2.3 Online fMRI processing

Turbo Brain-Voyager (Brain Innovation) was used for processing the data in real

time. This software includes tools such as online 3D motion correction and align-

ment of functional volumes across all runs in a session. The analysis uses a recursive

squares algorithm to create an online General Linear Model (GLM) (TurboBrain-

Voyager n.d.).

3.2.3.1 ROI functional definition

The selection of the region-of-interest (ROI) for feedback generation occurs during

the localizer run. For this purpose, voxels corresponding to the hMT+/V5 brain

area which are activated in the activation maps of the localizer run using as contrast

(4OMI+2OMI>Stationary Imagery) and a statistical threshold of t=5 were selected.

Voxels with activations in the occipito-temporo-parietal referring to the location

of the area hMT+/V5 were selected to an approximate size of 60 voxels in the

functional image space.

3.2.4 Data analysis

Image processing and analysis were executed with both Brain Voyager QX 2.8.4 and

BrainVoyager 21.2 (Brain Innovation B.V., Maastricht, The Netherlands).

Preprocessing included slice scan time correction (maximum interval between slices

of 2 seconds), 3D motion detection and correction, temporal filtering (linear trend

removal and temporal high pass filtering with GLM, Fourier 2 Cycles using predictors

to estimate the effects of low- frequencies in a voxel’s time course and remove noise)
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and 3D spatial smoothing with a Gaussian filter of 6 mm. Functional data were

co-registered with structural data of each participant using linear transformation

and normalized to Talairach (TAL) space to allow for intersubject comparison of

the results.

First-level analysis were based on a GLM using as contrast (4OMI + 2OMI>Stationary

Imagery). To study the neural correlates of feedback, a GLM was designed based

on regressors derived from feedback events.

In order to analyze improvements on performance during neurofeedback runs and

learning effects due to neurofeedback training, the ROI-GLM statistics, both for

the group and at an individual level, were compared. A NF session was labelled

as successful if the t-values for the contrast (4OMI+2OMI>Stationary Imagery)

showed increases between the training run and the transfer run at at a statistically

significant level of P<0.05. Furthermore, the performance in self-regulation dur-

ing neurofeedback runs was evaluated as positive if the t-values for the contrast

(4OMI+2OMI>Stationary Imagery) for each one of the NF runs were positive.

Group analysis was performed based on a Random Effects (RFX) analysis to allow

the generalization of the results to the overall population. Block protocol group

analysis was conducted for the Localizer run and both NF runs to identify areas

with increased activity during visual stimuli and visuospatial imagery tasks, respec-

tively. In the Localizer run, the contrast used to generate the activation maps was

(2OMS+4OMS>Stationary dot) and in the NF runs the contrast used for the same

purpose was (2OMI+4OMI>Stationary Imagery). Then, an event-related protocol

analysis was conducted considering separately negative and positive events for both

up-regulation imagery conditions (2OMI and 4OMI) in both NF runs. The purpose

of this analysis was the identification of neural correlates associated with different

valence (positive or negative) feedback events during neurofeedback sessions. The

software Tailarach client was utilized to identify brain areas based on the Taila-

rach (TAL) coordinates of the peak activations voxels as well as their corresponding

Brodmann area (BA).

Lastly, an event-related averaging (ERA) analysis was conducted to analyze the

hemodynamic response during the block conditions for relevant brain areas activated

during event-related analysis. The spacing between feedback events was always at

least 8 seconds, allowing for the calculation of the mean time course for each condi-

tion under study (Stationary Imagery, 2OMI and 4OMI). The criteria used for the

selection of the brain areas was the activation during the event-related analysis and

their association with literature relevant structures in the reward, salience network

and auditory processing areas.
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Results

4.1 Group ROI analysis

4.1.1 ROI localization

The variability of the ROI selected across all sessions is assessed in the form of an

overlap in Figure 4.1. This overlap represents the spatial consistency of activity

patterns which led to the selection of the bilateral neurofeedback target area. The

percentage value for each voxel represents a ratio of the number of participants with

activation in the voxel and the total number of subjects in the study.

The resulting image is the ROI multi-subject cluster for the coordinates of the ROI

selected as neurofeedback target during the training session for each participant

with the software Turbo-BrainVoyager. The color map suggests a relatively low

variability in the selection of ROI (hMT+/V5). The mean ROI size is 3031 mm3

with a standard deviation of 417 mm3.

Figure 4.1: Group ROI cluster. The legend refers to the degree of variability between selected
target regions.
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4.1.2 Learning effects

One of the most common measures of success in NF is the comparison between mod-

ulation of the NF target during the training and transfer run. Following this logic,

we determined the t-statistic for the contrast (4OMI+2OMI>Stationary Imagery)

considering the NF target. Considering the overall group statistics, a decrease in

the t-value is observed (not statistically significant at the P<0.05 level) (Table 4.1),

suggesting that the new approach is less successful from the NF point of view that

in Sousa et al. 2016.

Figure 4.2: Group t-value statistics for the Training and Transfer runs. Values are presented as
mean group value ± standard error of mean.

h p-value
0 0.2249

Table 4.1: T-test comparison for the group t-values of all participants between the Training and
Transfer runs.
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At the individual level, considering the ROI-GLM statistics, we observed that 4

out of 10 participants improved the self-regulation of the ROI in the transfer run

(compared to the training run) (tables C.1 and C.2 in the Appendices). The partici-

pants identified as subjects 4,5,6 and 9 were labelled as ”neurofeedback responders”

(referring to participants with increases in t-statistic of the contrast of interest).

4.1.3 Self-regulation performance

Self-regulation performance during feedback runs is presented in the form of a com-

parison of the t-values for the contrast (4OMI+2OMI>Stationary Imagery). Consid-

ering the group statistics, positive t-values indicate an overall success in regulation

of brain activity during the feedback sessions (Figure 4.3).

Figure 4.3: Group t-value statistics for the first and seconds NF runs.Values are presented as mean
group value ± standard error of mean.

At the individual level, ROI-GLM statistics indicate 5 participants were able to

self-regulate in the first neurofeedback run (participants 1, 4, 7, 9 and 10) and 5

participants were able to self-regulate in the second neurofeedback run (participants

1, 5, 7, 9 and 10). The t-values for each individual are presented in the tables C.3

and C.4 in the Appendices.
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4.2 Whole-brain group analysis

4.2.1 Block protocol activation maps

4.2.1.1 Localizer run

Group activation maps for the Localizer run are presented below in the form of three-

dimensional surface maps (Figure 4.4) and two-dimensional transversal plane views

(Figure 4.5). Both figures use as contrast the up-regulation conditions (2OMS+4OMS)

versus the down-regulation (Stationary Dot).

Figure 4.4 shows activations in the neurofeedback target area (bilateral hMT+/V5),

emphasizing the recruitment of this area during a visual motion task.

Figure 4.5 shows clusters of activation identified using cluster thresholding in the

Brainvoyager, with a minimum threhsold of 200 voxels and a P<0.004343. The

letter label used in the images refer to the brain areas and respective Brodmann

Areas presented in the Table 4.2, where the coordinates of the peak voxel activated

for each cluster are identified.

Figure 4.4: Group activation map for the Localizer run using as contrast
(2OMS+4OMS>Stationary dot). The bilateral cluster shown in the activation map corre-
sponds to the bilateral hMT+/V5 area (FDR q<0.05)
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Figure 4.5: Activation maps for the Localizer run using the contrast (2OMS+4OMS>Stationary
dot). The areas show in purple correspond to activated resulting from cluster thresholding
(P<0.004343, cluster threshold = 200 voxels).

Region [BA] TAL (x,y,z)

A Right Precentral Gyrus [BA 6] ( 48,- 1, 43)

B Right Middle Temporal Gyrus [BA 37] ( 43,-61, -2)

C Right Lingual Gyrus [BA 18] ( 21,-79, 31)

D Right Superior Parietal Lobule [BA 7] ( 27,-52, 46)

E Left Inferior Parietal Lobule [BA 40] (-33,-46, 40)

F Left Cuneus [BA 17] (-24,-81, 12)

G Left Precentral Gyrus [BA 4] (-39,-13, 46)

H Left Middle Occipital Gyrus [BA 37] (-45,-67, -5)

Table 4.2: Peak voxels of activated cerebral regions, associated BAs and tailarach coordinates for
the block analysis referring to the Localizer run (P<0.004343, cluster minimum threshold = 200

voxels).
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4.2.1.2 Feedback runs

Group activation maps for the Feedback runs are presented below in the form two-

dimensional transversal plane views where clusters with a minimum of 200 voxels and

P<0.001 (Figures 4.6 and 4.6). The contrast used to generate the maps compared

the up-regulation imagery tasks (2OMI+4OMI) versus the down-regulation imagery

task (Stationary Imagery).

The labels used in the images of Figure 4.6 refer to the brain areas and respective

Brodmann Areas presented in the Table ??, where the coordinates of the peak voxel

activated for each cluster are identified.

Figure 4.6: Activation maps representing the cluster with positive t-values using the contrast
(2OMI+4OMI>Stationary imagery) for the NF runs. The areas show in purple correspond to
activated resulting from cluster thresholding (P<0.001, cluster threshold = 200 voxels).

Region [BA] TAL (x,y,z)

A Right Precentral Gyrus [BA 6] ( 63, 5, 31)

B Left Superior Parietal Lobule [BA 7] (-30,-52, 43)

C Left Middle Frontal Gyrus [BA 6] (-57, 2, 40)

Table 4.3: Peak voxels of activated cerebral regions, associated BAs and tailarach coordinates for
the block analysis referring to both NF runs (P<0.001, cluster minimum threshold = 200 voxels).

Comparing to the study Sousa et al. 2016, the results show less brain areas with

activations cluster with a minimum of 200 voxels. The divergence in the results

should be associated with the more conservative type of analysis used in this study.

Additionally, the activation of the Left Middle Frontal Gyrus was not reported in the

above mentioned study. The literature refers the Middle Frontal gyrus plays a role

in attentional control (Japee et al. 2015) which was expected in up-regulation con-

ditions where a higher level of concentration is demanded of participants to achieve

higher activation levels in the neurofeedback target area, however the lateralization

of the activation is opposite to the one identified in this study.
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Figure 4.7: Activation maps representing the clusters with negative t-values peak activations in
the NF runs using the contrast (2OMI+4OMI>Stationary imagery). The areas show in purple
correspond to activated resulting from cluster thresholding (P<0.001, cluster threshold = 200
voxels).

Region [BA] TAL (x,y,z)

A Right Superior Temporal Gyrus [BA 22] ( 51, -7, -2)

B Left Transverse Temporal Gyrus [BA 41] (-42,-28, 10)

C Left Superior Temporal Gyrus [BA 38] (-51, -1, -5)

Table 4.4: Peak voxels of negative t-values for the contrast of interest. The cerebral regions,
associated BAs and tailarach coordinates for the block analysis referring to both NF runs are

identified. (P<0.001, cluster minimum threshold = 200 voxels).

Peak voxels of cerebral regions with negative contrast t-values for the contrast of

interest indicate higher activation levels in the Stationary Imagery condition com-

paring with the up-regulation conditions (2OMI and 4OMI).
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4.2.2 Event-related protocol activation maps

In order to identify regions involved in feedback events processing, an event-related

analysis based on the time points where feedback was presented (5 TR and 9 TR

of each task block) was conducted. The following maps are presented according to

the valence (positive or negative) of the feedback. This analysis is critical for the

dissection of NF related activation of reward and ”punishment” networks.

4.2.2.1 Positive feedback events

Figure 4.8: Activation maps representing clusters in the cerebrum for the event-related analysis
referring to positive feedback concerning both NF runs. The areas show in green correspond to
ROIs resulting from cluster thresholding (P<0.001, cluster threshold = 300 voxels).

Region [BA] TAL (x,y,z)

A Right Inferior Parietal Lobule [BA 40] ( 48,-53,49)

B Right Middle Frontal Gyrus [BA 6] (45, 5,53)

C Right Inferior Frontal Gyrus [BA 47] (24,29,-5)

D Right Caudate Head (9, 5, 1)

E Left Superior Temporal Gyrus [BA 8] (- 6, 41, 46)

F Left Caudate Body (-12,5,13)

G Left Inferior Frontal Gyrus [BA 45] (-57,20,19)

H Left Superior Temporal Gyrus [BA 22] (-60,-19, 4)

I Left Middle Frontal Gyrus [BA 6] (-36,- 4, 49)

Table 4.5: Peak voxels of activated cerebral regions, associated BAs and tailarach coordinates for
the event-related analysis referring of positive feedback . Positive feedback events of both

up-regulation tasks (2OMI+4OMI) in the two feedback runs were considered (P<0.001, cluster
minimum threshold = 300 voxels)
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Figure 4.9: Activation maps representing clusters in the cerebellum for the event-related analysis
referring to positive feedback concerning both NF runs. The areas show in green correspond to
ROIs resulting from cluster thresholding (P<0.001, cluster threshold = 300 voxels).

Region TAL (x,y,z)

A Left Pyramis (-12,-70,-27)

B Right Tonsil (6,-43,-35)

C Right Anterior Lobe (15,-64,-26)

D Right Tonsil ( 27,-52,-39)

E Right Tonsil (-24,-58,-35)

Table 4.6: Peak voxels of activated cerebellar regions, associated BAs and tailarach coordinates
for the event-related analysis referring of positive feedback. Positive feedback events of both

up-regulation tasks (2OMI+4OMI) in the two feedback runs were considered (P<0.001, cluster
minimum threshold = 300 voxels)

The voxel activations presented in Figure 4.9 associate with cerebellar structures.

In the literature, there is an established relationship between the Vermis (cerebellar

structure) and emotional processing, but that does not explain the preferential acti-

vation of the cerebellar structures in response to positive feedback and not negative

feedback. The differential activation may present additional neural correlates of suc-

cess in neurofeedback which, to the best of our knowledge, have not been identified

in previous studies.

35



4. Results

4.2.2.2 Negative feedback events

Figure 4.10: Activation maps for the event-related analysis referring to negative feedback events.
Negative feedback events of both up-regulation tasks (2OMI+4OMI) in the two feedback runs were
considered (P<0.001, cluster minimum threshold = 300 voxels).

In addition to the reported activated areas, the results shown a deactivation on the

caudate body [TAL coordinate (15,23,7)]. The result emphasizes the role of the

caudate as a key structure in reward processing and operant learning, with response

to both negative and positive reward-value feedback.

36



4. Results

Region [BA] TAL (x,y,z)

A Right Temporal Lobe [BA 13] ( 42,-1,-11)

B Right Precentral Gyrus [BA 9] (45,5,37)

C Right Angular Gyrus [BA 39] (39,-58,37)

D Right Inferior Frontal Gyrus [BA 10] (45,44, 1)

E Right Middle Frontal Gyrus [BA 9] (39,32,34)

F Right Middle Frontal Gyrus [BA 10] (39,53, 7)

G Right Medial Frontal Gyrus [BA 8] (3, 23,46)

H Ventral Anterior Nucleus (9,-4,-7)

I Left Superior Frontal Gyrus [BA 9] (-15,41,40)

J Left Extra-nuclear [BA 47] (-36, 20, -2)

K Left Superior Temporal Gyrus [BA 13] (-48,-43,16)

L Left Inferior Frontal Gyrus [BA 9] (-51,14,25)

Table 4.7: Peak voxels of activated cerebral regions, associated BAs and tailarach coordinates for
the event-related analysis referring to negative feedback. Negative feedback events of both

up-regulation tasks (2OMI+4OMI) in the two feedback runs were considered (P<0.001, cluster
minimum threshold = 300 voxels).
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4.2.3 Event-related averaging time course analysis

An event-related averaging analysis was performed to analyze the hemodynamic

response profile of the block conditions in a selective group of ROIs following a

stimulus (both the auditory cue and the feedback). The mean time course for

each condition resulted from the averaging all peri-stimulus time course segments

corresponding to the same block condition. The mean time courses of the three

different feedback tasks (Stationary Imagery, 2OMI and 4OMI) are superimposed

in the figures to allow for a relative comparison of the response profiles.

The ROIs were chosen based on the differential activated structures in the event-

related protocol activation maps and their association in the literature with a preva-

lent role in feedback processing. This include:

• The Auditory Cortex (Brodmann area 22)

• Caudate

• Thalamus

• Insula
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4.2.3.1 Primary Auditory Cortex (Brodmann Area 22)

The involvement of the auditory cortex in the auditory processing of the stimuli is

emphasized by the similar average response profiles for all imagery tasks. Figure

4.11 represents the ERA for the volume time course resulting from event-related

protocol of positive feedback events.

Figure 4.11: ERA of the three imagery tasks ROI with Tailarach coordinates (-60,-19,4) for both
neurofeedback runs. The purple curve represents the ERA of the condition 4OMI, the blue curve
represents the ERA of condition 2OMI and the brown curve represents the ERA of the condition
Stationary Imagery. Black vertical lines represent the volume where the task block is initiated,
following the presentation of the auditory cue (TR=0) and the end of the task block (TR=11).

The ERA in Figure 4.11 indicates, as expected, the BOLD signal variation in the

primary auditory cortex is independent of task or auditory stimulus across all tasks.

The increase in the activity levels in the ROI following the task cue is higher when

compared with the first feedback event. This difference ought to be associated with

the fact the second feedback event occurs 2 volumes (TRs) before the generation of

the auditory cue, leading to an accumulation of the effects of both auditory stimuli.
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4.2.3.2 Caudate

In the previous section, the caudate activated in response to a positive feedback

event (caudate head) and decreased in activation in response to a negative feedback

event (caudate body).

Figure 4.12 represents the ERA of the caudate head for the volume time course

resulting from event-related protocol of positive feedback events. Figure 4.13 rep-

resents the ERA of the caudate body for the volume time course resulting from

event-related protocol of negative feedback events. The increase in caudate BOLD

signal following the first positive feedback event contrasts with the decrease follow-

ing the first negative feedback event. Furthermore, Figure 4.12 suggests the caudate

activation is dependent on the task, with distinct levels of activation depending on

the type of task.

Figure 4.12: ERA of the three imagery tasks ROI with Tailarach coordinates (9,5,1) for both
neurofeedback runs. The purple curve represents the ERA of the condition 4OMI, the blue curve
represents the ERA of condition 2OMI and the brown curve represents the ERA of the condition
Stationary Imagery.Black vertical lines represent the volume where the task block is initiated,
following the presentation of the auditory cue (TR=0) and the end of the task block (TR=11).
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Figure 4.13: ERA of the three imagery tasks ROI with Tailarach coordinates (9,5,1) for both
neurofeedback runs. The purple curve represents the ERA of the condition 4OMI, the blue curve
represents the ERA of condition 2OMI and the brown curve represents the ERA of the condition
Stationary Imagery.Black vertical lines represent the volume where the task block is initiated,
following the presentation of the auditory cue (TR=0) and the end of the task block (TR=11).
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4.2.3.3 Thalamus

The activation of the ventral anterior nucleus is dependent of the valence of the

feedback, occurring only in response to negative feedback. The anterior nuclei of

the thalamus have been reported to be involved in functions of alertness. Figure

4.14 represents the ERA for the volume time course resulting from event-related

protocol of negative feedback events.

Figure 4.14: ERA of the three imagery tasks in the the ventral anterior nucleus [TAL (9,-4,-7)]
for both neurofeedback runs concerning the event-related negative feedback volume time course.
The purple curve represents the ERA of the condition 4OMI, the blue curve represents the ERA
of condition 2OMI and the brown curve represents the ERA of the condition Stationary Im-
agery.Black vertical lines represent the volume where the task block is initiated, following the
presentation of the auditory cue (TR=0) and the end of the task block (TR=11).

The ERA in Figure 4.14 suggests the BOLD signal variation in the thalamus reflects

the needed level of engagement with the task, with the different conditions showing

similar level of amplitude variation but with distinct base activity levels following

the first feedback event (up-regulation imagery tasks shown with higher activity

levels comparing with Stationary imagery).
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4.2.3.4 Insula

The insula is a key brain area of the salience network, which is activated in response

to negative feedback. Figure 4.15 represents the ERA for the volume time course

resulting from event-related protocol of negative feedback events.

Figure 4.15: ERA of both neurofeedback runs in the the anterior nucleus with [TAL (36,21,4)]
The purple curve represents the ERA of the condition 4OMI, the blue curve represents the ERA
of condition 2OMI and the brown curve represents the ERA of the condition Stationary Im-
agery.Black vertical lines represent the volume where the task block is initiated, following the
presentation of the auditory cue (TR=0) and the end of the task block (TR=11).

The ERA in Figure 4.15 appears to indicate the BOLD signal variation in the insula

reflects the needed level of engagement with the task, with the different conditions

showing similar level of amplitude variation but with distinct base activity levels

following the first feedback event (up-regulation imagery tasks shown with higher

activity levels comapring with Stationary imagery).
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Discussion

Contributions to the state of the art

Functional and anatomical MRI data were acquired from ten healthy patients to

explore the neural correlates of feedback in relation to the reward and salience

networks and the putative association with individual variations associated to the

success of the training. There has been some interest on the neural correlates of

feedback processing and success in neurofeedback sessions independent of task and

neurofeedback target, namely a study focusing solely on visual feedback paradigms

(Skottnik et al. 2019). In this study, the experimental protocol adds value to the

state of the art by analyzing whole-brain activations concurrent with specific feed-

back events by using emotional human vocalization auditory positive and negative

feedback. Equipped with such an event related approach, the experimental design

enabled to specifically identify neural correlates of reward and aversion during feed-

back runs, making no assumptions for the selection of ROIs before data acquisition..

The overall results serve as a exploratory analysis to identify biomarkers on positive

and negative feedback processing.

The percentage of successful neuromodulators in the present work was 40%, which is

in accordance with reported estimated percentages of success across a variety of neu-

rofeedback studies according to the review Alkoby et al. 2018.The imple- mentation

of a tailored neurofeedback paradigm did not result in the increase of ”successful

responders” as expected, which is inclusively reduced when comparing to the results

in the study Sousa et al. 2016. The motivation for the adaptation of the existing

experimental protocol derived from the need to further understand the neural cor-

relates of success and failure associated with feedback events processing in order to

optimize and adapt NF protocols to maximize the participants’ performance and

learning. However, the implementation of the new protocol failed its purpose of en-

hancing performance during the session.The overall decreased frequency of feedback

may have led to a decrease on attention in the task and, consequently, an increase in

the relative number of negative feedback events. This work does therefore provide

important insight into the need to optimize frequency of feedback in NF protocols.
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Also, the fact that this study utilized solely one feedback session per participant may

have limited the results, which is supported by the fact that experienced participants

received more positive feedback during NF runs than unexperienced participants

(data available in the Appendices). Nevertheless, performance in the transfer runs

declined across both groups of participants (both experienced and unexperienced),

which indicate frustration and fatigue may have played a role. This effect can be

confirmed by the group trend in t-values in the feedback runs (Figure 4.3). This

work does therefore provide important insight into the need to optimize frequency

of feedback in NF protocols.

The parametric activation paradigm used did not allow for the direct comparison

between reward and aversion feedback processing due to the lack of positive and neg-

ative events in some feedback runs in the subjects,which would require excluding

participants from the analysis. Moreover the neural correlates of positive feedback

and punishment are known to be non-overlapping. In the future, the increase of

the sample size of participants will allow the comparison of results between para-

metric activation tasks with the neural correlates of positive and negative feedback

identified in the present work.

In addition, neutral feedback events should also be considered to understand how

it is perceived by the participants and their role in the success of self-regulation.

In this study they were not considered for analysis due to time constraints for the

realization of the analysis. The aim of the study was centered on the duality of

networks between punishing and rewarding feedback, using the neutral events solely

to better inform the participant of the activation level in the neurofeedback target

(hMT+/V5) during the tasks.

Auditory Processing areas

Activations across different auditory processing areas were verified. The peak voxel

activations were identified as the BA 45, 47 and 22. The BA 47 is associated

with processing of non-spatial sound information (Arnott et al. 2004) and BA 45 is

associated with phonological processing (Heim et al. 2003), both specific aspects of

auditory processing. On the other hand, BA 22 refers to the primary auditory cortex,

which is involved in the processing of all auditory stimuli (Moerel, De Martino, and

Formisano 2014).

The activations in the several auditory areas in response to both positive and nega-

tive feedback were expected to occur since these relate to the auditory processing of

the information. The difference in peak voxel activations between the two feedback

types are not significant for the interpretation of differential activated regions in

the auditory cortex since the clusters engulf the bilateral auditory cortex (evident in
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the bilateral clusters occipito-temporo-parietal area on the activation maps A,D,F,H

and K from Figure 4.10 and B,F,G and H of Figure 4.8).

Reward-value independent activations

Activations non-auditory related were verified independent of reward-value of the

feedback. The involvement of BA 47 in conflict management and processing changes

in the reward value of new information may be the reason for its activation (Rogers

et al. 1999). Activations in BA 8 for both feedback types independent of valence

(positive and negative) supports the involvement of processes of uncertainty me-

diation following the feedback stimulus (Volz, Schubotz, and Von Cramon 2004).

Activations in the angular gyrus and the right inferior parietal lobule may refer to

their role in commanding attention during the onset of salient new information, such

as feedback (Singh-Curry and Husain 2009).

Reward-value dependent activations

Activations in different neural structures were verified based on the type of feedback

event. Activations in central regions on the dopamine mesolimbic pathway were

quite evident, such as the striatum (caudate head and body) in response to rewarding

feedback. The relevance of the striatum in the processing of feedback with explicit

emotional valence is further emphasized by the deactivation following “punhishing”

feedback, as it is described in the Figure 4.13, which suggests a confirmation of the

results of Skottnik et al. 2019.

The activation of the right Middle Frontal Gyrus may play an important role in

reorienting attention between the exogenous environmental stimuli (feedback event)

and the mental strategy in use (Japee et al. 2015).

Interestingly, results point to an exclusive involvement of cerebellar structures in

the processing of positive feedback. The cerebellum is involved in error correction

regarding motor control as well as emotional processing (Snow, Stoesz, and Anderson

2014). The activation of a variety of cerebellar structures in contrast with negative

feedback was not anticipated and is not supported by the literature to our knowledge.

Activations associated with negative valence feedback are mainly involved in alert-

ness and arousal processes evoked by conflict adaptation (thalamus), as well as

management and monitoring of sub-goals while maintaining information in working

memory (BA 10) (Ramnani and Owen 2004). In addition, activations in the insular

cortex area (BA 13) is consistent with reports on the importance of this area on

risk-taking decisions and response to punishment. (Paulus et al. 2003).

As expected, these results indicate distinct regions that may serve as negative per-

formance indicators during the activation tasks in contrast to positive performance

indicators who are identifiable within the main classical structures of the reward
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processing system.
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Conclusions

In the present work, we have found evidence of differential neural correlates for re-

warding and aversive feedback during a neurofeedback experiment. The association

between success and patterns of activation within the reward system may serve as

the basis for the usage of such neural markers as indicators that can be used to op-

timize feedback training and personalize the level of challenge for neuromodulation

to each individual’s specific psychological characteristics.

Subsequent studies ought to focus on confirming results for less common feedback

interface alternatives (such as haptic and electrotactile). Similar results would confer

higher credibility to the connections between these biomarkers and success in the

overall neurofeedback design framework.

The literature on neurofeedback mostly focuses on visual feedback neurofeedback

experiments. The confirmation of the involvement of similar brain areas in feed-

back processing for auditory display with explicit positive and negative emotional

valence , provides a new way to link neurofeedback with interfaces exhibiting a cued

valence. It would be of utmost interest to study the functional connectivity between

the identified biomarkers of neurofeedback success. A measure of the number of

effective connections in neurofeedback runs can be performed for example using the

multivariate Granger Causality Matlab Toolbox, pairing ROIs previously identified

in the RFX analysis to the causality of activations. This information may have value

to inform on the relationship between the psychological factors and activations of

specific brain networks, related to biomarkers that may be critical in predicting

success during feedback training.

Ultimately, this research is directed to contribute to the the definition of adaptive

neurofeedback paradigms, by discovering patterns related to success criteria which

can be used to define neuroimaging biomarkers for NF success.
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A

Pilot Studies

Pilot studies were performed to validate the identification of activity in reward-

related brain structures and optimize the design of the experiment to the partic-

ipants feedback about stimulus presentation, auditory cues, feedback sounds and

length of the experiment. All modifications to the overall experiment design aimed

at increasing subsequent participants task engagement and motivation during the

session.

A.1 First Pilot study

The goal of the first pilot study was to analyze the cortical activation of corti-

cal areas that are included in the reward system and analyze if such activations

are time-dependent of the feedback generation during NF runs. At this stage,

the session organization model only contained a localizer run, a no-feedback im-

agery run and a feedback run. In terms of feedback sounds, the participant did

not choose personalized vocalizations and was presented with generic vocalizations

”Up”,”Null”,”Down”. The feedback of the participant about the vocalizations and

its negative effect on the overall engagement on the task motivated the personaliza-

tion of auditory feedback achieved with the pre-session questionnaire.

The results presented in Figure A.1 were obtained using a different software for im-

age processing and analysis called SPM Version 12 (Statistical Parametric Mapping,

Functional Imaging Laboratory). Image processing occurred using the same param-

eters for preprocessing as the participants included in the results of the study. The

toolbox AAL (Automated Anatomical Labelling, Neurofunctional Imaging Group)

was used as an atlas to identify the anatomical brain structures associated with

the voxels activated using as contrast 40MI+2OMI>Stationary Imagery. The AAL

toolbox uses the reference space MNI (Montreal Neurological Institute) instead of

TAL to associate activated voxels with anatomical locations.

The results identify activated voxels in two brain areas associated with error predic-

tion: the orbitofrontal cortex and the cingulum. Both areas are connected to main
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A. Pilot Studies

Figure A.1: Activation maps resulting from whole brain event-related analysis (SPM12) shows
activated voxels in areas such as the orbitofrontal cortex (T=3.94, p<0.001) and the cingulum
(T=3.35, p<0.001). Anatomical identification was performed based on MNI coordinates and the
AAL toolbox.

reward-related brain areas and have been linked to reward prediction (Stalnaker

et al. 2018; Bubb, Metzler-Baddeley, and Aggleton 2018).
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A. Pilot Studies

A.2 Second Pilot Study

The second pilot study served the purpose of optimizing length of experiment and

evaluating the perception of the auditory cues used in imagery runs. Auditory

cues were vocalizations of letters ”A”,”B” and ”C” which respectively identified the

tasks ”stationary square imagery”, ”motion imagery in 2 opposing directions” and

”motion imagery in 4 opposing directions”. The participant’s feedback during the

session allowed the definition of the definitive session organization of the runs as

well as the modification of auditory cues to vocalizations identifying the number of

opposing directions for each imagery task.
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B

Participants details

Participants List

Participant ID Gender Age Laterality rtfMRI/NF Experience

1 Female 23 Right-handed None

2 Female 23 Right-handed None

3 Male 28 Right-handed None

4 Female 25 Right-handed None

5 Female 19 Right-handed None

6 Female 23 Left-handed None

7 Male 35 Right-handed rtfMRI + NF

8 Male 24 Right-handed None

9 Male 25 Right-handed None

10 Male 35 Right-handed rtfMRI + NF

Table B.1: Participants details. Participants are described according to gender, age, dominant
hand (laterality) and their previous experience with rtfMRI or NF sessions.
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C

Individual ROI-GLM Statistics

C.1 Training run

Training run

Subject t-value p-value

1 4.3207 0.000022

2 2.9297 0.003692

3 3.0628 0.002427

4 -1.6529 0.099583

5 0.6399 0.5228

6 -3.7498 0.000218

7 3.2972 0.001112

8 3.4739 0.000600

9 -0.4423 0.658647

10 4.3284 0.000021

Table C.1: Individual ROI-GLM statistics for each participant for the training run.The t-values
and p-values presented refer the NF target and the contrast (4OMI+2OMI >Stationary Imagery)
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C. Individual ROI-GLM Statistics

C.2 Transfer run

Transfer run

Subject t-value p-value

1 -2.0260 0.043774

2 -2.9383 0.0035942

3 2.7737 0.005941

4 1.8796 0.0614783

5 1.06340 0.288331

6 -2.3086 0.021756

7 1.9630 0.050713

8 0.1548 0.877340

9 0.4520 0.651636

10 2.0947 0.037155

Table C.2: Individual ROI-GLM statistics for each participant for the transfer run.The t-values
and p-values presented refer the NF target and the contrast (4OMI+2OMI >Stationary Imagery)
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C. Individual ROI-GLM Statistics

C.3 First neurofeedback run

NF #1

Subject t-value p-value

1 3.2105 0.0015

2 -2.4434 0.0152

3 -0.7704 0.4418

4 1.9764 0.0492

5 -1.4368 0.1519591

6 -0.3554 0.722565

7 3.3279 0.001000

8 -2.1121 0.035650

9 3.2806 0.001177

10 6.0418 5.208958×10-9

Table C.3: Individual ROI-GLM statistics for each participant for the first neurofeedback run.
The t-values and p-values presented refer the NF target and the contrast

(4OMI+2OMI>Stationary Imagery)
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C. Individual ROI-GLM Statistics

C.4 Second neurofeedback run

NF #2

Subject t-value p-value

1 1.5355 0.1258627

2 -2.3477 0.019662

3 -1.8904 0.059817

4 -2.0503 0.041417

5 0.6686 0.504371

6 -0.8041 0.422055

7 2.7951 0.005576

8 -3.4275 0.000707

9 4.0070 0.000080

10 6.4684 4.832791×10-10

Table C.4: Individual ROI-GLM statistics for each participant for the second neurofeedback
run.The t-values and p-values presented refer the NF target and the contrast

(4OMI+2OMI>Stationary Imagery)
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