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Abstract 

Advances in functional magnetic resonance imaging (fMRI) have enabled an 

understanding of the neural mechanisms underlying human brain functions such 

as motor functions. In recent decades fMRI, which is a non-invasive and high-

resolution technique, has been used to investigate the functions of the human 

brain using the blood oxygen level dependent (BOLD) response as an indirect 

measurement of brain neural activities. Real-time fMRI (rt-fMRI) has been used 

as neurofeedback to enable individuals to regulate their neural activity to 

achieve improvements in their health and performance, such as their motor 

performance. 

 

Neurofeedback can be defined as the measurement of the neural activity of a 

participant that is presented to them as visual or auditory signals that enable 

self-regulation of neural activity. Rt-fMRI has also been used to provide 

feedback about the connectivity between brain regions. Such connectivity 

neurofeedback can be a more effective feedback strategy than providing 

feedback from a single region. Recently, connectivity neurofeedback has been 

explored to examine how functional connectivity of cortical areas and 

subcortical areas of the brain can be modulated. Enhancing connectivity 

between cortical and subcortical regions holds promise for the improvement of 

performance, particularly motor function performance. 

 

The aim of this PhD research was to modulate connectivity neurofeedback by 

using real-time fMRI neurofeedback (rt-fMRI-NF) between brain regions and to 

investigate whether any possible enhancement in the activation due to a 

successful fMRI-NF will translate into changes in behavioural measures. 

 

The thesis research began with experimental work to establish the 

experimental paradigm. This included work, using fMRI, to develop and test 

localisers for different motor areas such as primary motor cortex (M1), 

supplementary motor cortex (SMA), the motor cerebellum and the motor 

thalamus. The results showed that the execution of actions, such as hand 

clenching, can be used to functionally activate many motor areas including M1, 

SMA and the cerebellum. The motor thalamus was localised using a motor 

thalamus mask that was created offline using the Talairach atlas. All localisers 
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tested in this research were feasible and able to be used for applications such 

as rt-fMRI-NF research to define the regions of interest. 

 

The first rt-fMRI connectivity neurofeedback experimental study of this thesis 

was conducted to determine whether healthy participants can use 

neurofeedback to enhance the connectivity between M1 and the thalamus using 

rt-fMRI. It also aimed to investigate whether successful rt-fMRI-NF of M1-

thalamus connectivity could translate into changes in behavioural measures. 

For this purpose, the behavioural tasks were conducted before and after each 

MRI session. Two behavioural tasks were used in this experiment: Go/No Go and 

switching tasks. The results of this experiment showed a significant increase in 

connectivity neurofeedback in the experimental group (M1-thalamus), hence, 

rt-fMRI-NF is a useful tool to modulate functional connectivity between M1 and 

the thalamus using motor imagery and it facilitates the learning by participants 

of new mental strategies to upregulate M1-thalamus connectivity. The 

behavioural tasks showed a significant reduction in the switching time in the 

experimental group while Go/No Go task did not show a significant reduction in 

the reaction time in the experimental group. 

 

The second rt-fMRI connectivity neurofeedback experimental study of this 

thesis was conducted to investigate the ability of neurofeedback to modulate 

M1-cerebellum connectivity using motor imagery based rt-fMRI-NF. The results 

of this research showed enhanced connectivity between M1 and the cerebellum 

in each participant. However, this enhancement was not statistically 

significant. 

 

In summary, this PhD thesis extends and validates the usefulness of connectivity 

neurofeedback using motor imagery based rt-fMRI to modulate the correlation 

between cortical and subcortical brain regions. Successful modulation using this 

technique has the potential to lead to an enhancement in motor functions. 

Thereby, the results of this PhD research may help to advance connectivity 

neurofeedback for use as a supplementary treatment for many brain disorders 

such as stroke recovery and Parkinson’s disease.  
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1.1 Introduction 

For many years, clinicians and researchers have focused on understanding how 

people are trained to regulate their physiological functions. In the 1960s and 

70s, neurofeedback using electroencephalograms (EEG) was developed. EEG 

neurofeedback is recognised as an accepted method for treating several 

neurological disorders (Yucha and Gilbert, 2004; Moss and Kirk, 2004). In the 

1990s, functional magnetic resonance imaging (fMRI) was developed, which gave 

researchers the chance to observe how specific anatomical brain regions are 

activated. This technology allowed researchers to start exploring the possibilities 

of using real-time fMRI data feedback to train individuals to regulate their 

localised brain activations. There are two forms of fMRI feedback: biofeedback 

and neurofeedback.  

 

Biofeedback can be described as a technique which allows individuals to learn 

how they can change their physiological activities to improve their performance 

and health (Gilbert and Moss, 2003).  The instruments used in biofeedback 

provide feedback information about the processes of physiology in an individual, 

assisting the person to increase their awareness of the processes and thus 

enabling them to control their mind and body. Biofeedback instruments usually 

measure electrodermal activity, skin temperature, muscle activity, blood 

pressure, heart rate variability, heart rate, blood flow, and brain electrical 

activity. When biofeedback is used in conjunction with other behavioural 

therapies, it can result in effective treatment of psychological and medical 

disorders including headache, hypertension and attentional disorders (Yucha and 

Montgomery, 2008). 

 

1.2  Neurofeedback 

In neurofeedback, a visual stimulus is presented on a screen to reinforce or train 

the brain.  Neurofeedback can therefore be described as a type of biofeedback 

which influences the functions of the brain. It has been used experimentally for 

more than 50 years. Studies with animals show that rats and other non-human 

primates can control the firing of single cells within the motor cortex (Koralek et 

al., 2012). The EEG is currently the most used neurofeedback technique, and 
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involves an individual trying to control the electrical activity of his or her brain 

in real time (Gruzelier et al., 2014). When a participant is being trained on 

neurofeedback, they aim to control their brain activity, based on a feedback 

signal which represents the activity of a network or brain region of interest. 

 

Although neurofeedback was originally based on cortical signals measured with 

EEGs, developments in methodology have allowed neurofeedback to be provided 

based on brain signals (cortical and subcortical) acquired from functional 

magnetic resonance imaging (fMRI) (Thibault et al., 2016). Thus, neurofeedback 

training holds promise as a possible treatment for neurological and psychiatric 

conditions (Sokhadze et al., 2008), and it contains protocols that can be used in 

addressing disorders such as chronic pain, depression, and anxiety (Thibault et 

al., 2016). However, there is limited evidence for the therapeutic efficacy of 

this treatment. Neurofeedback also involves training individuals to improve their 

flexibility in terms of physiologic responding. This feedback training can have a 

positive impact on individuals’ learning, health, and performance (Koralek et 

al., 2013).  

 

1.3 Principles of learning  

Implementing neurofeedback involves a Brain-Computer Interface (BCI), which 

enables a special form of training using biofeedback (Birbaumer et al., 2013). 

Neurofeedback training involves modulation of brain activation in real-time. The 

signal intensities in the training are transformed to relate them to activities that 

reflect the main objective of the training, such as an intended percentage signal 

change compared to a resting period. Once this value is obtained, it is 

transformed into a feedback cue. A good example is a thermometer with filling 

bars, which reflect the level of the activity, and result in feedback given to the 

participant. The techniques used in neurofeedback training train the participants 

to gain control over the underlying signals that influence their feedback 

(Birbaumer et al., 2013). 

 

Normally, classical operant learning needs an unconditioned signal (US) that can 

be considered to be a reinforced signal, and a stimulus signal, which is 

conditioned (CS) (Mendelsohn et al., 2014). In the neurofeedback training 

context, the conditioned signal represents the response of a brain that is being 
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trained, while the unconditioned signal constitutes the feedback signal to the 

participant, which acts as a reward (Mehler, 2018).  During the training, the 

participants perform specific tasks such as mental imagery, which constitutes 

the operant behaviour, and which the training rewards. Research shows that 

learned upregulation of the motor areas being targeted through motor imagery 

training can be modulated by the presentation of cues that have been awarded 

in totally different contexts (Mendelsohn et al., 2014). 

 

 In the presentation of any reward-related cues, it is possible to enhance the 

activation of motor imagery areas and areas associated with motivation such as 

the ventral striatum. This shows that it is possible to modulate the relationship 

between US and CS by Pavlovian-instrumental transfer (PIT) learning. The 

findings also show that in neurofeedback training, mental imagery-based 

reinforcement can be used as an option for modifying behaviour and cognition 

(Cartoni et al., 2016). 

 

The use of fMRI neurofeedback (fMRI-NF) is a more recent development 

(Weiskopf et al., 2003). When a participant is undergoing training in fMRI-NF, 

their blood oxygenation level-dependent (BOLD) signal represents the biological 

signal which they are trained to control BOLD signals are used to indirectly 

measure the neural activity of individuals, based on the fact that they are the 

biological basis of the deoxyhaemoglobin levels (a more detailed description is 

provided in Chapter two). 

 

In real-time fMRI-NF training, the neural activity modulates the biological signals 

being given as feedback to the individual. In addition, the BOLD signal levels can 

be modulated by other non-neural factors, such as changes in heart rate, 

breathing, and carbon dioxide (Murphy et al., 2013). They largely depend on the 

ability of brain vessels to adopt local arterial blood supply by means of 

constriction and dilatation, in response to changing metabolic demands that 

result from variations in neural activity during the given task. 

  

Birbaumer and colleagues (2013) hypothesised that for NF training to be 

considered successful, it must involve learning a skill, with the basal ganglia 

playing a central role in the skill learning, which forms a major structure in the 
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reinforcement of operant learning and reward processing. A recent meta-

analysis (Emmert et al., 2016) supported this hypothesis and showed that fMRI-

NF paradigms activate some parts of the basal ganglia and anterior insula cortex 

(AIC). However, it is important to note that this analysis did not account for 

attempts to self-regulate in the absence of feedback. Suggestions in earlier work 

claim that these areas and other structures, like supplementary motor areas, 

form a major part of an individual’s frontoparietal network, which largely 

contributes to the cognitive control of the individual (Ninaus et al., 2013). This 

suggests that during fMRI-NF tasks, the identified specificity of neural correlates 

allows dissociation of self-regulation in true learning. Researchers have also 

proposed additional models to describe the learning mechanisms in 

neurofeedback (Sitaram et al., 2017). 

 

Alongside the behavioural and neural effects that co-occur during neurofeedback 

training, the effects of training that take place after the training periods are 

also considered an area of interest. It is important to note that it is possible to 

achieve lasting training effects at different organisational levels, which 

represent different degrees of generalisability. For example, an individual can 

learn how to self-regulate in networks or areas from which they are not 

receiving any feedback. Depending on the calibration of feedback, there may be 

differences between individuals in regards to successful strategies in terms of 

modality and content. The ability of a participant to self-regulate an activity is 

predominantly tested by performance on activities that can be referred to as 

transfer runs, which are activities where a participant may apply the mental 

strategies that he or she has learned without expecting to receive any feedback 

(Robineau et al., 2017).  

 

In addition, training aims to enhance the ability of an individual to mentalise 

specific content such as positive autobiographical mental imagery or motor 

imagery (Mehler, 2018). In this case, the fMRI-NF training presents the 

participants with a training approach that allows them to develop strategies 

which help them to mentalise successfully. It is important to note that a 

participant can test these training effects using mental imagery-based tasks or 

mental imagery questionnaires, and that reaction times and accuracy provide 

additional mental imagery performance measures (Sitaram et al., 2017). In 
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addition, one can associate additional training effects with successful training 

strategies, which can allow psychometric measures to detect and generalise a 

behavioural effect. Research shows that the generalisation of a behavioural 

effect beyond the training task largely constitutes the ultimate objective of the 

training interventions of fMRI-NF, based on the fact that they can modify the 

behaviour of an individual in ways that help the individual achieve the desired 

clinical outcomes (Mehler, 2018). For instance, these behaviours can be 

regulated by increasing compensatory or physiological behavioural strategies, 

and by reducing pathological strategies (Arns et al., 2017).   

 

Scholars from different backgrounds have proposed different theories to explain 

the mechanisms of neurofeedback learning. These theories include two-process 

theory (Gaume et al., 2016), motor skill learning theory (Birbaumer et al., 2013) 

neural conditioning theory (Shibata et al., 2019), and system control theory (Ros 

et al., 2014). Most theories can be assigned to two major approaches. In the first 

approach, the theories depict neurofeedback learning as a way of active 

learning. In this case, an individual is given information and a choice to perform 

voluntary mental actions towards achieving an objective, such as regulating her 

or his brain activity through the use of cognitive tasks. Several cognitive aspects 

play an essential role in this view, such as motivation, awareness, and attention. 

The second approach does not consider how high-level cognitive purposes 

influence the brain activities of an individual, but instead focuses on 

characterising the learning activity of a person as an outcome which occurs after 

the individual is subjected to several pairings of stimulus-response activities. 

Normally, these pairings result in the weakening or strengthening of 

reinforcement-driven associations between the feedback signals and the brain 

signals (Birbaumer et al., 2013; Shibata et al., 2019).  

 

The second approach is underpinned by the widespread idea that the learning 

activity of a person through neurofeedback can take place without a person 

being aware, which means that learning can only occur implicitly (Koizumi et 

al., 2016; Birbaumer et al., 2013; Shibata et al., 2019). The debate surrounding 

how awareness influences neurofeedback learning has increasingly become 

popular and has gained major relevance due to the development of 

neurofeedback paradigms in recent years (Megan et al., 2016; Ramot et al., 
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2016; Watanabe et al., 2017). The debate has also gained awareness due to the 

criticism that several factors such as demand effects, experimenter bias, and 

placebo effects can contaminate learning in typical neurofeedback paradigms 

(Thibault et al., 2018, 2016, 2015). 

 

1.4 Explicit versus implicit control over brain activation 

It could be said that an individual’s control over their brain activation can be 

learned through normal development, based on the fact that it is implicit. 

Implicit control can be said to be the most typical form of control underpinning 

the cognition and behaviour of individuals; in a normal setting, a person usually 

exhibits implicit and unwitting control over the activation of their brain.  We 

know this because every voluntary perception or action results in some specific 

brain mechanisms being activated (DeCharms et al., 2008). A good example is 

that when an individual learns to play an instrument such as a piano, he or she 

develops implicit control over his or her motor cortex, and the ensuing learning 

produces motor performance. However, during the learning period, the person is 

not aware of the events that are taking place inside his or her brain, which 

means that he or she cannot make decisions based on these activities, and thus 

cannot shape the activities (DeCharms et al., 2008).  

The explicit control over the activation of a brain can be said to be deliberately 

learned, which means that an individual knows about it and thus allows it to 

make volitional changes over their brain through the choices he or she makes 

(Sitaram et al., 2017). For instance, an individual can learn how they can control 

the way in which the brain region is activated by exerting exactly the type of 

action, intention, emotion, cognition, mental imagery, or perception that will 

minimise or maximise its activation. 

 

An interesting question relates to the extent to which an individual can learn to 

have explicit control over the activation of their brain through specific training, 

and what would happen when the training was completed. If functional MRI is 

activated in real-time, it can bring the non-conscious processes of the brain into 

conscious awareness, with this process allowing the implicit control one has over 

the brain to be transformed into explicit control. 
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1.5 Awareness in human associative and motor learning 

Throughout history, psychology has consistently tried to describe learning in 

terms of stimulus-response associations. In the early twentieth century, the 

traditional learning theories described by psychologists like Hull and Thorndike 

termed instrumental learning as the learning that happens between the actions 

of an individual and the outcomes. These psychologists described instrumental 

learning with regards to stimulus-response bonds, which are likely to be 

weakened or strengthened depending on the reinforcement (Hull, 1943; Yin and 

Knowlton, 2006). The approach used by these psychologists aimed at 

understanding learning by focusing on measurable inputs and outputs, which 

were expected to be free-form concepts such as representations and goals. 

 

It is worth noting that associative learning in animal research is assumed to be 

detached from the processes of higher-order cognition (Lovibond and Shanks, 

2002). However, learning can occur even from simple contiguity, which is 

considered to be a likely source of a primitive form of associative learning that is 

said to be present in many mammals and vertebrates (Bekinschtein et al., 2011; 

Heyes, 2012; Macphail, 1982). However, associative learning is not considered 

either necessary or sufficient for conditioning. Researchers claim that instead, 

associative learning can be perceived as a more complex process, which is driven 

by how an individual acquires and maintains their perception of the actions that 

lead to events in the world (Rescorla, 1988). 

 

There is evidence showing that learning in human beings is accompanied by 

contingency awareness. Describing neurofeedback learning as implicit learning 

makes two assumptions. The first assumption is that neurofeedback learning can 

be termed as a type of motor skill learning (Birbaumer et al., 2013).  The second 

assumption is that the motor learning process can be considered to be implicit. 

Scholars such as Dienes and Perner (2007) show that an individual can execute 

motor movement without awareness, and they also claim that an individual can 

act without their action being influenced by conscious intentions such as habits. 

However, scholars such as Krakauer and colleagues claimed that in order to 

understand motor learning, it is important to differentiate between motor 

learning and motor execution (Krakauer et al., 2019; Stanley and Krakauer, 

2013).  



 

9 
 

 

Research conducted on motor learning in individuals shows that both explicit and 

implicit processes are involved in this type of learning. Thinking first of the 

explicit processes, it seems that they need more time to unfold, occur within 

faster time scales, and are sensitive to changes in reward contingencies and 

instructions. On the other hand, the implicit processes are said to be error-

driven, need less time to unfold and act within slower timescales (Huberdeau et 

al., 2015). Learning can be affected by experimental manipulations, such as 

delaying feedback or using verbal instructions, which allows the individual to 

process implicit and explicit processes at different learning points (Schween et 

al., 2014; Taylor et al., 2014). Our main argument is that even though 

neurofeedback can be considered as a form of motor skill, it is not correct to 

dismiss the idea that explicit processes are used in the process of learning a 

skill.  

1.6 Current views on the role of awareness in neurofeedback 
learning 

The theory of neurofeedback provides potential reasons why a person can 

dismiss how awareness impacts learning. Verbal reports on the cognitive 

strategies used in neurofeedback performances shows a lack of consistency 

between individuals (Kübler et al., 2001; Neumann et al., 2003; Shibata et al., 

2019); however, Kober et al. (2013) also shows a lack of consistent correlation 

between improvement in neurofeedback performance and verbal reports of 

strategies. When participants are given instructions for self-regulation purposes, 

the instructions are not always useful in the learning process, as participants 

sometime show progress even if they are not given instructions (Lacroix and 

Roberts, 1978; Sepulveda et al., 2016; Paret et al., 2019).  

 

A participant is likely to learn even without being given neurofeedback, 

especially in a paradigm where they do not have explicit knowledge of the 

relationship between feedback and the neural activity (Amano et al., 2016; 

Shibata et al., 2011). Learning in individuals seems to take place where the 

neurofeedback setups are passive, especially when there are no objectives such 

as maximising a reward or passive settings. Birmaumer and colleagues (2013) 

argue that although participants are provided with abstract cognitive activities 

and imagery, they are motivated by instructions. This is based on the fact that 
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the brain learns, stores, and retains responses in ways that can be compared to 

motor skill as they follow implicit learning rules (Birbaumer et al., 2013).  

 

These scholars argue that the neural activity of an individual manages to reach a 

certain pattern based on complex cognitive activities, which are then reinforced 

by implicit learning mechanisms. The study by Birbaumer et al. (2013) also 

shows that the cortical-basal ganglia loops are involved in the implicit learning 

process. Scholars such as Shibata et al. (2019) and Watanabe et al. (2017) 

support the idea that awareness is not needed for the learning process, with 

their argument being based on the supposition that tasks do not need initial 

instructions. Although the authors refer to these type of tasks as involving 

implicit neurofeedback, it is important to note that the signals were explicit, 

which means that the participating individuals had explicit knowledge about how 

their brain activity and the feedback they received related to each other. This 

idea also suggests that feedback instructs the brain activity to self-regulate 

(Shibata et al., 2019). However, the explanation given by Shibata et al. (2019) is 

that the participants were not aware of the experiment’s purpose, and how the 

authors had focused on matching the induced fMRI to the purpose of the study.  

 

In relation to the implicit tasks, exit questionnaires show that some of the 

participants failed to use particular strategies, which resulted in the authors 

suggesting that implicit learning mechanisms were involved. However, the 

participants were required to explicitly attempt self-regulation to modulate a 

signal, and therefore the role of explicit processes should not be discarded. 

Thus, it can be argued that the awareness of neurofeedback motivates one to 

carefully consider three dimensions: the measurement of awareness, 

communication of instructions to participants, and whether participants are 

exposed to passive or active learning situations. Understanding these three 

dimensions can help us to both understand the differences between the given 

tasks and identify the learning types involved. Thus, the following is a proposed 

taxonomy of neurofeedback paradigms (Muñoz-Moldes et al., 2020). 
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1.7 Real-time fMRI Neurofeedback 

1.7.1 Definition of rt-fMRI neurofeedback 

Real-time fMRI neurofeedback is a type of biofeedback in which real-time online 

fMRI signals are used to self-regulate brain function (Watanabe et al., 2017). It is 

a closed-loop system, making it possible to measure BOLD signals and process 

them in real-time. The fMRI neurofeedback can be provided by means of 

auditory or visual information that can be fed back to the subject, allowing them 

to control their brain activities (Birbaumer et al., 2013). Since the 1960s, studies 

have reported that many brain activities can be regulated using neurofeedback 

techniques like EEG and fMRI (Ruiz et al., 2014). According to these studies, the 

behaviour of an individual can be impacted by self-regulation neurofeedback 

training, which makes this technique a potential method for treating several 

neurological disorders (Marzbani et al. 2016). It is important to note that EEG 

neurofeedback has limitations, such as its inability to access the deep structures 

of the brain, and its low spatial resolution. FMRI, in contrast, has gained more 

popularity as a neurofeedback therapy tool, based on its ability to cover the 

whole brain, and its high spatial resolution (Sulzer et al., 2013, Thibault et al., 

2018, Watanabe et al., 2017, Weiskopf et al., 2004). As such, fMRI is considered 

the first choice for developing neurofeedback systems. Real-time fMRI is a tool 

which is used to modulate the activities of the brain in real-time based on online 

feedback signals during the scanning, unlike traditional fMRI which uses offline 

data analysis. FMRI neurofeedback allows an individual to study the relationship 

between brain activity and behaviour as dependent variables and independent 

variables respectively. 

 

1.7.2 Real-Time fMRI in healthy participants 

Most studies about fMRI neurofeedback have trained healthy participants to 

modulate the activation of various regions of their brain, including the insula, 

anterior cingulate cortex (ACC) amygdala, sensorimotor cortex, and inferior 

frontal gyrus (IFG). These are the areas that relate to movement, perception, 

cognition, and emotion. Training an individual to self-regulate activity in their 

brain regions allows them to change the functional output of their brains, which 

leads to them experiencing behavioural and cognitive changes (Ruiz et al., 

2014). Posse et al., (2003) conducted the first fMRI neurofeedback experiment, 
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which explored the ability of neurofeedback to regulate the activation of the 

amygdala during a paradigm which involved mood self-regulation.  

 

The experiment involved the participants being presented with neutral and sad 

faces. Participants achieved self-induced sadness, and their amygdala activation 

levels were correlated with this low mood. Similarly, an experiment by Weiskopf 

et al., (2003) also successfully employed fMRI neurofeedback to upregulate the 

BOLD signal of the ACC. However, the study did not include any behavioural 

measurement. Caria et al., (2007) in an early work, used fMRI neurofeedback to 

regulate the activity of the anterior insular. In this case, the researcher 

successfully trained the participants to up-regulate the signals they had acquired 

from the right anterior insula by remembering autobiographical emotional 

events. The participants were able to achieve self-regulation without receiving 

feedback information after the neurofeedback training, which shows that the 

mental strategies learnt by individuals can persist after training.   

 

Caria et al. (2010), in subsequent work, explored the relationship between self-

regulation and emotional behaviour. This study presented the participants with 

neutral or emotionally negative pictures, and participants were required to rate 

the emotional valance of the given pictures. In a study by Hamilton et al. (2011), 

the authors studied the feasibility of downregulating the BOLD signal from the 

subgenual anterior cingulate cortex (sACC) using fMRI neurofeedback alongside 

positive affective strategies. In this study, the participants were able to 

modulate sACC activity, unlike the control group, who had been trained with 

sham feedback. In a study by Zotev et al. (2014), the researchers described the 

first implementation of simultaneous EEG neurofeedback and multimodal fMRI 

based on the integration of EEG and fMRI data streams. Participants used fMRI-

EEG to modulate the left amygdala and frontal EEG power asymmetry 

simultaneously in high beta band during retrieval of happy autobiographical 

memories. As reported by Paret et al. (2016), it is possible to successfully down-

regulate the amygdala activity in participants using neurofeedback by seeing 

aversive pictures was associated with a rise in functional connectivity of the 

right amygdala and ventromedial prefrontal cortex (vmPFC). Moreover, a study 

by Marxen et al. (2016) showed that participants were able to use 

neurofeedback to modulate the amygdala in certain directions after training 
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without feedback.   

 

In addition to manipulating emotional regions of the brain, there have been 

attempts by researchers to induce changes in a person’s behaviour by applying 

neurofeedback from other parts of the brain. For instance, researchers like Yoo 

et al. (2006) increased the auditory cortex’s BOLD signal using fMRI 

neurofeedback during sound stimulation. According to the study’s findings, 

individuals who receive feedback from the auditory cortex have a higher 

possibility of upregulating their activation in the auditory cortex, compared to 

individuals in control groups. In a study by Rota et al. (2009), the researchers 

trained individuals on how they could modulate the right IFG to have an impact 

on their language-related performance and speech processing. They used 

linguistic tests before and after the neurofeedback training to evaluate the 

impact they had on behaviour. In this study, people were able to regulate their 

IFG voluntarily, and they were also able to identify the accuracy of prosodic 

intonations of their emotions. 

 

Researchers have also focused on sensorimotor areas, with these studies 

clinically impacting motor rehabilitation where an individual has a central 

nervous system injury. Studies on sensorimotor areas show that they can be used 

to create brain-computer interfaces. In a study by Yoo et al. (2008), the 

researchers noted that fMRI neurofeedback training had a long-term impact on 

the ability of a participant to regulate M1 activity during a motor imagery task 

(MI) while using the right hand. The participants of the study learned how they 

could regulate the BOLD signal of areas such as the M1 more effectively than 

participants in the control group, who had difficulties coming up with a mental 

strategy that could be used to maintain the regulation.  

 

In a study by Chiew et al. (2012), the researchers trained the study participants 

on how they could maximise the laterality index (LI) of M1, which was 

considered the activity difference between ipsilateral and contralateral regions 

in a kinaesthetic MI task. An increase in the laterality of a motor-related activity 

is associated with better motor outcomes, which means that the use of 

neurofeedback to increase laterality can be used as a therapy for stroke patients 

(Ward, 2004; Neyedli et al., 2017). The findings of the study were mixed, with 
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only 50% of the participants managing to increase the value of LI. A study by 

Berman et al. (2012) reported that participants could learn how to modulate M1 

activity during a finger tapping task. However, the participants failed to achieve 

self-regulation during the MI task. In a study by Johnson et al. (2012), the 

researchers tried addressing the delay experienced in the haemodynamic 

response, by comparing the intermittent and continuous presentation of 

feedback. The study results showed that if feedback information is presented 

intermittently, then it is more effective for the learning of self-regulation 

compared to the continuous feedback presentation. 

 

In a study by Hui et al. (2014), the researchers studied how changes in the 

connectivity of the motor network in motor execution (ME) and motor imagery 

(MI) could be influenced by fMRI neurofeedback of the right part of premotor 

cortex (PMC). The findings of the study showed that there are connectivity 

changes in the ME network between the primary sensory cortex and right 

cerebellum of a person, and the MI network between posterior parietal cortex 

(PPC) and the PMC. In a study by Sepulveda et al. (2016), the focus was on 

examining the differential impact of monetary awards, explicit instructions, and 

feedback while participants were trained to up-regulate their SMA signal. The 

study involved dividing the participants into 4 groups and training them in a 

single protocol over two days.  The groups received feedback as follows: 

feedback plus explicit instructions (MI task), feedback only, feedback plus 

monetary reward, and feedback plus instructions plus monetary rewards. As per 

the study’s findings, the highest BOLD signal in SMA took place when the 

neurofeedback training was conducted using a monetary reward and feedback 

protocol. The findings also showed that the feedback protocol increased the 

BOLD signal between the first and second day significantly.  

 

1.7.3 Clinical application of real-time fMRI 

Researchers have recently become interested in studying real-time regulation 

training, based on the fact that it can be used in treating different clinical 

conditions. Although empirical evidence is needed to bolster some of these 

speculative therapeutic contributions, for some conditions it seems theoretically 

possible that an improvement would be seen. For instance, fMRI-NF training can 

be used to improve the ability of a stroke survivor to imagine movements with a 
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lesioned arm (Sharma et al., 2009; Sitaram et al., 2012). 

 

In addition, fMRI-NF can be applied in supporting patients to achieve a certain 

mental state, by aiming at reducing certain symptoms. For instance, depressed 

patients might report that they cannot form positive thoughts, and thus fMRI-NF 

training based on regions that are associated with positive affect may aim to 

assess this process. These examples create supervised mental imagery training 

that involves the provision of a signal by feedback, which indicates activation in 

a specific region of the network that is of interest for the individual’s condition. 

Researchers have conducted several neurofeedback experiments using methods 

of supervised mental imagery training (Sulzer et al., 2013).  

 

The use of fMRI-NF, if compared to traditional EEG based BCI paradigms or EEG-

NF paradigms, provides relatively high spatial resolution that makes it possible 

to target motor areas with higher specificity. Notably, the fact that the fMRI-NF 

is able to cover the whole brain makes it a promising technique for psychiatric 

and non-invasive neurological rehabilitation, which allows the provision of 

feedback from subcortical areas of the brain (Weiskopf, 2012). Most fMRI-NF 

protocols require participants to take part in mental imagery (Sulzer et al., 

2013), although other areas such as those involved in motor execution can be 

the source for neurofeedback (Neyedli et al., 2017).  

 

A number of researchers have piloted various fMRI-NF techniques to be used with 

patients who have psychiatric conditions (Arns et al., 2017; Sulzer et al., 2013) 

or neurological conditions (Wang et al., 2017). Proof-of-concept (PoC) studies 

have been used to study how fMRI-NF paradigms can be applied to psychiatric 

settings, with these paradigms being applied to patients experiencing different 

substance-related disorders such as cocaine and alcohol addiction (Hartwell et 

al., 2016; Karch et al., 2015; Kirschner et al., 2018; Li et al., 2012). Researchers 

have also explored how fMRI-NF training can be used for anxiety disorders, 

patients who experience post-traumatic stress disorder, pain, anxiety disorder, 

and patients showing phobia (Cordes et al., 2015; Gerin et al., 2016; Hampson et 

al., 2012; Keynan et al., 2016; Scheinost et al., 2013; Zilverstand et al., 2015). 

In studies such as Linden et al. (2012) and Young et al. (2014), the researchers 

have focused on understanding the feasibility of using fMRI-NF in individuals with 
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unipolar depressive disorder. Compared to the number of fMRI-NF studies with 

psychiatric applications, there is less published work focusing on people with 

neurological disorders. 

 

In recent years, two PoC studies have attempted to understand the functions of 

cognition in rehabilitation, with one study aiming at understanding how memory 

can be improved in Alzheimer’s disease (Hohenfeld et al., 2017). In addition, 

there have been studies focusing on understanding the training of higher visual 

areas, which attempt to reduce visuospatial neglect in patients with stroke 

(Robineau et al., 2017). There have been PoC studies focusing on motor 

rehabilitation, with studies such as Papoutsi et al. (2018) focusing on patients 

with Huntington’s disease, Liew et al. (2016) and Sitaram et al. (2012) focusing 

on patients with stroke, and PoC studies such as Buyukturkoglu et al. (2013) and 

Subramanian et al. (2011) focusing on patients with Parkinson’s Disease. 

 

1.8 Motor simulation 

Motor simulation refers to the way in which a motor programme is represented 

internally without any overt actions (Jeannerod, 2001). There are two common 

ways that motor simulation is thought to occur: action observation (AO), which 

means watching another person perform actions, and motor imagery (MI), which 

is explained as imagining how an action is executed, without a physical 

movement. People can perform AO implicitly or unconsciously, whereas for MI, 

participants perform the imagery explicitly. 

 

1.8.1 Motor imagery (MI) 

Research has seen a variety of terms being used in the field of motor imagery, 

with mental imagery being the most frequently used term. Mental imagery is 

defined by Richardson (1967) as the quasi-sensory or quasi-perceptual 

experiences of which we are self-consciously aware, and which exist for us in the 

absence of those stimulus conditions that are known to produce their genuine 

sensory or perceptual counterparts.  

This definition mentions the three most important characteristics: the person 

performing imagery is consciously aware of the fact that she is imagining, 

imagery mimics perceptual or sensory experiences, and imagery can take place 
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without the presence of an immediate stimulus. Motor imagery involves a person 

imagining herself or himself making a movement without actually moving. We 

can add to Richardson’s definition the fact that motor imagery primarily focuses 

on motor actions. The type of action performed depends on the environment and 

the actor’s intentions.  

 

For instance, one should be able to distinguish between an individual raising his 

or her hand above their head during stroke rehabilitation therapy (motor action) 

from the similar movement of the individual during a discussion (communicative 

action). With motor imagery being primarily focused on movement objectives, 

we can also add this characteristic to Richardson’s definition by suggesting that 

imagery is not only a quasi-perceptual or quasi-sensory experience, but also a 

quasi-response experience (movement). It is also possible to distinguish three 

elements of motor imagery (Boschker et al., 2002). In the first element, an 

individual can imagine a situation from two different perspectives: an internal 

perspective and external perspective. From the internal perspective, the 

individual imagines things from his or her actual perspective, which can be from 

their body. From an external perspective, the individual observes him/herself 

from the perspective of a third person. In the second element, all the sensory 

modalities (taste, auditory, tactile, visual, olfactory, and kinaesthetic) are 

involved in internal motor imagery.  

 

However, it is important to note that the external motor imagery only involves 

the visual modality. In the third element, one can frequently observe task-

specific somatic responses during motor imagery (Boschker et al., 2002). Several 

other terminologies are used in literature, including terms such as guided 

imagery, mental movement, visual imagery, mental practice, motor imagery, 

and mental rehearsal. These terms include different imagery concepts that can 

result in confusion in determining what the correct terminology is. Different 

researchers consider mental practice as being a technique that can be used to 

rehearse imaginary tasks or scenes. Furthermore, mental practice can constitute 

imagined tasks or scenes, such as visual imagery of a person or object to improve 

memory or spatial navigation (travelling a route in mind).  
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Several researchers have provided evidence for an improvement in motor 

performance associated with motor imagery training (Gatti et al., 2013). In early 

research, participants were requested to conduct an action task with their 

fingers using either motor execution or motor imagery.  Using transcranial 

magnetic stimulation (TMS) it was shown that the reorganisation of the motor 

cortex was similar in both tasks (Pascual-Leone et al., 1995). Gentili and 

colleagues (2010) found that motor imagery and motor execution training led to 

an improvement in performance. Mulder and colleagues (2004) reported that the 

degree of that effect depends on the degree to which an action falls within one's 

usual repertoire. 

 

1.8.2 Motor imagery and movement execution 

Different studies have shown that motor imagery shares certain characteristics 

with overt movement execution. Previous research has shown activation of 

specific cortical regions during motor imagery, including the supplementary 

motor area, superior and inferior parietal lobules, dorsal and ventral premotor 

cortices, pre-frontal areas, inferior frontal gyrus, superior temporal gyrus, 

primary motor cortex (M1), primary sensory cortex, secondary sensory area, 

insular cortex, anterior cingulate cortex, superior temporal gyrus, basal ganglia 

and cerebellum (Hanakawa et al., 2003; Lui et al., 2008). 

 

1.8.3 Action observation  

Action Observation (AO) can be described as the process of watching another 

individual act. Research conducted on how neuronal activity is mapped in 

primate motor areas in the 1990s led to the discovery of an unusual population 

of neurons. It was shown that the ventral premotor cortex has a set of neurons 

that discharge during motor actions, such as mouth and hand actions, as well as 

during observation of the same actions performed by others (Rizzolatti et a1., 

1996). These neurons are known as ‘mirror neurons’, based on the fact that the 

observed actions seem to be reflected in the observer’s motor system. Studies 

such as Umilta et al. (2001) show that even when an action is not visualised but 

is implied, these neurons are active, which shows that they play an essential role 

in recognising an action and understanding its meaning. Researchers such as 
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Fogassi et al. (2005) have discovered that the inferior parietal lobule has a 

second population of similar neurons.  

Furthermore, Buccino and colleagues (2001) have also discovered human mirror 

activation in the Brodmann’s Area (BA), ventral premotor cortex (PMCv), 

secondary motor regions and inferior parietal regions. 

 

1.8.4 Action observation motor imagery (AOMI) 

Vogt et al. (2013) describe AOMI as when an individual imagines performing the 

action he or she observes. Traditionally, AO and MI were perceived as separate 

intervention techniques, where the researchers compared the two methods to 

define the most effective strategy to improve performance (e.g., Ram et al., 

2007). Several studies have shown that similar regions are active during the 

motor imagery process and action observation, such as SMA and PMC (Jeannerod, 

(2006); Decety et al., (1994); Galdo-Alvarez and Carrillo-de-la-Pena, (2004); 

Grafton et al., (1996); Lacourse et al., 2005). Jeannerod (2006) highlighted that 

the inferior frontal gyrus in an individual is involved in mental imagery, 

execution of actions, and observation of actions, and plays an essential role in 

forming internalised action representations.  

 

Furthermore, Jeannerod (2006) argues that the inferior frontal gyrus in an 

individual is involved in mental imagery, execution of actions, and observation 

of actions, and plays an essential role in forming internalised action 

representations (further information about regional activation during MI and AO 

will be provided in the next section). In recent times, researchers have started 

investigating how the combination of motor imagery and action observation 

impacts individuals by instructing participants to observe a given action and 

imagine the physiological, behavioural and sensation responses associated with 

these observed scenarios (Scott et al., 2018; Taube et al., 2014; Sun et al., 

2016). These studies have proved that AOMI interventions result in motor regions 

of the brain showing increased activity compared to either motor imagery or 

action observation (Eaves et al., 2016). This means that the combination of 

these two approaches should be more effective in improving the learning and 

performance of motor skills compared to when either AO or MI is used 

independently (Romano-Smith et al., 2018). 
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1.8.5 Brain region activation during AO, MI and AOMI  

In an analysis using activation likelihood estimation by Caspers et al. (2010), 

Hétu et al. (2013), and Hardwick et al. (2017), the researchers found that AO 

and MI activate motor-related regions that overlap with one another. The 

analysis of ME, AO, and MI has found that there are several areas of the 

frontoparietal motor network that are activated consistently.  

 

1.8.5.1  Premotor Cortex (PMC) 

There is consistent involvement of the dorsal premotor, bilateral ventral 

premotor, and supplementary motor area during AO, MI, and ME. The premotor 

cortex, according to Hoshi et al. (2007), is essential in the preparation, planning, 

and execution of an action. For both executed and imagined actions to be 

performed, equivalent amounts of time are needed, which suggests that motor 

imagery also involves preparation and planning phases before execution is 

inhibited (Guillot and Collet, 2005). A study by Davare et al. (2009) shows that 

the bilateral ventral premotor plays an essential role in the coordination of fine 

motor performance, with Dum and Strick (2005) showing that the dorsal 

premotor has minimal contribution in the execution of an action. Research has 

also shown that the supplementary motor area is the medial region of the 

premotor cortex which helps in linking actions and roles (Nachev et al., 2008). 

 

1.8.5.2  Primary Motor Cortex (M1) 

There is controversy regarding how M1 is involved in action simulation. In a study 

by Caspers et al., (2010), the authors found that motor imagery could only be 

recruited in AO, especially when an individual observes an action and intends to 

copy them. A study by Hétu et al., (2013) also found that M1 is not consistently 

recruited during motor imagery, with findings by Hardwick et al. (2017) showing 

that M1 is consistently involved during ME. In addition, a study by Jeannerod 

(2001) showed that when M1 is activated during AO and MI, this occurs to a 

lesser extent than during ME, which suggests that the activation of M1 only 

happens at lower levels. 
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1.8.5.3  Somatosensory cortex: 

The somatosensory cortex is involved in motor imagery and reflects kinaesthetic 

aspects of MI, while in action observation, the recruitment of somatosensory 

cortex is proposed to extend the properties of the mirror system beyond the 

motor system (Keysers and Gazzola, 2009). Sensory inputs in ME give feedback 

on the accuracy of the movements, which allows one to compare the expected 

and actual sensory consequences (Muckli and Petro, 2017). 

 

1.8.5.4  Parietal Cortex  

A study by Block et al. (2013) showed that the parietal cortex is essential in 

processing visuomotor information when the movements of an individual are 

controlled online and guided by visual inputs. The Block et al. (2013) study 

showed that all modalities consistently activate the bilateral inferior parietal 

lobule (IPL) region. A study by Klann et al. (2015) shows that IPL is involved in 

different cognitive functions like processing tactile information, with studies by 

Cooke et al., (2003), and Rozzi et al. (2008) showing that the region is involved 

in storing different motor representations. 

 

1.8.5.5  Other brain regions involved in MI, AO and AOMI 

Schlerf et al. (2010) report that the cerebellum represents the body in multiple 

ways. They found data to associate the basal ganglia with the speed of executed 

and imagined actions and response selection. 

Previous research has reported that neuronal activity increased as a result of 

AOMI in comparison to AO only in the inferior frontal gyrus, cerebellum, left 

insula, inferior parietal cortex, vPMC, supplementary motor area (SMA) and basal 

ganglia (Nedelko et al. (2012); Villiger et al., (2013) and Taube et al., 2015). 

Practical benefits have been seen with the use of AOMI.  For example, Smith and 

Holmes (2004) used AOMI to improve individual performance in golf. In a clinical 

setting, AOMI has been used in rehabilitation programs, although it has mixed 

effects. For instance, some research showed that if AOMI is used on stroke 

patients with motor dysfunction in their upper limbs, it can improve the motor 

functions of these patients over an intervention period of four weeks (Ertelt et 
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al., 2007; Sun et al., 2016). 

 

1.9 Previous rt-fMRI neurofeedback studies 

Much research has been conducted using real-time fMRI.  These studies have 

used many techniques and targeted many regions for different purposes. In this 

thesis, I will mainly focus on real-time fMRI research that has focused on motor 

regions. Table 1 summarises 38 previous studies that used rt-fMRI neurofeedback 

to regulate different brain regions. It provides information regarding the 

techniques and outcomes of every study listed in this research. 

Table 1 Overview of the studies using rt-fMRI neurofeedback to regulate 

different brain regions 

Study ROI(s) and 

definition 

Participants Training 

sessions and 

feedback 

Results 

Al-Wasity 

et al. 

2021) 

Lt SMA; 

functional 

localiser 

20 healthy 

participants 

(10 in 

experimental 

group and 10 

in control 

group). 

9 NFB runs 7 

minutes each. 

A gradual increase 

in SMA-related 

activity across the 

runs was detected 

in the experimental 

group only. 

Kanel et 

al. (2019) 

Rt anterior 

insula; 

anatomical 

localiser  

20 healthy 

participants 

(10 

participants 

in 

experimental 

group and 10 

participants 

in control 

group). 

16 NF runs and 

4 transfer runs 

over two days. 

 Participants in the 

experimental group 

were able to up-

regulate their right 

AI compared to the 

control group. 

Neyedli et 

al.(2018) 

Bilateral 

M1; 

26 young 

healthy 

adults (13 

4 runs of 6 min 

each, 1 day. 

Young and older 

adults increased 

their lateralised 
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functional 

localiser  

controls); 18 

elderly 

healthy 

adults (9 

controls). 

Continuous 

horizontal bar. 

Sham NF from a 

non-activated 

region. 

activity between 

the motor cortices. 

Only young adults 

could maintain the 

lateralised activity 

during transfer. 

Perronnet 

et al. 

(2017) 

Left M1; 

functional 

localiser  

10 young 

healthy 

adults (no 

controls). 

3 runs of 6.7 

min each, 1 

day. 

Moving ball. 

Unimodal fMRI-NF 

and bimodal EEG-

fMRI-NF in a motor 

regulation task 

aided in learning 

self-regulation. 

Motor imagery-

related 

haemodynamic and 

electrophysiological 

activity were both 

modulated during 

EEG-, fMRI- as well 

as EEG-fMRI-NF 

Robineau 

et 

al.(2017) 

Unilateral 

right 

V1/bilateral

V1; 

functional 

localiser 

9 elderly 

chronic 

stroke 

patients with 

left 

hemispatial 

neglect (2 

experimental 

groups with 6 

and 3 

participants). 

12 -15 runs of 3 

min each, 3 

days over 3 

weeks. 

Auditory 

feedback 

between 0 

(lowest) and 10 

(highest) on 

ipsilesional V1 

activity 

(unilateral 

group) or 

differential V1 

feedback 

Significant increase 

in activity levels 

over the training 

sessions. 

Recruitment of 

bilateral 

frontoparietal areas 

increased 

localisation to the 

contralesional 

hemisphere over the 

sessions. 

Significant decrease 

in errors in the line 

bisection task 
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(bilateral 

group) every 6s 

No effects in 

the bilateral 

group, positive 

results in the 

unilateral 

group. 

between the pre-

training and session 

3, and significant 

reduction of neglect 

severity according 

to conventional 

tests taken pre- and 

post-training. 

Yamashita 

et al. 

(2017) 

M1, lateral 

parietal 

cortex (PC); 

anatomical 

masks used 

to localise 

ROIs 

30 healthy 

participants 

(13 in the  

increased 

functional 

connectivity 

group, and 

12 in the 

decreased 

functional 

connectivity 

group) and 5 

did not 

complete the 

behavioural 

study. 

6 blocks, each 

of which was 

composed of 10 

trials every day 

for 4 days. 

Participants could 

increase or 

decrease the 

functional 

connectivity 

between 2 brain 

regions, and 

cognitive 

performance was 

significantly and 

differentially 

changed from pre- 

neurofeedback to 

post- neurofeedback 

training between 

the 2 groups. 

Amano et 

al.(2016) 

V1/V2; 

functional 

localiser for 

fMRI 

decoder 

18 young 

healthy 

adults (6 

controls). 

3 runs on 3 

days. 

Intermittent 

visual disc size. 

No NF training 

for the 

controls. 

Induced associative 

learning between 

colour and grating 

orientation in the 

early visual cortex 

(V1/V2). Assessed 

with a forced-

choice test after 

training, persisting 

for 3-5 months after 

training. 
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Habes et 

al. (2016) 

PPA/FFA; 

functional 

localiser 

9 young 

healthy 

adults (8 

controls). 

6 runs of 3 min 

each, 1 day. 

Continuous 

thermometer. 

No feedback 

for the 

controls, 

training in a 

mock scanner. 

Successful 

upregulating of 

differential 

PPA/FFA activity. 

Binocular rivalry 

task performance 

showed no 

behavioural changes 

after training. 

Liew et 

al.(2016) 

Left M1 and 

thalamus; 

functional 

localiser 

 

4 elderly 

chronic 

stroke 

patients with 

right 

hemiparesis 

(no controls). 

18±3 runs of 4 

min each, 2 

days. 

Continuous 

thermometer. 

Increased 

connectivity 

between the start 

and the end of the 

NF training in 3/4 

participants. All 

participants showed 

an increased 

cortical -subcortical 

resting state 

connectivity. 

Individuals with 

greater motor 

impairment showed 

larger increases in 

learned self-

modulation. 

Sepulveda 

et al. 

(2016) 

Left SMA; 

Functional 

localiser 

20 healthy 

participants 

distributed 

equally into 

4 groups. 

4 runs and one 

transfer; 2 

sessions. 

The contingent 

feedback 

significantly 

increased their 

BOLD self‐

regulation. The 

contingent feedback 

with reward showed 

the highest BOLD 
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signal amplitude in 

the SMA during the 

training. 

Sherwood 

et 

al.(2016) 

Left DLPFC 

activity; 

functional 

localiser 

25 young 

healthy 

adults (7 

controls). 

5 runs of 8 min 

each, 5 days 

over 2 weeks. 

Continuous line 

graph. No 

feedback 

information for 

the controls. 

Ability of ROI 

activity regulation 

significantly 

increased in the 

experimental group. 

Associated increase 

in working memory 

performance 

assessed with the 2-

back task and dual-

task scenario. 

Subramani

a et 

al.(2016) 

SMA; 

functional 

localiser 

30 patients 

with 

Parkinson’s 

disease; two 

groups (15 

people 

each). 

4 runs (3 

sessions) for 

intervention 

group and no 

NF training for 

control group. 

Patients in the NF 

group were able to 

upregulate activity 

in the 

supplementary 

motor area (SMA) by 

using motor 

imagery.  

Ramot et 

al. (2016) 

FFA and 

PPA; 

functional 

localiser  

16 young 

healthy 

adults (no 

controls). 

25 runs of 10 

min each over 

5-7days. 

Auditory 

feedback with 

positive/ 

negative 

sounds. 

Induced modulation 

of FFA/PPA or 

PPA/FFA activity 

ratio in 10/16 

participants without 

them being aware. 

Associated changes 

in functional 

connectivity in the 

auditory cortex. 

Auer et 

al.(2015) 

Left M1; 

anatomical 

and 

14 young 

healthy 

3 runs of 6 min 

each, 1 day. 

Left M1 activity was 

lower during 

neurofeedback. 
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functional 

localisers 

adults (no 

controls). 

Continuously 

vertically 

moving ball. 

Isometric pinching 

task showed no 

change during pre- 

and post-training. 

Correlations 

between left M1 

activation and 

performance. 

Banca et 

al.(2015) 

hMTþ/V5 

complex; 

functional 

localiser 

20 young 

healthy 

adults (no 

controls). 

Self-paced 

training 

session, 1 day. 

Auditory 

feedback 

between 

(lowest) and 5 

(highest). 

Successful 

regulation of ROI 

activity through 

focused visual 

motor imagery in 

most of the 

participants.  

Recruitment of a 

novel circuit 

including putative 

V6 and medial 

cerebellum. 

Blefari et 

al.(2015) 

Left M1; 

anatomical 

and 

functional 

localisers  

14 young 

healthy 

adults (no 

controls). 

3 runs of 6 min 

each, 1 day. 

Continuously 

vertically 

moving ball. 

Left M1 activity was 

lower during 

neurofeedback. 

Isometric pinching 

task showed no 

change during pre- 

and post-training. 

Correlations 

between left M1 

activation and 

performance. 

Megan et 

al. (2015) 

Frontoparie

tal 

attention 

network, 

80 young 

healthy 

adults 

(intervention 

3 runs of max 

2h each, 3-5 

days. 

Activity patterns for 

the faces versus 

scenes attentional 

states became more 
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functional 

localiser. 

group and 4 

control 

groups, 16 

participants 

in each). 

Composite 

faces/scenes 

stimuli, 

proportion of 

task-relevant 

information 

related to how 

well the 

participant 

paid attention. 

Sham NF from 

the 

experimental 

group. 

No-NF: no 

feedback, 

outside the 

scanner. 

RT-feedback: 

response time 

feedback, 

outside the 

scanner. 

RT-sham 

control: 

random 

feedback from 

the RT-

feedback 

group. 

separable after 

training as assessed 

by MVPA. 

Sustained attention 

abilities improved in 

participants who 

received NF 

training. 

Megumi et 

al. (2015) 

 Lateral 

parietal and 

M1 

connectivity

; functional 

33 

participants 

(12 test 

group and 

two control: 

5 runs of 4.5 

min daily (4 

sessions). 

Participants 

successfully learned 

to increase the 

correlation of 

activity between 
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and 

anatomical 

localisers 

12 sham and 

9 tapping-

imagery). 

the lateral parietal 

and primary motor 

areas. 

Marins et 

al. (2015) 

Left PMC; 

anatomical 

localiser 

28 young 

healthy 

adults (14 

controls). 

3 runs of 6.5 

min each, 1 

day. 

Continuous 

vertical bar. 

Controls 

receive random 

signals without 

meaning, 

displayed for 

experimental 

purposes. 

Increased activation 

in the ROI in the 

last NF run 

compared to the 

first run. 

Associated increases 

in activity of motor 

control regions, not 

present in the 

control group.  

Scharnows

ki et al. 

(2015) 

SMA and 

PHC; 

functional 

localiser 

7 young 

healthy 

adults (no 

controls). 

12-22 runs of 8 

min each, 4-6 

days; 

 Continuous 

graph of 

differential 

SMA-PHC or 

PHC-SMA 

signal. 

Significant increases 

in differential 

feedback signal 

associated with 

training, maintained 

in the absence of 

neurofeedback in 

transfer runs. 

Increased negative 

coupling between 

SMA and PHC. 

Improved reaction 

times during the 

motor task 

correlated with SMA 

activity, and 

performance in 

word memory 

correlated with PHC 

activity. 
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Xie et al. 

(2015) 

Right dorsal 

PMC; 

functional 

localiser 

24 young 

healthy 

adults (12 

controls). 

4 runs of 7.5 

min each, 1 

day. 

Continuous line 

graph. 

Sham NF from 

the 

experimental 

group 

Associated decrease 

in connectivity be-

tween bilateral PMC 

and right posterior 

parietal lobe. 

Hui et al. 

(2014) 

Right PMC; 

functional 

28 young 

healthy 

adults (13 

controls). 

Localiser 4 runs 

of 7.5 min 

each, 1 day. 

Continuous line 

graph. 

Sham NF from 

the 

experimental 

group 

Significant 

correlation between 

changes in ROI 

activity in the last 

run and network 

connectivity. 

Significantly 

increased 

performance in 

finger tapping task 

in both groups, but 

only correlated with 

functional 

connectivity in the 

NF group. 

Robineau 

et al. 

(2014) 

Visual areas 

in left and 

right 

occipital 

cortex; 

functional 

localiser 

14 young 

healthy 

adults (no 

controls). 

3 runs of 60 

min each, 3 

days. 

Continuous 

thermometer. 

Consistent up-

regulation of the 

target ROI activity 

in 8/14 

participants. No 

significant 

improvement in 

bilateral target 

detection task and 

line bisection task. 
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Zhao et 

al. (2013) 

Right dorsal 

PMC; 

functional 

localiser  

24 young 

healthy 

adults (12 

controls). 

4 runs of 7.5 

min. 

Continuous line 

graph. Sham NF 

from the 

experimental 

group. 

Increase in 

connectivity from 

the dorsal PMC to 

other motor-related 

areas in the 

experimental group 

and progressive 

decrease in the 

control group. 

Significant 

improvements in 

the behavioural 

finger tapping task, 

higher in the 

experimental 

compared to the 

control group. 

Zhang et 

al (2013) 

Left DLPFC; 

functional 

localiser 

30 young 

healthy 

adults (15 

controls). 

8 runs of 6.5 

min each, 2 

days. 

Continuous 

thermometer. 

Sham NF from 

the 

experimental 

group 

ROI activity 

significantly 

increased between 

the first and last 

training session. 

Experimental group 

showed improved 

performance on the 

digit span and letter 

memory task. 

Berman et 

al.(2012) 

Left M1 and 

S1; 

functional 

localiser 

40 young 

healthy 

adults (9 

controls). 

4 runs of 8 min 

each, 1 day. 

Intermittent 

feedback, 

monetary 

reward. 

Sham NF from 

the 

Overall brain 

activity increase in 

the NF group and no 

significant change in 

the control group. 

Participants 

receiving NF showed 

significantly faster 
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experimental 

group 

reaction times with 

a coherent cue. 

Chiew et 

al. (2012)  

Bilateral 

M1; 

functional 

localiser 

18 young 

healthy 

adults (5 

controls). 

4 runs of 8.5 

min each, 1 

day. 

Continuous 

arrow vector; 

length 

represents 

brain activity. 

Sham NF from 

the 

experimental 

group. 

Increased laterality 

index between left 

and right M1 in 6/13 

NF participants. 

Button press 

reaction time test 

showed no 

difference pre- and 

post-training in both 

NF and sham-

feedback groups. 

Johnson 

et al. 

(2012) 

Left PMC; 

functional 

localiser 

13 young 

healthy 

adults (no 

controls). 

4 runs of 10.3 

min each, 1 

day. 

Continuous or 

intermittent 

thermometer. 

Participants 

preferred 

intermediate over 

continuous 

feedback. PSC 

differences were 

more significant in 

the intermittent 

than the continuous 

condition. 

Scharnows

ki et al. 

(2012) 

Early visual 

cortex 

representin

g the left or 

right visual 

field; 

functional 

and 

anatomical 

localiser  

16 young 

healthy 

adults (5 

controls). 

7 runs of 8.3 
min each, 3 
days. 
 
Continuous 

thermometer. 

Sham NF from 

an unrelated 

region. 

Significant increases 

in visual cortex 

activity in 7/11 

experimental 

participants. 

Associated increase 

in connectivity 

between the visual 

cortex and the 

superior parietal 

lobule (SPL). 
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Significantly 

enhanced 

perceptual 

sensitivity in 

successful learners 

Sitaram et 

al. (2012) 

PMCv; 

functional 

localiser 

2 elderly 

chronic 

stroke 

patients with 

right 

hemiparesis, 

4 young 

healthy 

controls. 

10 runs of 7.5 

min each over 

3 days. 

Continuous 

video feedback 

during runs 1-2, 

continuous 

thermometer 

feedback in the 

remaining runs. 

Increased ROI 

activity and 

decreased intra-

cortical inhibition 

over the course of 

the training. 

The visuomotor 

pinch-force task 

showed improved 

performance across 

trials in 1 patient 

and 3 healthy 

participants. 

Hampson 

et al. 

(2011) 

Bilateral 

SMA; 

functional 

and 

anatomical 

localiser  

8 young 

healthy 

adults (no 

controls). 

24 runs over 2 

weeks. 

Continuous line 

graph. 

Successful 

regulation of ROI 

activity in sessions 

2-4, but no 

significant increase 

over the sessions. 

Decreased 

connectivity 

between the SMA 

and subcortical 

regions following 

training. 

Shibata et 

al.(2011) 

V1/V2; 

functional 

localiser for 

fMRI  

Decoder 10 

young 

healthy 

adults (no 

controls). 

10 runs of 5 

min each, 5-10 

days. 

Learned estimation 

of target-

orientation 

likelihood, even 
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Intermittent, 

solid green 

disk. 

during the first 

neurofeedback day. 

Performance in 

orientation 

discrimination task 

significantly 

improved. 

Rota et al. 

(2009) 

Right IFG; 

anatomical 

and 

functional 

localisers  

12 young 

healthy 

adults (5 

controls). 

4 runs of 9 min 

each, 1 day. 

Continuous 

thermometer. 

Sham NF from 

unrelated 

regions. 

Progressive increase 

in ROI activation 

specific to the NF 

group. 

Improvements in 

the experimental 

group in 

interpreting 

emotional prosody 

but not syntax. 

Yoo et al. 

(2008) 

Left M1; 

functional 

and 

anatomical 

localiser  

24 young 

healthy 

adults (12 

controls). 

7 runs of 1.2 

min, 1 day; 

follow-up after 

2 weeks. 

Continuous line 

graph. Sham NF 

from a non-

activated 

region in an 

earlier session. 

Successful 

regulation of ROI 

activity retained 

after 2 weeklong 

daily practice 

without NF. 

Recruitment of 

additional 

circuitries 

implicated in motor 

skill learning unique 

to the experimental 

group. 

Bray et al. 

(2007) 

Left M1 and 

S1; 

functional 

localiser  

40 young 

healthy 

adults (9 

controls). 

4 runs of 8 min 

each, 1 day. 

Intermittent 

feedback, 

Overall brain 

activity increase in 

the NF group and no 

significant change in 

the control group. 
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monetary 

reward. 

Sham NF from 

the 

experimental 

group. 

Participants 

receiving NF showed 

significantly faster 

reaction times with 

a coherent cue. 

Yoo et al. 

(2006) 

Left primary 

and 

secondary 

auditory 

areas; 

anatomical 

and 

functional 

localisers 

22 young 

healthy 

adults (11 

matched 

controls). 

5 runs, 40 min 

total, 1 day. 

Intermittent 

auditory 

feedback of 

PSC. No 

neurofeedback 

information for 

the controls. 

Required target 

level of regulation 

(40% increase from 

baseline) reached 

by 10/11 resp. 7/11 

experimental and 

control participants. 

No significant 

difference between 

the pre- and post-

training scans in 

either group. 

The experimental 

group showed a 

significant increase 

in activated volume 

and BOLD signal in 

the last NF run.  

DeCharms 

et al. 

(2004) 

Left M1 and 

S1; 

functional 

localiser  

9 young 

healthy 

adults (3 

controls). 

3 runs of 20.5 

min, 1 day. 

Continuous line 

graph, or 

virtual reality 

interface of a 

corresponding 

dynamic virtual 

object. 

Sham NF from a 

background 

Successful 

regulation of ROI 

activity, specific to 

the experimental 

group. 



 

36 
 

region at an 

earlier time-

point in the 

same session. 

Yoo and 

Jolesz, 

(2002) 

Left M1 and 

S1, parts of 

pre-motor 

areas; 

functional 

and 

anatomical 

localiser 

5 young 

healthy 

adults (no 

controls). 

1 run of 8 min, 

1 day. 

Intermittent 

statistical map 

of pixel-by-

pixel brain 

activity. 

All achieved a 3-fold 

increase in the 

number of activated 

voxels in motor and 

somatosensory 

areas. 
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2 Chapter two: Magnetic resonance imaging (MRI) 
basics 
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2.1 History of MRI 

In 1946, Purcell and Bloch first described the property of Nuclear Magnetic 

Resonance (NMR), for which they received a Nobel prize in 1952. NMR was first 

used to analyse chemical structure and composition. Lauterbur and Mansfield 

used NMR principles in 1973 to describe a technique for analysing and 

determining physical structure. This resulted in the development of Magnetic 

Resonance Imaging (MRI) which has since been used in chemical, biomedical and 

engineering applications. 

 

2.2 Nuclear spin angular momentum  

MRI can be understood through a thorough knowledge of the properties of atoms. 

The three main subatomic particles comprising atoms are the electron, the 

neutron and the proton. Neutrons are electrically neutral, protons positively 

charged and electrons negatively charged (e=1.6021773x10-19 coulombs). 

Neutrons and protons comprise the nucleus of an atom, with electrons orbiting 

their collective centre. The quantum mechanical description of atomic nuclei 

predicts the property of spin angular momentum. An atomic nucleus has an 

intrinsic angular momentum that can be referred to as spin. Spin has a 

magnitude known as I, which can be represented by the following formula. 

 

 |𝐏| = ℏ√(𝑰(𝑰 + 𝟏))  2.1 

 

However, given the fact that P is a vector, it is vital to consider its orientation. 

The following formula can be used to find the value of the z-component of 

angular momentum in a magnetic field if it is applied along the z-axis. 

 P= ℏm, where m = I, (I -1),( I -2)…..-I 

where I is the value of magnetic quantum and ℏ is Blank’s constant\2π. 

The spin quantum number, I, characterizes spin angular momentum such that Iℏ 

is the total spin angular momentum. The I value can be said to be the intrinsic 

property of a nucleus. For a nucleus to show the property of magnetic 

resonance, it should have a non-zero value of I. The proton, (IH), in medical 

applications is the nucleus of most interest, given that it has high natural 
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abundance. Usually, the spin quantum number of the hydrogen nucleus is I =1/2, 

where it gives high energy spin states of +1/2. Normally, the spin generates a 

magnetic field, which means that hydrogen protons possess magnetic moments. 

Other nuclei, such as 13C, have low natural abundance relative to 12C, which 

means that they can be used for tracer studies (see table 2).  

 

Table 2 NMR active nuclei and their nuclear spin (I) and gyromagnetic ratio (𝞬). 

Isotope Nuclear spin (I) Gyromagnetic ratio (𝞬) 

(rads-1T-1) 

1H 1/2 267.522 

13C 1/2 67.283 

19F 1/2 251.815 

23Na 1/2 70.808 

31P 1/2 108.394 

 

 

2.3 Magnetic moment  

A magnetic moment is a substance’s ability to interact with a magnetic field. 

The magnetic moment can be said to be permanent in some substances such as a 

magnetic bar and compass needle. In most substances, magnetism is induced, 

which means that the magnetic moment appears only if there is an external 

magnetic field. This means that the interaction between the nucleus and 

magnetic field takes place only because of the magnetic moment. The angular 

momentum and magnetic momentum of a nucleus can be said to be vector 

quantities that relate to each other through a magnetogyric ratio, (γ), that 

measures the magnetic strength of the nucleus.  

 

Based on this, the magnetic strength of a nucleus can be measured using the 

formula: 

 

  µ =  𝛄 𝐏  2.2 

 

 µ = µ𝟎𝒙−𝟏  𝐕𝛘𝐁  2.3 

 

https://en.wikipedia.org/wiki/Chi_(letter)
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Where µ is the magnetic moment, µ0 is the magnetic constant (= 4π×10-7 Hm-1), B 

is the applied magnetic field, V is the object’s volume and 𝛘 is the material’s 

magnetic susceptibility. Magnetic susceptibility is a measure of how much a 

material will develop a magnetic moment when it is exposed to an external 

magnetic field.  

 

If there is no static magnetic field, the 1H protons are oriented randomly. 

However, if a static magnetic field is present, the 1H nuclei magnetic moment 

relative to the magnetic field will become oriented. The spin quantum number 

usually determines the number of possible orientations. The spin number of 1H is 

½, where it can adopt two Zeeman energy levels with anti-parallel (spin-down) 

or parallel (spin-up) orientations to the external magnetic field. The orientations 

correspond to magnetic quantum numbers with low levels of energy (m = –1/2), 

where the vector of the nuclear spin can possess either low energy or high 

energy (m = +1/2), whereas the vector of the spin vector has high energy.  

 

Figure 2-1 Alignment of NMR spins in the case of I = ½. A) Spins are randomly aligned due to the 

absence of an external magnetic field, however, each spin precesses about its axis. B) When an 

external magnetic field is present, more spins align parallel than anti-parallel to the field, 

creating a net magnetisation, M0. 

 

The above behaviour is referred to as the Zeeman effect, where the following 

formula can be used to determine the interaction energy of each orientation: 

 E = −γħ m𝐼B0 

 

 2.4 

 

This means that the following formula can be used to represent the hydrogen 

nucleus (1H) as the difference in energy between two spin states: 

https://en.wikipedia.org/wiki/Chi_(letter)
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𝚫𝐄 = 𝑬

𝐦𝑰=−
𝟏
𝟐

− 𝑬
𝐦𝑰=

𝟏
𝟐

= [− (−
𝟏

𝟐
 ) 𝛄. ħ. 𝐁𝟎] −  [(−

𝟏

𝟐
 ) 𝛄. ħ. 𝐁𝟎]

= 𝛄ħ𝐁𝟎  

 2.5 

 

A Boltzmann distribution can be used at thermal equilibrium to represent the 

populations of the two energy states:  

 

  N↑

𝑁↓
= e(−∆E/K𝐵T) 

 2.6 

 

In this formula,  N↑ is the spin up state’s population (m𝐼=1/2) while 𝑁↓ is the spin 

down state’s population (m𝐼=-1/2). T is used to measure the temperature and KB is 

the Boltzmann constant (1.3805 x 10-23JK-1(joule per kelvin)). If the two states 

have different populations, there is a net magnetisation that represents the 

summation of vectors of the magnetic moments of the nuclei. 

 

 Mx = ∑ μ𝑥
𝑖

i

  2.7 

   

 My = ∑ μ𝑦
𝑖

i

   2.8 

 

 

 Mz = ∑ μ𝑧
𝑖

i

   2.9 

   

In the above, if the specific nucleus has µx, µy, µz as magnetic moment 

components, the directions are represented by x, y, and z. Net magnetisation, 

at equilibrium, is aligned in the(B0) direction, which is the main magnetic field. 

This means that the formula below can be used to calculate the equilibrium net 

magnetisation (M0):  

 
 M0 =

γ2ħ2B0Ns

4KBT
 

 2.10 
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Where the number of spins is represented by N𝑠. It is important to note that the 

MRI signal is influenced by factors such as natural abundance, gyromagnetic ratio 

and scanner B0 strength of the field strength of the particular nuclei.  

 

2.4 Larmor Frequency  

The net magnetisation produced in unit volume of material is a sum of the 

individual nuclear magnetic vectors. 

M=  μ  

 

 

 

Figure 2-2 This figure represents the magnetic moment of a nucleus and its precession about a 

magnetic field, Bo. 

 

Individual nuclear magnetic moments, µ, precess at a Larmor frequency, which 

depends on the field strength B0 and 𝛄 as shown in the formula below: 

 𝛚ₒ = − 𝛄𝑩ₒ   2.11 

 

With ωₒ being the Larmor frequency, B0 being the external magnetic field in T 

(Tesla), and γ being the gyromagnetic ratio (hydrogen =267.522 rads-1T-1 and is 

equivalent to 42.58 MHz/T). The quantum theory of radiation asserts that the 

Larmor frequency is the frequency at which the nuclei absorb energy and is 

related to different amounts of energy between levels (ΔE). This means that the 

equation can be re-written as below: 
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 𝚫𝐄 = ħ𝛚0 

 

 2.12 

If the strength of the magnetic field is higher, the greater are ω0 and ΔE and 

vice versa. The Larmor frequencies of different nuclei differ in that they have 

different gyromagnetic ratios. 

 

2.5 Radiofrequency pulse  

RF radiation can be described as electromagnetic radiation. It is also a 

combination of an oscillating magnetic field and an oscillating electric field (that 

does not interact with M0) that are perpendicular to each other. Radiofrequency 

pulses (RF) occur by applying, perpendicular to B0, a second magnetic field, B1, 

that rotates in phase with precessing nuclear magnetic moments at 1. B1 can be 

determined using the formula below:  

 ω1 = −γB1 

 

 2.13 

In the formula above, the B1 field can exert a constant direction torque only if 

(ω1) is close to precession frequency (ω0). The RF pulse’s impact on M0 can be 

visualized by considering a rotating frame of reference about the z-axis at 

radiofrequency ω1. The denotation of the new frame of reference is (x’, y’, z’), 

where it is considered in the context of the rotating frame, as shown below. The 

B1 field in this rotating frame of reference seems to be stationary. The B0 field’s 

contribution is removed if ω1= ω0 (On-resonance). 

 

Figure 2-3 The tipping of the bulk magnetisation vector, M, under the application of an RF 

pulse, B1, in a rotating frame. 
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2.6 MRI Relaxation  

2.6.1 Transverse relaxation  

Transverse relaxation (T2) can be described as the spins’ relaxation in a 

transverse plane. The relaxation takes place following the radiofrequency pulse 

when the variations in local magnetic field strength cause spins to lose phase 

coherence in the x-y plane because of the existence of different precession 

frequencies. An exponential relationship described by the formula below can be 

used to describe the loss of phase. 

 
Mxy = Mo e

−t
T2

∗
 

 

 2.14 

The magnetisation is rotated into the x-y plane by applying a 90°rf pulse, which 

results in the spins losing phase coherence, where some spins precess slowly and 

some faster. The spins are inverted by applying a 180° rf pulse after a period , 

which causes spins to rotate in the opposite directions until they regain their 

previous lost phase coherence. When the spins are refocused completely after a 

period () following a 180° rf application, an echo occurs. A spin cannot be 

refocused fully by a 180° pulse if it diffuses to a region whose magnetic field is 

slightly different. As a result, in the presence of local field inhomogeneities, 

free induction decay (FID) occurs. 

The relaxation time of an FID is shorter than T2 in local field inhomogeneities 

(DB0). This relaxation time can be referred to as T2*. The formula below 

describes the relationship between T2* and T2: 

 
   

𝟏

𝐓𝟐∗
=

𝟏

𝑻𝟐
 +

𝟏

𝐓𝟐 𝐢𝐧𝐡𝐨𝐦
   

 2.15 

 

In the above formula, T2 inhom describes a signal’s decay as a result of the 

inhomogeneity of the magnetic field.  

 𝟏

𝑻𝟐𝐢𝐧𝐡𝐨𝐦
=  𝛄𝐃𝐁𝟎 

 2.16 

 

Where DB0 is the extent of the variation of the applied strength of the magnetic 

field.  
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Figure 2-4 T1 relaxation process. The diagram shows the transverse relaxation process after 

applying a 900 RF pulse. The black arrow (transverse magnetisation) initially has its maximum 

amplitude in the phase of spin rotation. The net transverse magnetisation amplitude decays in 

the process of the spins moving out of the phase (small black arrows). 

 

Figure 2-5 T2 decay curve, which represents the decay of magnetisation in the transverse plane. 

 

2.6.2 Longitudinal relaxation  

Longitudinal relaxation (T1) is when the magnetisation returns to Mz, which is 

the equilibrium value. The rate of relaxation usually depends on local 

fluctuations in the local magnetic field that are generated as a result of the 

tumbling rate in the neighbouring molecules in which the spins reside. 

The longitudinal relaxation (T1) in an exponential decay process is described in 

the following formula: 

 
Mz = Mo(1 − e

−t
T1) 

 

 2.17 

Following the 90°pulse, Mz exponentially increases towards its equilibrium 

value, Mo parallel to B0. The excited spins start to lose their energy to the 

surrounding lattice. This process is called spin-lattice relaxation.  
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 T1 can be measured by using inversion recovery. The magnetisation is inverted 

by a pulse of 180°, which results in it residing along the negative z-axis. The 

magnetisation then starts to relax towards its thermal equilibrium position. After 

a period of time,  (shorter than the relation time), a 90° pulse applied to flip 

the magnetisation onto the y—axis where an echo is acquired.  

 

Figure 2-6 The T1 relaxation process. The diagram shows the T1 relaxation process after 

application of a 900 RF pulse. The z component of Mz is reduced to zero, although it gradually 

recovers to equilibrium value. 

 

 

Figure 2-7 longitudinal recovery curve that represents the exponentially increasing longitudinal 

component of the net magnetisation. 

 

2.6.3 Spin echo 

The spin echo sequence can be described as the most basic method to measure 

relaxation time. The spin echo sequence has a 900 pulse, which is followed by a 

time known as TE/2 and a 1800 pulse, where TE can be described as the echo 

time. Normally, the 1800 pulse reverses the dephasing effects of magnetic field 

inhomogeneity where only the signal degradation is left due to spin-spin 

relaxation. The use of the 1800 pulse is known as a refocusing pulse. 
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Figure 2-8 The figure above shows a 900 pulse, which is closely followed by a time of TE/2 and 

by a 1800 pulse. A free induction signal (FIS) is generated by a 900 pulse in the signal strength of 

the initial amplitude. The FIS has a decay that is determined by T2 and the magnetic field’s 

homogeneity. An echo signal is formed as a result of the 1800 refocusing pulse (Eklund, 2010). 

 

A 900 pulse is applied along the x-axis with B1 which results in the magnetisation 

vector, M, tipping from its equilibrium position onto the y’ axis. Throughout the 

sample, the applied magnetic field has inevitable variations that result in the 

magnetisation vectors, which contribute to M, starting to dephase relative to 

one another. The magnetisation vectors arising from this region precess into an 

anticlockwise direction due to the fact that the frame rotates at ωL, while the 

magnetisation vectors that arise from the regions where the local fields are 

higher than B0 precess clockwise in the rotating frame. 

 

Some spin groups may precess faster than others due to the slight difference in 

the local microscopic field. The total transverse component of M decays rapidly 

over time. A 1800 pulse applied at TE/2 after a 900 pulse causes the complete 

dephasing of magnetisation vectors to rotate 1800 on the x’ axis. Magnetisation 

vectors can dephase completely to rotate 1800 on the x’ axis if the 

magnetisation vectors remain intact at the end of the 1800 pulse, however, now 

they are centred on the y’ axis. The faster magnetisation vectors still precess in 

a clockwise direction but now towards the y’ axis. The magnetisation vectors in 

low field regions also precess in an anticlockwise direction in the rotating frame 

but they move towards the y’ axis. At time TE after the 900 pulse, all the 

magnetisation vectors are aligned precisely along the y’ axis. They have been 

refocused and rephased by the 1800 pulse. Since M is formed by sum of all 

magnetisation vectors, the transverse components reach a maximum value at 
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this time which corresponds to the centre of the spin echo sequence. The 

magnetisation vectors then dephase again, leading to a fast drop in the NMR 

signal. 

  

2.6.4 Multi spin echo sequence 

The Multi spin-echo sequence technique is based on the Carr-Purcell-Meiboom-

Gill (CPMG) sequence, in which transverse magnetisation, following a slice of 

selective 90º pulse, is refocused by a train of slice-selective 180º pulses, 

resulting in a series of echoes (Meiboom and Gill,1958). 

 

Figure 2-9 Simplified pulse diagram of multiple spin echo imaging sequence (Eklund, 2010). 

 

2.6.5 Gradient echo 

A gradient echo can be formed by applying a negative gradient after the 

excitation pulse, resulting in spins dephasing rapidly. This is followed by the 

application of a positive gradient that results in the spins rephasing. The spins 

then phase again after some time, resulting in the echo. However, gradient 

echoes are impacted by the inhomogeneity of magnetic fields, resulting in poor 

image quality compared with the spin echo sequence. This is represented as T2*. 

One remarkable thing about gradient echoes is the potential to vary the flip 

angle (α), which can result in the repetition time (TR) being shortened. Figure 

2.10 below shows the time courses for the gradient fields and the RF pulse when 

using a gradient echo to sample a line. 
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Figure 2-10 Gradient echo is used to sample a line using gradient fields. This is achieved by 

applying Gz, a slice selective gradient field, at the same time as the RF pulse create a specific 

slice. The current line can be selected using Gz in k-space. Given that the slice selection is 

performed in the z-direction, the Gz can be referred to as Gss (Eklund, 2010). 

  

2.6.6 Echo Planar imaging (EPI) 

Echo planar imaging (EPI) allows the acquisition of whole slices within a fraction 

of a second (Mansfield 1977), therefore, the whole brain can be covered within 

2-3 seconds. This is achieved by reversing the readout gradient, thereby 

producing a train of echoes following a single RF excitation pulse. During EPI, k-

space is acquired continuously, therefore, all lines of k-space are filled after 

each RF excitation.  

 

 

Figure 2-11  A schematic diagram of an EPI sequence. The slope of the frequency encoding 

gradient (x-gradient) is rapidly alternated, generating a train of gradient echoes. A phase 
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encoding gradient ‘blip’ is applied between each frequency encoding gradient to ensure each 

gradient echo fills a different line of k-space (Author’s own, 2021). 

 

2.7 Generating MR signals 

If the magnetisation has a transverse component, the detection of its precession 

around B0 can be examined. To detect the signal, the same RF coil that transmits 

B1 can be used. The precessing net magnetisation causes a change in magnetic 

flux, Ф, which results in induction of an electromotive force (emf). Faraday’s 

law of induction can be used to calculate the emf in a coil induced by magnetic 

flux change as shown below. 

 
emf =

−dϕ

dt
 

 2.18 

The following mathematical formula can be used to express the MRI signal 

resulting from precession of net transverse magnetisation: 

 𝐬 ∝ 𝐞((𝐢𝛗))  2.19 

Where ϕ is the phase of transverse magnetisation. The following formula show 

this as a function of time: 

 𝛗 = 𝛚𝐭  2.20 

 

 𝒔 ∝ 𝐞((𝐢𝛄𝐁_𝟎 𝐭))  2.21 

Normally, MR imaging is used to obtain spatial information of the given sample. 

This means that it is important to encode the resonance frequency of nuclei as a 

function of their spatial position. For this to be achieved, magnetic field 

gradient pulses can be used, where they form the basis of MRI. Magnetic field 

gradients can be applied in the direction where spatial encoding is needed for 

the nuclear spins to be spatially encoded, as shown by the formula below.  

 
Gx =

∂Bz

∂x
 , Gy =

∂Bz

∂y
  ,        Gz =

∂Bz

∂z
 

 2.22 

The Larmor frequency of the spins at position X1 is then a function of the applied 

gradient:  

 ω(𝑥1) = γ(B0 + Gx. x1)  2.23 

The rotating frame of reference concept can be used conveniently if the rotation 

of the new reference frame is on the z-axis at ω1, the same frequency as the B1 

field of the RF radiation. The net magnetisation at resonance (ω1 = ω0) will 
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appear to be static as a result of the disappearance of the effects of the B0 field. 

The following formula shows how the signal intensity can be acquired as a 

function of time and the applied gradient. 

 s ∝ e(iγGx.x1t)  2.24 

As shown by the figure below, the MRI data acquired with respect to time and to 

gradient strength and duration is referred as k-space. 

 

Figure 2-12 this figure shows how MR imaging data are acquired in k-space. Data are acquired in 

an echo if the read gradients fill the k-space on horizontal lines. The strength of the encoding 

gradient, which is applied in the pulse sequence, is used to determine vertical positions of k-

space lines. The application of two Fourier transformations/transforms, which take place in the 

first and second direction of k-space data, is used in the reconstruction of an image (Author’s 

own, 2021). 

 

As shown in the formula below, the position and separation of points along each 

axis of K-space are defined by the gradient duration (t) multiplied by the 

gradient strength: 

 

 
k𝑥 =

1

2π
 γG𝑥. 𝑡𝑥  , ky =

1

2π
 γGy. 𝑡𝑦 

 2.25 

 

   

If the substitution k𝑥 =
1

2π
 γG𝑥. 𝑡𝑥  is used and the signal is integrated over the 

sample, the following formula can be used to express the total signal. 

 
S(k) = ∫ ρ(𝑥)

+∞

−∞

ei2π(k𝑥.𝑥)d𝑥 
 2.26 
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In the above formula, ρ(𝑥) is the spin density. It shows that the S(k) signal is the 

Fourier transform of the spin density (ρ(𝑥)). A 2D MR image can be generated 

through the Fourier transformation of the data in k-space in both the phase 

direction of (k𝑦) and the read direction (k𝑥), as shown in the formula below: 

 
S(k) = ∫ ∫ ρ(𝑥, y)

+∞

−∞

+∞

−∞

ei2π(k𝑥.𝑥+k𝑦.y)d𝑥 dy 
 2.27 

Transverse magnetisation, Mxy, is generated for MR imaging only from spins 

positioned in small and well-defined areas of the whole volume. To achieve this, 

a shaped RF pulse is applied during the magnetic field gradient’s application 

with a frequency bandwidth Δω. 

 

2.7.1 Slice selection 

Applying a frequency selective RF pulse and magnetic field gradient 

simultaneously can help in achieving slice selection along vertical or horizontal 

planes. A magnetic field gradient causes nuclei to precess at different 

frequencies in the desired direction for the slice selection. The bandwidth of 

excited frequencies can be controlled if a shaped RF pulse is applied (Gaussian 

or sinc function). The magnetisation vectors spread undesirably from different 

regions due to the slice gradient, leading to a reduced signal. However, the 

spread in magnetisation can be cancelled by applying a refocusing gradient after 

slice selection, which can be done using a gradient of the same sign after the 

180º pulse or a gradient of the opposite sign after a slice gradient. If the z-

gradient is used in slice selection and the field gradient is applied perpendicular 

to the z-axis, the spins will experience a magnetic field at the given position, Z. 

 𝐁 = 𝑩𝟎 + 𝐆𝐳 𝐙   2.28 

With the gradient applied, the Larmor frequency becomes dependent on the 

spin’s position along the z-axis: 

 𝛚 = 𝛄(𝑩𝟎 + 𝐆𝐳 𝐙)    2.29 

 

This means that the frequency-selective RF pulse will excite a slice containing 

nuclei with the same bandwidth frequencies. It is possible to change the slice 

thickness by adjusting the field gradient, Gz’s, magnitude and the RF pulse’s 

bandwidth Δω.  

 
𝑫𝒁 =

𝑫𝒘

𝜸𝑮𝒛
 

 2.30 
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2.7.2 Frequency Encoding (readout) 

A spatial encoding gradient is applied along the encoding frequency after the RF 

pulse is switched off. This magnetic field causes the magnetisation at different 

positions to precess at different frequencies based on their position, resulting in 

labelling their spatial position in the frequency encoding direction.  

 

2.7.3 Phase encoding  

The direction of phase encoding is usually visualized, in addition to the readout 

direction, in a two-dimensional (2D) image. The application of a phase-encoding 

gradient results in some spins precessing faster than others, which converts 

phase differences into magnetisation depending on the position of the spins 

within the gradient. This is a result of the linear variation in the magnetic field 

gradients in the phase encoding direction. In k-space, the acquired data in each 

excitation acquisition form single lines of the raw matrix during the performance 

of the phase encoding step.  
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2.8 Magnetic resonance instrumentation  

2.8.1 Main magnet  

In the whole scanner, the magnet is the most expensive part. In most modern 

scanners, superconducting magnets are used, which is unlike the earliest systems 

where water-cooled resistive magnets were used. Modern scanners, however, 

can still use permanent magnets. The permanent and resistive magnets of the 

whole body are limited to a field strength of approximately 0.3T before their 

weight becomes excessively large. Most clinical MRI systems use superconducting 

systems. A good example of an MRI’s superconductor is a Niobium-Titanium 

(NbTi) alloy. This alloy is placed in a copper matrix with 50 to 400 km of the 

wire being required for a modern MR magnet. The NbTi coils are kept mostly at 

approximately 4.2 kelvin, liquid helium’s boiling point. Current in the coils flows 

indefinitely providing that the temperature levels are kept below the critical 

temperature to ensure liquid helium can be used as a cooler. The magnetic 

fields from such magnets are very stable with time, which is essential for an MRI 

system. 

 

2.8.2 Shimming  

Shim coils can be said to be the first unit from the inner bore of the magnet. For 

a magnet to reach acceptable homogeneity levels, it is necessary to be able to 

shim the magnet to correct field distortions. Generally, there may be 

combinations of both active and passive shims. Active shims can be said to be a 

matrix of electromagnets (coils) inside the cryostat, where the coils carry 

different currents. On the other hand, passive shims can be explained as arrays 

of thin metals found in bore trays. They focus mainly on removing Bz 

inhomogeneities. The shim coils produce small magnetic fields which vary as a 

function of position (such as dBz/dx, d2Bz/dx2). The small fields superimpose on 

the B0 field to improve B0 homogeneity. 

 

2.8.3  Gradients  

Gradient coils are required to produce a linear variation in one direction of the 

field as well as to have high efficiency, low resistance, and low inductance to 

minimise the current requirements and heat deposition. The gradient coil set 
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normally has three active shielded gradients, described as x, y, and z. These 

gradients make the magnetic fields vary with position, providing spatial encoding 

of the Larmor precessional frequency and allow the system to determine the 

origin of the MR signal in 3D space. The quality of a gradient system relies on the 

maximum gradient strength (Gmax) and the ratio Gmax over the shortest time 

needed to switch on the gradient.  

 

2.8.4 RF coils 

The RF coil is the piece of equipment closest to the patient. The RF coil is the 

third component of the MRI scanner. Coils have different designs, although they 

fall into two main categories, namely, volume coils and surface coils. A surface 

coil, just as the name implies, rests on the surface of the imaged object. A 

surface coil, in its simplest form, can be said to be a coil of wire that has a 

parallel capacitor. The inductance of the coil and resonant circuit are tuned to 

have the same frequency as the spins to be imaged. 

A transmitter RF coil delivers pulsed, radiofrequency radiation at the Larmor 

precessional frequency and then generates a magnetic field, B1, that is 

orthogonal to the B0 field (i.e. in the x-y plane). Transmission coils can be used 

to receive the MR signal. The MR signal can be received using transmitter coils.  

 

Figure 2-13 MRI Scanner represented by its basic components (Author’s own, 2021). 
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2.8.5 RF transmission / MR signal reception and digitization  

2.8.5.1 RF synthesizer  

The RF frequency, ω1, is controlled by the central computer controls. The RF 

synthesizer generates an oscillating electrical signal with a well-defined 

frequency, resulting in an RF wave oscillating at a frequency of the 

spectrometer reference, namely, ref.  The following formula is used to calculate 

the RF synthesizer output:  

 𝑺 (𝒔𝒚𝒏𝒕𝒉) = cos (wref. t +  f(t))   2.31 

With (t) being the RF phase and  being the time coordinate. 

 

2.8.5.2  RF modulator  

The RF modulator function is to modulate the RF reference wave into RF pulses 

with modified amplitude and time according to the sequence design.  

 

2.8.5.3  RF amplifier 

The RF amplifier function is to scale up the RF transmission to a high power 

(from 300-1000 kW) to produce large-amplitude RF pulses for transmission to the 

RF transmitter coil. 

 

2.8.5.4  Decoupling box 

The function of the decoupling box is to switch the receiver coil off resonance 

during pulse transmission and to move the transmit coil off resonance during 

signal acquiring.  

 

2.8.5.5  RF preamplifier  

The RF receiver coil detects the MR signal, which is usually extremely weak. 

Signals are amplified immediately to higher power signals through pre-amplifiers 

to prevent environmental noise from contaminating the signal. 
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2.8.5.6  RF demodulator  

The MRI signals are transformed into audio frequency ranges after passing into 

receiver units. For this to take place, the signals are mixed with reference 

frequency through demodulation. It allows the discrimination between 

frequencies either side of the carrier or central frequency. 

 

2.8.5.7  Image digitization  

Analogue signals are changed into digital signals through an analogue-to-digital 

converter (ADC). The dynamic range of the signal receiver is determined by the 

number of bits available in the analogue-to-digital converter and the sampling 

rate determines the bandwidth of the acquisition. 

 

2.9 Functional magnetic resonance imaging (fMRI) 

Functional magnetic resonance imaging (fMRI) is a non-invasive imaging 

technique used to measure and localise specific functions of the brain without 

the application of radiation and contrast agents. In an fMRI experiment, the 

brain of the participant or patient is scanned repeatedly using the fast-imaging 

technique of echo planar imaging (EPI). Participants are required to perform 

some tasks during the scanning. These tasks consist of activity periods and rest 

periods. During the activity, the MR signal increases in the brain region that is 

involved in the task, as the flow of the oxygenated blood increases in that 

region. The signal processing is then used to reveal these regions.  

  

2.9.1 BOLD Contrast  

FMRI, which is usually based on the contrast of BOLD (blood oxygenation level-

dependent), has been used as a tool to visualise the human brain’s neural 

activities. The human brain’s main source of energy is glucose, with oxygen 

facilitating the efficient conversion of the glucose into energy. The change in 

the rate of glucose metabolism in brain regions is associated with an increase in 

the amount of blood flowing in that brain region. This can be determined using 

the formula, C6H12O6 + 6O2 = 6CO2 + 6H2O. For every glucose molecule needing 

to be oxidized, six oxygen molecules should be consumed. For an oxygen-to-

glucose index (OGI) to be considered ideal, it should have a ratio of 6:1 if the 
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glucose entering the brain is metabolized oxidatively. 

 

In haemodynamics, the human body is required to respond to physical activities 

by homeostatically adjusting its blood flow to deliver different nutrients, such as 

glucose and oxygen, to stressed tissues, thereby allowing them to function. 

Haemodynamic response (HDR) allows the fast delivery of blood to active 

neuronal tissues. 

Oxyhaemoglobin is a diamagnetic molecule whereas deoxyhaemoglobin is 

paramagnetic. If a blood vessel has deoxyhaemoglobin, it results in the vessel 

and the tissue surrounding it having susceptibility differences. This can result in 

the MR signal being dephased, resulting in a reduction in the T2* value. In a T2* 

weighted image, if the blood vessels have deoxyhaemoglobin, the image of the 

voxels darkens. It is possible to observe changes in blood oxygenation as the T2* 

weighted images record signal changes. However, oxyhaemoglobin cannot 

produce the same dephasing since it is diamagnetic. 

 

The shape of HDR varies with the stimulus properties and the underlying 

neuronal activity. Increasing the neuronal activity would, therefore, lead to an 

increase in the HDR amplitude. Furthermore, increasing the extent of neuronal 

activity would increase the HDR width. The following figure summarises the 

physiology of the BOLD response in three stages shown in (Huettel et al., 2004): 

 

 

Figure 2-14  Schematic representation of BOLD haemodynamic response (Huettel et al., 2008). 
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Initial dip: this lasts for 1 to 2 seconds and has been attributed to the temporary 

increase in the amount deoxygenated haemoglobin and temporary decrease in 

blood volume resulting from rapid capillary dilatation in the voxel.  

Peak: increased neuronal activity occurs due to an increase in metabolic 

demand, increasing the inflow of oxygenated blood. This means that the amount 

of oxygen being supplied to an area is more than the amount extracted, 

resulting in a drop in the concentration of deoxygenated haemoglobin. This 

results in an increase in the BOLD signal over the baseline approximately two 

seconds after the onset of the neuronal activity, then rising to a maximum value 

at approximately five seconds.  

 

Undershoot: the amplitude of the BOLD signal decreases after discontinuation of 

neuronal activity to below baseline levels, remaining at that level for an 

extended interval (Huettel et al., 2004). 

In summary, the BOLD signal depends on the deoxygenated haemoglobin that is 

found in the brain region and is largely dependent on the balance between the 

supplied oxygen and oxygen consumption. An increase in neuronal activity 

increases the amount of oxygen consumed, leading to more deoxygenated 

haemoglobin which results in a darker MR image. However, the increased 

neuronal activities leads to an increase in the T2* signals. 

 

2.9.2 Functional Mapping using the BOLD Effect 

After the BOLD effect was discovered, it resulted in attempts by many groups to 

map the activation of the human brain using the technique. An introduced 

contrast agent was used in the first MR brain activation study of a human being, 

with a contrast agent being introduced to map the visual cortex. The BOLD 

effect was introduced later and was used to map the motor and visual functions 

of the brain. Articles reviewed on the subject have shown many references to 

fMRI experiments in the initial stages. For one to successfully use fMRI to study 

the functioning of the brain, the brain should be imaged repeatedly. Such 

studies require a suitable stimulus.  

 

Three aspects define the experiment’s success, namely, the data analysis 

method, the stimulus paradigm design and the scanning sequence used. The 
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magnitude of the static magnetic field is critical to the percentage signal change 

obtained on activation. The reason being that susceptibility differences have 

greater signal dephasing at higher magnetic fields. Initially, the fMRI studies 

were conducted at a strength of on 1.5 Tesla, but now most MRI facilities are 

conducting fMRI procedures using 3 - 7 Tesla scanners. The BOLD’s effect 

increases as the field strength increases, therefore, higher magnetic fields 

appear to be desirable when conducting fMRI studies. Most fMRI studies apply 

T2* weighted imaging because it is sensitive to the BOLD signal [Ogawa et al., 

1990]. T2* relaxation refers to the decay of the transverse magnetisation that is 

seen with gradient-echo (GRE) sequences, as it is one of the main determinants 

of image contrast with GRE sequences (Chavhan et al., 2009). 

 

The amount of T2* weighted in the image depends on the TE echo time. This 

means that the T2* curves will display little difference between the resting state 

and activated state if the TE is short. However, there will be no signal in either 

state if the TE is too long. 

The echo planar imaging (EPI) technique has been widely adapted in fMRI 

imaging to shorten encoding duration and increase temporal resolution (Lu et 

al., 2015). EPI makes it possible to detect the activation response to short 

stimuli since it allows acquisition of images in 20–100 msec. It also eliminates 

motion-related artifacts, therefore, imaging of rapidly changing physiologic 

processes becomes possible (Poustchi-Amin et al., 2001).  

 

The contrast-to-noise ratio of BOLD signals depends on voxel size and slice 

thickness. The BOLD signal is low when the voxels are small due to the limited 

signal-to-noise ratio (SNR), but it is also reduced with large voxels due to partial 

volume effects and physiological noise. Therefore, the optimum voxel size can 

be chosen that depends on the size of the activated region (Glover and Krueger, 

2002). 
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3 Chapter Three: General Methodology 
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3.1 Experimental Design 

Functional Magnetic Resonance Imaging (fMRI) experiments are conducted with 

the aim of testing scientific hypotheses. In order to test a certain hypothesis, 

Huettel et al., (2004) suggests that an experiment must be well designed to use 

a dependent variable (BOLD signal) using independent variables (stimuli). fMRI 

experiments should be conducted in a controlled environment, considering the 

temporal characteristics of the BOLD signals and any possible confounding 

effects. Experiments require that a stimulus paradigm be designed, to instruct 

the participant on what to do, and to help them understand when to start and 

end the activity. 

  

fMRI experiment designs can be split into two distinct groups: block designs and 

event related designs. Block designs are commonly used to average neural 

responses across many trials grouped together in one block. This is done in order 

to increase the Signal-to-Noise Ratio (SNR). In contrast, event related design 

experiments allow us to study the transient changes in brain activity in reaction 

to a particular stimulus (Petersen and Dubis, 2012).  

 

Figure 3-1 Left: The graph on the left illustrates a block stimulus paradigm where the activity 

and rest periods are usually even, for example 20 seconds long. Right: The graph on the right 

shows an example of an event related paradigm where the active period consists of blocks or 

spikes of variable lengths (Eklund, 2010). 

  

The experimental design is convolved with the haemodynamic response function 

to predict the BOLD response.  The BOLD signal illustrated in figure 1.2 below is 

an impulse response (IR), which contains a peak appearing at between 4-6 

seconds, followed by an undershoot from 10-30 seconds. The shape of this 

response varies between participants, and between different brain regions 
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within the same participant. In other words, Henson (2007) suggests that IR acts 

as a low pass filter that passes the low frequencies and reduces the high 

frequencies. 

 

Figure 3-2 An impulse response represented by the BOLD Signal (Henson, 2007). 

 

In a block design, the stimuli of one condition are presented continuously for a 

period of time before being followed by either a null block or a different block 

of conditions. For a block of 5 stimuli presented every 4s, alternating with 20s of 

null block, the expected fMRI response is demonstrated in figure 3.3 below.  

 

Figure 3-3 Convoluting the IR with a block of 5 stimuli presented every 4 seconds, alternating 

with 20 seconds of null block (Henson, 2007).  

 

Event related designs show a single stimulus at a time and then compare the 

fMRI response with a baseline or with other responses. For example, if there are 

stimuli that are presented every 4s and 16s, the convolution results with the IR 

are shown in figure 1.3 below. Event related designs are not efficient in this 
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case because most of the stimuli energy has been eliminated during high pass 

filtering. 

 

Figure 3-4 Convolving IR with a stimulus presented every 4s (bottom row) or 16s (top row) 

(Henson, 2007).  
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Figure 3-5 Top left: The graph shows a block-based design rest and activity periods, with rests 

usually being evenly long, for example 20 seconds. Top right: The graph shows an event related 

design where the activity and rest periods are shorter and frequently randomised. Bottom Left: 

This illustrates the block-based design convoluted with the haemodynamic response operation. 

Bottom right: This graph shows the event related design convoluted with the haemodynamic 

response function (Eklund, 2010). 

 

3.2 Preprocessing of fMRI data 

Identifying brain areas that are activated by tasks is the most common objective 

of fMRI studies. However, the signal that comes directly out of the scanner is 

poorly matched to this objective. The preprocessing of fMRI data encompasses 

all the changes needed to prepare the data for task-related analysis. 

Preprocessing refers to all the steps taken to refine the signal and eliminate 

sources of noise.  

 

The variability in raw fMRI data is so great that it can simply eliminate the small 

variations in the BOLD response induced by most cognitive tasks. Some of this 

variability is inevitable, in the sense that it is a result of uncontrollable or 

unmeasurable factors, for example system and thermal noise. However, other 

sources of variability are systematic. For instance, when a participant moves his 
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or her head, the BOLD response sampled from each spatial position within the 

scanner suddenly changes in a predictable manner as a result of head motion. 

Preprocessing aims to remove these systematic non-task-related sources of 

variability. 

 

3.3 Functional Data Preprocessing  

Normally, fMRI data encompasses a three-dimensional matrix (volume) of 

volumetric pixels (voxels) that is repeatedly measured over time. Every voxel 

contains a BOLD signal, which varies over time and represents an indirect 

measurement of neural activity. An fMRI experiment might have a total volume 

of 70x70x32 voxels which are sampled every 1-3 seconds for 5-10 minutes, 

depending on the experimental design. Prior to statistical analysis, preprocessing 

is carried out on the raw data to reduce artefact and noise-related factors of the 

BOLD signal and prepare it for further analysis. 

 

3.3.1 Slice time correction  

FMRI data are gathered in the form of slices selected by radiofrequency 

excitation pulses, followed by simultaneous data collection throughout the slice. 

The slices of each volume are selected to have equal spacing in time across one 

repetition time (TR). This can be done by collecting the data either in 

descending or ascending slice order (Ashby, 2011). Recently, most fMRI scans 

have used interleaved slice acquisition, where all the odd-numbered slices are 

collected first, then the even-numbered slices are collected. This is done to 

prevent cross-slice excitation between adjacent slices. The downside of this 

method is that the BOLD signals of contiguous parts of the brain are obtained at 

non-adjacent time points. Hence, slice acquisition time correction solves this 

difference by temporally interpolating the voxels’ time courses, so that it is 

assumed they are being collected simultaneously. The most common forms of 

interpolation are linear, cubic spline and Sinc interpolation (Huettel et al., 

2004). The BOLD signal in contiguous slices is separated in time, with 

implications for the voxels in neighbouring slices. In this situation, slice timing 

correction enables each voxel’s time course to be considered simultaneously 

(Friston et al. 1995). 
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3.3.2 Motion Correction  

Head motion during scanning can considerably affect imaging data. This head 

movement arises because it is difficult to entirely constrain a participant’s head 

during a scan that might run for several minutes (Buxton, 2009). Head motion is 

considered to be one of the main sources of MRI timeseries variations (Lindquist, 

2008) 

Minor head movement during scanning can negatively affect the imaging data 

(Huettel et al., 2004). In fact, if the movements are too numerous or too large, 

a participant may need to be eliminated from the experiment, hence, it is 

important to apply motion correction to the measured volumes. 

  

Motion correction amends existing minor variations in motion across different 

functional images by aligning them to a reference image (Buxton, 2009). This is 

to ensure that each voxel will have similar co-ordinates throughout a time 

series, and all images will have matching orientations. The first image is 

selected as the reference image, having discarded the initial images to ensure 

equilibration in the field. Every subsequent image will be registered and re-

sampled to ensure it is in the same orientation as the first image. Six parameters 

are normally used for a rigid-body transformation of the data into the initial 

functional image. The three rotation parameters are along the x, y and z axis, 

and the three translation parameters are: forwards-backward, known as ‘yaw’, 

up-down, known as ‘pitch’, and left-right, known as ‘roll’. These values are 

iteratively calculated using an optimisation algorithm to reduce the summation 

of the square of the variations between the reference image and each 

subsequent image (Friston et al., 1995). According to Huettel et al., (2004), the 

tri-linear sinc interpolation approach is used in order to detect head motion 

using linear interpolation, and to correct it.  

 

3.3.3 High pass filter and low frequency drift 

As a result of physiological noise and scanner imperfections, there are trends 

and drifts in the fMRI data which should be eliminated before statistical analysis. 

Voxel time courses can indicate low frequency fluctuations or drifts caused by 

physiological noise, as well as scanner related fluctuations such as temperature 

changes. These fluctuations reveal themselves as low frequency ‘falling’ and 
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‘rising´ over the sequence of a task block. Signal drifts considerably reduce the 

power of statistical analysis, and can be eliminated using ‘frequency filters’, 

with the caution that condition-related signal variation may also be mistakenly 

eradicated. A high pass filter is used separately on each individual voxel, as 

neighbouring voxels may have different rates of drift.  

 

Correcting drifts is one of the most significant preprocessing steps, and can be 

eliminated by using a high-pass filter. One way to achieve this is by using linear 

filters or by using general linear model (GLM) with Fourier basis. The GLM is used 

to estimate the presence of low frequency in a voxel’s time sequence. According 

to Huettel et al., (2004), the projected time course from a GLM based on the 

predictors (sines and cosines for low rates) will then be subtracted from the 

original data, creating a filtered time course. 

 

3.3.4 Spatial Smoothing  

This is conducted before data analysis to enhance inter-participant registration, 

and to minimise noise in the BOLD signal by blurring residual anatomical 

differences. Spatial smoothing means that data points are averaged with their 

neighbours. This has the effect of a low pass filter, meaning that high 

frequencies of the signal are removed from the data, while low frequencies are 

enhanced. The result is that sharp “edges” of the images are blurred, and 

spatial correlation within the data is more pronounced (Formisano et al., 2006). 

In regions that are spatially larger than the imaged spatial resolution, smoothing 

may lower random variance in individual voxels. This also helps to increase the 

ratio of signal-to-noise ratio within the region, by providing a weighted average 

of the local signal (Huettel et al., 2004).  

 

3.3.5  Anatomical Data Preprocessing  

Intensity inhomogeneities in anatomical images (T1) can considerably lower the 

accuracy of segmentation and functional co-registration, as shown in figure 

3.6A. A commonly used method for Intensity Inhomogeneities Correction (IIC) is 

based on a surface fitting approach, where low-order polynomials are used to 

model low frequency intensity changes called field bias (see figure 3.6B) in a 

division of selected voxels belonging to the white matter. Field bias is then 
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eliminated from the data, providing a homogeneous intensity image, as shown in 

figure 3.6C (Vovk et al., 2007). 

 

Figure 3-6 Intensity inhomogeneity difference before and after the IIC (Vovk et al., 2007). 

 

3.3.6  Co-registration 

Differences between the anatomical and functional images are clear. Normally, 

the functional images have low resolution, with blurry and unidentified 

structures, as shown in figure 3.6A. In contrast, the anatomical images appear 

remarkably detailed, with clear borders of the gyri and sulci and clear outlines 

between the white and grey matter, as observed in figure 3.6B (Huettal et al., 

2008). Co-registration is therefore required to enhance the spatial localisation of 

the functional images. Images with low resolution are aligned to the high-

resolution structural images using a rigid body transformation (3 translations and 

3 rotations). 
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Figure 3-7 Comparison of functional image (A) and anatomical image (B). 

Structural landmarks that are clear in one structural image might not be distinguishable in 

functional images of the similar slice. (Author’s own, 2021)  

  

3.3.7 Spatial Normalisation  

Human brains vary in shape and size. These differences extend to every 

distinguishable brain region, implying that even basic landmarks such as the 

calcarine sulcus can have different orientations and positions. Therefore, 

normalisation is used to warp participants’ anatomical images into a 

standardised anatomical space, utilising templates such as Montreal Neurological 

Institute prototype (MNI) (Evans et al., 1993) or Talairach space (Talairach and 

Tournoux, 1988). Normalisation allows for group level statistical analyses to be 

conducted and compared across studies and subjects at particular anatomical 

coordinates. 

 

3.4 General Linear Model (GLM) 

GLM is one of the most common statistical methods in fMRI univariate analysis. 

The General Linear Model models the BOLD signal of a certain voxel as a 

weighted summation of one or more independent variables, along with 

unresolved noise or variance (Huettel et al., 2004).  

GLM is the most widely used multiple regression model in univariate analysis of 

fMRI data. Its basic foundation is that a prediction informs the design of the 

model which best explains the experimentally modulated neural activity as it 



 

71 
 

takes into account the timing and duration of events; the predictions are 

weighted in order to reduce the impact of error on the subsequent 

measurements. The data in this case is encompassed in volumetric space, 

contiguously mapped by tens of thousands of isotropic voxels. Significantly, the 

model testing is conducted on an individual voxel basis, which forms the basis of 

the univariate approach. The spatial structure of fMRI data is in fact not used in 

the model. The voxels are instead treated independently and are arranged along 

a single dimension per time point for simplicity of calculation. The following 

expression describes this:  

 

 𝑌 = 𝑋𝛽 + 𝑒 3.1 

The data matrix is expressed by Y, comprised of V voxels by n points. The design 

matrix, X, identifies the linear model to be assessed and is made up of 

regressors M, each n times points in length. Each of the regressor’s weight is 

integrated into a parameter matrix 𝛽. Lastly, an error matrix, e, is included.  

It is important to consider the statistical level of uncertainty in this analysis. The 

solutions to the general linear model equation (3.1) are the estimated model 

parameters (also referred to as beta-weights). Under the null hypothesis, 

dividing these parameters (explained variance) by the residual error 

(unexplained variance) should follow a statistical distribution commonly known 

as the F-distribution. Their significance can be assessed as a function of the 

available degrees of freedom, which depend on the various regressors and time 

points (Huettel et al., (2004); Jezzard et al (2001)). 

 

Analysis of fMRI data typically includes different participants, sessions and often 

more than one group. In order to perform generalisation to the population from 

which those subjects were obtained, two methods are implemented for 

intersubject analysis; these are known as fixed effect and random analyses. The 

fixed effect analysis (FFX) assumes that the experimental impact on the BOLD 

signal is fixed across all participants. The data from all participants are treated 

as deriving from a single participant, through concatenating all runs of all 

participants. Therefore, the statistical inference of FFX analysis is restricted to 

the sample of participants used in the study.  A random effect (RFX) is used to 

measure variability of the effects across subjects, in order to make an inference 

about the population from which the participants were sampled. In this analysis, 
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participants are considered to be a representative sample of a population 

(Huettel et al., 2004). 

 

3.5 Real-time fMRI neurofeedback system  

Real-time fMRI neurofeedback is a tool that enables processing of BOLD signals in 

real time to provide participants with feedback about their brain activation 

while they are inside the MRI scanner (Mizuguchi et al., 2013). This technique 

allows participants to have voluntary control over the activity in a selected 

region of their brain. In this thesis, I used this tool to modulate motor 

connectivity neurofeedback in healthy participants. This section provides a brief 

discussion of the technical requirements of a real-time fMRI neurofeedback 

system.  

Generally, most fMRI neurofeedback systems consist of the subject, signal 

acquisition, signal preprocessing, signal assessment and feedback. 

 

Figure 3-8 A schematic diagram of a real-time fMRI neurofeedback system. 

The three major components comprise signal acquisition, pre-processing and assessment, which 

are performed by two different computers attached through a fast TCP/IP correlation. 

 

3.5.1 Signal acquisition  

MRI neurofeedback analyses were performed using a 3 Tesla Siemens Tim Trio 

MRI scanner at CCNi with a 32-channel head coil. Whole brain images were 

obtained using an Echo-Planar Imaging (EPI) sequence. Images were sent in real 
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time, volume by volume to the analysis computer, which hosted Turbo-

BrainVoyager (TBV) (Brain Innovation, Maastricht) through a TCP/IP protocol.  

 

3.5.2 Signal pre-processing 

TBV was used to pre-process the attained volumes in real time. This comprised 

3D motion correction, Co-registration, slice timing correction, de-trending and 

spatial smoothing using a Gaussian kennel with full width at a half maximum 

(FWHM) of 8mm, then added to a cumulative GLM.  

 

3.5.3  Signal Analysis  

The average time courses of chosen regions of interest (ROIs) were distributed to 

a custom script running on MATLAB (Natick, MA, Mathworks Inc., USA) to 

compute the feedback signal.  

 

3.5.4 Single-ROI fMRI neurofeedback paradigm 

 The feedback signal was computed based on the following equation, 

 

 
bar height(t) = (

𝑅𝑂𝐼𝑡𝑎𝑟𝑔𝑒𝑡 (𝑡) − 𝑅𝑂𝐼𝑡𝑏𝑎𝑠𝑒

𝑅𝑂𝐼𝑡𝑏𝑎𝑠𝑒
) − (

𝑅𝑂𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑡) − 𝑅𝑂𝐼𝑟𝑏𝑎𝑠𝑒

𝑅𝑂𝐼𝑟𝑏𝑎𝑠𝑒
)   

3.2 

 

where, ROI target(t) and ROI reference(t) are the average BOLD signals of target 

and reference ROIs during the neurofeedback block at time t. ROIr_base and 

ROIt_base are the average BOLD signals of the previous three volumes in the 

fixation target block and reference ROIs respectively. The reference ROI, used to 

correct for comprehensive scanning effects, incorporated a rectangular region 

covering all the voxels in the axial slice away from the target region.  

 

3.5.5  Connectivity neurofeedback paradigm 

The significance of the feedback signal was assessed using Pearson correlation, 

illustrated below, 

 𝒃𝒂𝒓 𝒉𝒆𝒊𝒈𝒉𝒕 = 50 ∗ (𝐶𝑜𝑟𝑟 + 1) 3.3 
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𝐂𝐨𝐫𝐫(𝐱, 𝐲) =

∑ (𝒙𝒊 − �̅�) (𝒚𝒊 − �̅�)𝒏
𝒊=𝟏

√∑ (𝒙𝒊 − �̅�)𝟐𝒏
𝒊=𝟏 √∑ (𝒚𝒊 − �̅�)𝟐𝒏

𝒊=𝟏

 
3.4 

 

where x, y are time courses of ROI1 and ROI2 respectively calculated from a 

descending window. �̅� and �̅� are the average BOLD signal within the sliding 

window of ROI1 and ROI2 respectively, and n is the time of window (in volumes) 

as per Liew et al., (2016). 50 is a scale factor. 

 

3.5.6 Feedback Signal 

This was represented as a variable thermometer bar proportionate to the 

percentage variation of the BOLD signal computed using equation 3.4. An LCD 

projector was used to project the thermometer onto a rear projection screen 

that could be seen through a mirror fitted on the head coil. The delay associated 

with the feedback was a result of the image processing and acquisition time. As 

a result of new innovations in computer technology, the time used in processing 

one volume did not typically exceed 100ms. 

However, the BOLD signal, which is an indirect measure of brain activity, has an 

intrinsic delay of about 4-6 seconds following the stimulus onset (Hirano et al., 

2011; Yeşilyurt et al., 2008). The feedback was updated continuously 

(continuous feedback) every TR, also intermittent feedback could be presented, 

as highlighted by Johnson and his colleagues (2012), by presenting the feedback 

signal at the end of every task block. This method enables averaging of the 

feedback signal, meaning that participants do not have to consider the BOLD 

delay. In my research, an intermittent feedback approach was used. 

 

The Matlab code used in this neurofeedback research is derived from previous 

purpose-built code of the lab and its functions are to estimate the feedback 

signal and display it to the participants in real-time as a thermometer bar. This 

code has been used in previous research such as Kanel et al. (2019) and Al-

Wasity et al. (2021) to upregulate single brain regions such as Anterior Insula and 

SMA. However, in my research, the code was modified to calculate the 

connectivity feedback from two regions of interest (2 ROIs) instead of 

calculating the feedback from a single ROI. The following flowchart explains the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6450381/#R37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6450381/#R37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6450381/#R94
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logic behind the Matlab code used for the real-time fMRI connectivity 

experiment. 

 

Figure 3-9 Flowchart for MATLAB used in real-time fMRI experiments 
 

In brief, using an intermittent feedback design, the Matlab code reads in signals 

from two ROIs over a given time duration, calculates their Pearson correlation 

coefficient (see equation 3.4) and scales this correlation (see equation 3.3) for 

presentation as a thermometer bar. 

 

3.5.7  FMRI neurofeedback design considerations 

The design of the neurofeedback experiment relies on its goals, which often aim 

to show that self-regulation impacts behavioural functions in healthy 

participants (Shibata et al., 2011; Sitaram et al., 2012; Scharnowski et al., 

2015). Furthermore, it may be used for clinical improvements in patients 

(DeCharms et al., 2005; Ruiz et al., 2013). Most fMRI neurofeedback research 

uses the same experimental method, which includes the following: 
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3.5.8 Definition of the target region  

The regions of interest depend on the behavioural changes that are being 

studied. For instance, experiments that aim to modulate motor reaction time 

may focus on activity in the motor cortex such as the primary motor cortex (M1) 

(Chiew et al., 2012), or supplementary motor cortex (Scharnowski et al., 2015) 

respectively. A few experiments have been conducted for clinical purposes such 

as modulating pain perception by voluntarily controlling the rostral cingulate 

cortex (rACC) (DeCharms et al., 2005), and sensorimotor-targeted regions can be 

used in motor rehabilitation related to stroke and neurological disorders 

(DeCharms et al., 2005; Subramanian et al., 2011b; Sitaram et al., 2012; Linden 

and Turner, 2016). The feedback signal might be the average BOLD signal of a 

particular ROI (Blefari et al., 2015), the activity difference between two ROIs 

(Neyedi et al., 2017), connectivity between two brain networks (Megumi et al., 

2015) or the output of a Multivariate Pattern Analysis (MVPA) classifier (Shibata 

et al., 2011). ROIs can either be delineated functionally using a functional 

localiser, as highlighted by Berman et al. (2012) and Aurer et al. (2015b), or 

anatomically defined using a brain atlas or macroscopic anatomical landmarks 

(Marins et al., 2015). 

 

3.5.9  Instructions  

One unresolved issue of the neurofeedback learning method is the role of 

instructions. There are two different strategies that may be used for self-

regulation: explicit and implicit mental strategies. Explicit strategies involve the 

participant being asked to use a particular approach for moderating the brain 

activity, whereas with implicit strategies, the participants are given no 

information, and they are allowed to look for an applicable and effective mental 

approach. Explicit guidelines help subjects to learn the task faster, hence 

reducing the costly scanning time. However, the explicit strategies might 

contribute to cognitive confounds (Lubianiker et al., 2019). Nevertheless, recent 

studies have investigated the implementation of implicit approaches in learning 

self-regulation in a single RT-fMRI session (Shibata et al., 2011; Sepulveda et al., 

2016). Other research has illustrated the implementation of an implicit approach 

together with monetary reward being the optimal strategy for self-regulation, 
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compared to implicit, explicit or explicit with monetary reward (Sepulveda et 

al., 2016). 

 

3.5.10 Task Design 

Most fMRI neurofeedback experiments use block design for the modulation task. 

This type of experimental design is effective in increasing SNR and defeating the 

delay that is inherent to BOLD responses. The block design consists of a task 

block of 15-50 seconds where subjects are directed to regulate the BOLD signal, 

followed by a rest block of similar period, during which participants are 

instructed to relax and/or count numbers (Hanakawa, 2011). Typically, a single 

run comprises fewer than 10 blocks to avoid fatigue and loss of focus, and is 

repeated 2-10 times within one experimental session. The number of 

neurofeedback sessions varies, from a single session (Caria et al., 2007; Blefari 

et al., 2015) to 12 sessions Auer et al (2015). Scharnowski et al (2012) employed 

a different number of sessions per subject based on the individuals’ ability to 

attain success in regulation.  

 

3.5.11 Transfer after neurofeedback training 

One objective of neurofeedback research is to see the behavioural changes that 

occur during the neurofeedback learning maintained after the learning has 

ended i.e., when participants are not seeing the feedback thermometer, or are 

outside the MRI. In clinical applications, maintaining learned skills after 

neurofeedback training and applying them in real-life situations is the ultimate 

objective. 

Previous real-time fMRI neurofeedback research has shown that once learned, 

self-regulation can also be achieved in transfer runs without feedback 

information, however this only holds true for transfer runs immediately following 

the neurofeedback training (deCharms et al., 2004, 2005; Hamilton et al., 2011; 

Lee et al., 2012; Scharnowski et al., 2012; Sitaram et al., 2012; Ruiz et al., 

2013). Other research has shown that the lasting neurofeedback training effects 

can differ between studies.  
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For example, neurofeedback training using real-time fMRI induced plastic brain 

changes that lasted for at least 1 day after the training (Shibata et al., 2011; 

Harmelech et al., 2013). However, Megumi and colleagues (2015) highlight that 

their neurofeedback training induced changes in resting state fMRI and these 

changes lasted at least 2 months. However, the resting state effects 

demonstrated plastic changes, but they were not associated with applying 

learned self-regulation by the participants. In clinical applications, Scheinost 

and colleagues (2013) showed that patients with obsessive-compulsive disorder 

who successfully learnt to increase activity in the orbitofrontal cortex using real-

time fMRI had persistent changes in resting state connectivity and a significant 

reduction in contamination anxiety for several days following the neurofeedback 

training. 

 

3.5.12 Experimental control conditions  

Control groups have been used to prove that feedback knowledge is necessary 

for the self-regulation of brain activity, compared with the impact of repetitive 

training using simple instructions. These findings suggest that neurofeedback 

effects result from modulating specific targeted areas (Lubianiker et al., 2019). 

There are several different kinds of control conditions that can be used for real-

time fMRI research. These conditions include providing feedback from an 

alternative region (alternative neurofeedback), modulation of the experimental 

neural target in the opposite direction (inverse neurofeedback), presenting 

participants with sham feedback recorded from a matched subject from the 

experimental group (yoked sham) and applying mental strategies with no 

feedback presentation (mental rehearsal) (Zhao et al., 2013; Hui et al., 2014; 

DeCharms et al., 2005; Scharnowski et al., 2012; Lubianiker et al., 2019).  

 

In addition, active neurofeedback control conditions may introduce two main 

classes of confounds: modulations of additional processes that are not engaged 

in the experimental intervention, and modulations of the general processes of 

neurofeedback which substantially vary from the experimental group. To remove 

these confounds, neurofeedback control conditions must involve the same 

general process modulations as those of the experimental group, without any 

additional process engagements (Lubianiker et al., 2019). Lubianiker and 
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colleagues (2019) highlight that the ideal control condition requires a valid 

neurofeedback intervention that manipulates the same general processes, but 

without any specific modulations over and above the general neurofeedback 

processes.  

 

3.5.13 Behavioural changes due to neurofeedback training 

The key objective of neurofeedback training is to obtain behavioural changes 

that result from participants learning to regulate their brain activity. These 

impacts rely on the function of the targeted ROIs. In this thesis two behavioural 

tasks were used: a Go/No go task, and a switching task.  

The Go/No-go task measures Reaction Time (RT), and reflects the relationships 

between the inhibitory and activational components of motor control. 

Measurement of reaction times is an essential concept in cognitive psychology. 

Reaction time is calculated as the time between the onset of a stimulus or 

response cue and a participant's response (Fillmore et. al. 2006).  

The switching task involves quantifying the changing time associated with 

switching between sequence operations. Switching deficit has been implied from 

differences in the probability of performing or maintaining a switch. In this 

thesis, the switching task was used to measure the time required to execute a 

switch between sequential operations. This method not only examines the 

probability of successfully implementing a switch, but also evaluates the ability 

of the participant to execute the switch itself (Hayes et al., 1998).  

 

3.5.14 Intermittent vs continuous feedback 

Several approaches have been used by researchers to present RT-fMRI feedback, 

such as scrolling a graph display, display of verbal feedback, display of whole-

brain activity, visual scale approaches and a combination of feedback displays 

(Hellrung et al., 2018). The first report of RT-fMRI used intermittent feedback, 

and showed that a functional map was updated after each rest-task block.  

Several other RT-fMRI studies have used continuous feedback, in which the visual 

displays are updated after an acquired volume is attained (Johnson et al., 2012). 
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There are several advantages to using continuous feedback. An individual has 

more opportunities to modify their brain activity and thoughts the more they get 

feedback, which in the process allows them to manipulate the functioning of 

their brain. When one gets continuous feedback, a person may have greater 

engagement or interest in participating in the feedback paradigm (Hellrung et 

al., 2018). The provision of continuous feedback may also have disadvantages. 

The fMRI measure of BOLD signals is variable, and results from slow 

haemodynamic responses, which can make it hard for one to link the feedback 

given with the thoughts that took place earlier (Hellrung et al., 2018). However, 

this challenge can be addressed by training and instructions about the delay.  

 

Additionally, the fMRI signal’s noise is typically dealt with by using traditional 

approaches of signal averaging and filtering. This means that is important for 

constant feedback to use these non-traditional approaches to prevent noise from 

impacting the continuous feedback. It is important to note that the cognitive 

load and visual attention of evaluating the feedback given can be confounding, 

which can result in it distracting an individual from undertaking the given tasks 

(Johnson et al., 2012). This means that when feedback is given frequently, it can 

have a negative impact, since it can distract one from the given task. 

Alternatively, the technique of presenting intermittent feedback at the end of a 

regulating block has been used in few RT-fMRI studies (Posse et al., 

2003, Shibata et al., 2011, Yoo and Jolesza, 2002). 

The advantages of intermittent feedback are improving learning of self-

regulation in comparison to continuous feedback, and also reducing distraction 

factors (Johnson et al., 2012). 

 

These considerations show that in RT-fMRI neurofeedback procedures, it is 

better to have intermittent feedback than continuous feedback. If feedback is 

given at the end of a task, it is not necessary for the participant to know about 

any haemodynamic delay for averaging and filtering a signal (Johnson et al., 

2012; Hellrung et al., 2018). 

 

3.5.15 Challenges of real-time fMRI neurofeedback 

Regardless of the great development of real-time fMRI neurofeedback over the 

last decade, there are still different challenges that remain. These include the 

https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib21
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib37
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib37
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib50
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib57
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib21
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib21
https://www.sciencedirect.com/science/article/pii/S1053811917308583#bib21
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need to optimise the setup, prove its effectiveness in clinical therapy and 

determine the target populations that will benefit most from neurofeedback. 

  

3.5.16  Online computation and presentation of feedback  

Feedback signals typically represent the motion-corrected signal from one area, 

or the differential feedback from one area in contrast to a control region (Rota 

et al., 2009). Differential feedback has the benefit of nullifying physiological 

noises such as pulse artefacts or breathing noises, which have been 

demonstrated to impact the BOLD signal (Nikolaou et al., 2016). However, non-

physiological noise would be amplified by this procedure, hence reducing the 

SNR. Regarding the presentation of feedback, a typical paradigm is a 

thermometer-like demonstration. At times the activation may be depicted as 

colour variation (for instance from yellow=high to blue=low) (Bruhl et al., 2014), 

or the position and colour may be integrated as feedback information. Another 

simple visual representation includes a burning fire or a facial expression 

(Mathiak et al., 2010). The implementation of feedback in a computer game or 

in a virtual reality setting have also been trialled (Goebel et al., 2004). Some 

experiments have used a closed-loop approach, where the feedback in turn 

controls the salience of the stimulus, for instance by opacity or picture size 

(Sokunbi et al., 2014). Besides visual feedback, one could also receive feedback 

from tactile, auditory or even olfactory cues. To date, of these only auditory 

feedback has been studied in a pilot study (Posse et al., 2003).  
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4 Chapter Four: Functional localisers for motor 
areas of brain using fMRI 
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Abstract  

 

With the advance of neuroimaging technology, researchers are able to 

investigate changes in the response of brain regions under various conditions. 

One example of such technology is functional MRI (fMRI), a non-invasive brain 

imaging method. Looking specifically at motor areas, there are many localisers 

that can identify these brain regions, based and functional properties of these 

areas. Localising the brain region/s is an integral part of the neurofeedback 

procedures.  

 

The aim of this research is to develop and test localisers for different motor 

areas such as M1, SMA, motor cerebellum and motor thalamus using fMRI which 

are then used target regions of interests (ROIs) for subsequent neurofeedback 

procedures. 

 

Eighteen right-handed participants were recruited in this research to test the 

feasibility of five localisers for primary motor cortex (M1), supplementary motor 

area (SMA), premotor cortex (PMC), motor cerebellum and motor thalamus. The 

study was conducted between February 2018 - February 2019 using a 3T Siemens 

Tim Trio MRI scanner at the Centre for Cognitive Neuroimaging (CCNi) at the 

University of Glasgow. 

 

A motor execution task, namely hand clenching, was tested to functionally 

activate M1, SMA and motor cerebellum. A combined action observation and 

motor imagery (AOMI) task was tested to functionally activate PMC. Finally, the 

use of a mask based on Talairach coordinates was examined in order to identify 

motor thalamus. 

 

Our results show that all localisers are feasible and successfully activated the 

desired regions of interest. Motor execution successfully activated M1, SMA and 

motor cerebellum. The novel localiser based on AOMI successfully activated PMC 

and finally, the motor thalamus mask that was created offline, based on 

thalamus atlas, was successfully implemented on each participant. 



 

84 
 

 

Motor execution actions, such as hand clenching, can be used to functionally 

activate many motor areas including M1, SMA, cerebellum. AOMI successfully 

activated PMC. All five localisers tested in this research were feasible and can 

be used for applications such as real-time fMRI (rt-fMRI) neurofeedback research 

to define the regions of interest. 
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4.1 Introduction  

Functional magnetic resonance imaging (fMRI), a non-invasive functional imaging 

technique, is well known to provide high spatial resolution in imaging brain 

functions (Ogawa et al.,1992; Kwong et al.,1992). It has been widely used for 

functional localisation and identification of brain areas in humans (Brett et al., 

2002). The use of fMRI scans to first identify brain areas of functional 

significance and then to examine brain activity more closely in the area is 

popular in neuroimaging and is known as ‘functional localisation’. This approach 

requires conducting an independent experiment to a localised targeted region 

for each individual participant. After being defined, it can then be used to 

analyse a task of interest in a constrained way (Inuggi et al., 2010). The term 

‘functional localiser’ refers to functional experiments such as fMRI and it 

distinguishes this localisation from anatomic information that are obtained from 

computed tomography (CT) or structural MRI. 

 

If the localiser is identified accurately, it provides a remarkable increase in 

sensitivity as it diminishes issues that occur due to covering large volumes of the 

brain. The anatomical constraints afforded by functional localisers usually take 

the form of regions of interest (ROI). These are defined operationally by reliable 

effects in the localiser (Friston et al., 2006). 

During an experiment using a functional localiser, after the ROI is determined, 

analysis is restricted to the responses (activation) within the ROI (i.e., responses 

averaged over voxels within the ROI). As a result, there is one statistical 

inference and therefore no need to adjust the p-value for multiple comparisons 

and responses elsewhere in the brain are ignored (Duncan et al., 2009).  

 

The implementation of ROI designs in brain imaging began in the late 1980s as 

researchers reported their results using ROIs defined using structural anatomy, 

perfusion, or receptor binding. These ROIs were based on defining 

characteristics of the underlying tissue and did not reflect any functional role of 

these areas. These ROI were considered useful as they showed the distribution of 

the induced activation. However, the problem was that ROIs did not provide 

information about where region-specific responses are expressed (Friston et al., 

2006). 
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Usually, functional localiser scanning is conducting separately from the main 

experiment. Thus, localisers introduce some inevitable confounds of both time 

and order. The localiser will be inappropriate if the activation pattern later 

changes due to time effects, for example effects such as learning could reduce 

activation in some areas and increase it in other areas. Furthermore, the 

localiser and main experiments usually have different aspects such as scanning 

parameters (e.g. number of scans), design (e.g., blocked vs. event-related), 

task, or stimuli used. This implies that the precision with which localising and 

experimental effects are estimated can differ profoundly (Friston et al., 2006; 

Duncan et al., 2009).  

 

The localisation of motor areas has been the object of several previous research 

studies (Inuggi et al., 2010). Many tools, such as EEG and fMRI have been used to 

localise motor regions such as M1 on the precentral gyrus (PcG). There are 

several fMRI-based techniques with different accuracy that have been conducted 

to localise motor areas in the literature, such as voluntary movement 

stimulation to activate regions of interest (ROI) (He and Liu, 2008; Wagner et 

al., 2000) and operative electrical stimulation (Yousry et al., 1995). In this 

research, the aim was to develop and test localisers for different motor areas 

such as M1, SMA, motor cerebellum and motor thalamus using fMRI.  

 

4.2 Methods 
 

Eighteen participants were recruited for this research. They were separately 

recruited into three groups to test the localiser for different motor regions in 

the brain. All participants were right-handed, and their ages and genders are 

listed in Table 3 below.  

 

Table 3: Demographic characteristics for participants in groups 1,2 and 3 

 Group 1 Group 2 Group 3 

Number of participants 12 3 3 

Age (mean in years) 28.75 27.33 28.33 

Gender 7 M , 5 F 2 M , 1 F 3 M 
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This research was conducted between February 2018 - February 2019 using a 3T 

Siemens Tim Trio MRI scanner at the Centre for Cognitive Neuroimaging (CCNi) at 

the University of Glasgow. 

The research has been approved by the ethics committees of the College of 

Science and Engineering at the University of Glasgow. Consent was obtained 

from each participant for the experiment. 

 

Imaging parameters and fMRI neurofeedback platform  

 

This experiment was performed in the Centre for Cognitive Neuroimaging (CCNi) 

at the University of Glasgow. The MRI unit is a 3T Siemens Tim Trio MRI scanner. 

A32-channel head coil was used and T1 weighted image structural images were 

acquired using the following parameters: TR=2000ms, TE=2.52ms, 192 sagittal 

slices, 1 mm3 isotropic voxels and image resolution 256×256. 

fMRI data was collected using a T2*-weighted gradient echo (EPI) pulse sequence 

(TR=2000ms, TE=30ms, whole brain coverage with 32 axial slices, 0.3 mm gap 

and 3 mm3 isotropic voxels). 

 

4.2.1 First group: localisation of motor regions 
 

Twelve right-handed healthy participants were recruited to test the localiser for 

motor regions. This localiser aims to identify M1, SMA and motor cerebellum. 

Each region was localised based on anatomical landmark and functional 

localisation (Hou et al., 2016). The anatomical landmark for M1 is a sigmoidal 

hook or omega sign, which is a term used to denote the appearance of the hand 

motor area (hand knob). The anatomical landmark for SMA is defined as the area 

of the medial frontal cortex in the superior frontal gyrus lying dorsal to the 

cingulate sulcus, rostral to the primary motor cortex, and caudal to the vertical 

commissure anterior line (Kim et al., 2010). The cerebellum is located within the 

posterior cranial fossa of the skull, caudal to the cerebrum and tentorium 

cerebelli, and dorsal to the brainstem. In the anterior region transverse fissures 

extend uninterruptedly to the lateral margin of the cerebellum. This anterior 

region can be subdivided into the anterior lobe and the lobules simplex by the 

deep primary fissure (Voogd and Glickstein, 1998). A high-resolution anatomical 
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scan (T1 weighted image) and a functional localiser run was conducted on each 

participant 

The localiser run was composed of 7 fixation blocks (16s) interleaved by 6 blocks 

of bimanual hand clenching (30s). 

During the functional scanning of the localiser, participants were instructed to 

either to count letters or numbers if “REST” appeared on the screen. This was 

done to control the baseline activity (Hanakawa, 2011; Berman et al., 2012). 

Participants were instructed to clench their fists if “MOVE” appeared on the 

screen.  

The functional data was pre-processed and analysed online with an accumulative 

General Linear Model (GLM) embedded in the Turbo-BrainVoyager and offline 

using BrainVoyager. The ROIs were defined in each participant in the native 

space. 

 

4.2.2  Second group: localisation of premotor cortex (PMC) 
 

Three right-handed healthy participants were recruited in order to test the 

localiser for PMC. 

A high-resolution anatomical scan (T1 weighted image) and a functional localiser 

run was conducted on each participant 

The localiser run took approximately five minutes and was composed of seven 

fixation blocks (16s) interleaved by six blocks of action observation and motor 

imagery (AOMI) (30s). 

During the functional scanning of the localiser, participants were instructed to 

either count letters or numbers if “REST” appeared on the screen and to watch 

videos of hand actions and imagine these actions at the same time if “IMAGINE” 

appeared on the screen. The ‘Rest’ block lasted for sixteen seconds then an 

‘Imagine’ block appeared for thirty seconds. 

The functional data was pre-processed and analysed online with an accumulative 

General Linear Model (GLM) embedded in the Turbo-BrainVoyager and offline 

using BrainVoyager. The ROIs were defined in each participant in the native 

space. 
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4.2.3 Group third: localisation of motor thalamus 
 

Three right-handed healthy participants were recruited in this experiment in 

order to test the localiser for motor thalamus. A high-resolution anatomical scan 

(T1 weighted image) and a functional localiser run was conducted on each 

participant. 

Since a reliable functional localiser for motor thalamus could not be defined, the 

thalamus was defined by using a thalamus mask obtained from a thalamus atlas. 

The thalamus mask was created offline using the Talairach atlas (Talairach et 

al., 1988; Lancaster et al., 2000). This mask covered motor parts of the 

thalamus, including ventral lateral nucleus and ventral anterior nucleus (Fang et 

al., 2006). This mask was used in the experimental group when M1-thalmus 

connectivity was targeted. The mask was implemented individually to each 

participant from the anatomical scan. After implementing the mask, it was 

visually checked to see if it accurately applied to localise the thalamus.  

 

4.3 Results 
 

4.3.1 Localisation of primary motor cortex (M1): 
 

All subjects showed activations in several areas, which are part of the 

“classical” sensorimotor network, including the primary motor cortex (M1). 

M1 is anatomically identified visually by a sigmoidal hook or omega sign, which is 

a term used to denote the appearance of the hand motor area (hand knob) 

(Yousry et al., 1997). Figure 4.1 shows the activation in M1 to hand clenching 

movement in all participants. 
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Figure 4-1 Activation in bilateral M1 as a result of hand clenching. A, B, C and D show sagittal, 

coronal and transverse images of four participants. 

 

4.3.2 Localisation of supplementary motor area (SMA): 
 

Hand clenching also introduced activations in bilateral SMA in all participants as 

seen in Figure 4.2.  



 

91 
 

 

Figure 4-2 Activation in bilateral SMA as a result of hand clenching. Panels A, B, C and D show 

SMA activations in sagittal, coronal and transverse images of four participants. 

 

4.3.3 Localisation of motor cerebellum 
 

All participants showed activations in the cerebellum as a result of hand 

clenching as seen below in Figure 4.3. These activations include dentate 

nucleus, lobules IV and V. 
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Figure 4-3 . Activation in bilateral cerebellum as a result of hand clenching. Panels A, B, C and 

D show cerebellar activation in coronal images of three participants. Red arrows indicate 

activation in right anterior motor cerebellum. 

 

4.3.4  Localisation of premotor cortex (PMC) 
 

All participants showed activations in left PMC as result of AOMI as seen in Figure 

4.4. An additional activation can be seen at motor regions such as bilateral M1. 

Additional activation can be seen at areas thought to be involved in motor 

imagery and action observation, such as SMA and visual cortex. 
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Figure 4-4 Activation in bilateral left as a result of motor imagery and action observation. 

Panels A, B and C show sagittal, coronal and transverse images of first, second and third 

participants respectively. 

 

4.3.5 Localisation of motor thalamus 
 

Figure 4.5 shows thalamus mask applied on anatomical images of the 

participants. The anatomical image (T1 weighted image) was converted to 

Talairach space using BrainVoyager before implementing the thalamus mask 

because this mask was created based on the Talairach atlas. 
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Figure 4-5 Shows thalamus mask (red cluster) which successfully implemented on the anatomical 

image. 

 

4.4 Discussion 
 

The present study investigated aspects of localising motor areas. First, motor 

execution of bimanual hand actions, namely hand clenching, was used to 

activate and localise M1, SMA and cerebellum. This technique has been widely 

used in the field of real-time fMRI. For M1 localisation, these results are with 

line with many rt fMRI studies that targeted M1 for modulation using hand 

actions, such as clenching (Chiew et al., 2012) fingers tapping (Berman et al., 

2012; Mehler et al., 2018) and active isometric pinching (Blfari et al., 2015). 

These studies successfully localised M1 using localiser runs based on motor 

execution of actions. M1 was anatomically located by identifying the precentral 

gyrus and hand knob region for each participant (Yousry et al., 1997) then M1 

was functionally localised for each participant by analysing BOLD signals in real 

time during motor execution tasks, such as clenching and a square ROI was 

centred on the voxel with the maximal signal change during clenching relative to 

the resting blocks. Then each ROI was overlaid onto the individual’s anatomical 

image (T1) for all participants (Berman et al., 2012).  

 

The SMA localiser in this study successfully activated the SMA as a result of 

motor execution stimuli (hand clenching). Our results are in line with Sepulveda 

et al., 2016 who used motor execution to localise SMA and also in line with 

Scharnowski et al. (2015), Mehler et al. (2018) and Al-Wasity et al. (2021) who 
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used finger tapping as a motor action to activate and localise SMA. 

 

In addition, a motor execution task, namely hand clenching, was used to 

activate the motor cerebellum. Motor cerebellum has typically been localised in 

previous fMRI studies by using a cerebellum mask based on an atlas (Stoodley et 

al., 2012). However, previous fMRI research has also found that motor execution 

activates motor cerebellum (Mostofsky et al., 2009) especially lobules IV and V 

(Stoodly et al., 2009) and dentate nucleus (Dimitrova et al., 2006). Therefore, 

we hypothesise that a motor execution task can be used to activate motor 

cerebellum to provide a functional localiser. Our results supported this 

hypothesis as an activation was found at the cerebellum as result of hand 

clenching in all participants. Therefore, this localiser is suitable for motor 

cerebellum and can be used for rt fMRI neurofeedback research targeting 

cerebellum modulation. 

 

In the second group, the aim was to functionally localise PMC using a novel 

technique which used action observation and motor imagery together (AOMI) 

stimuli. According to our knowledge, this type of localiser has not been used 

before to localise PMC. Previous rt-fMRI research targeted PMC used techniques 

to localise PMC, such as a PMC mask based on an atlas (Pereira et al., 2019), 

motor execution (Marins et al., 2015), anatomy reference or action observation 

(Sitaram et al., 2012). The bilateral ventral premotor cortex and dorsal 

premotor cortex have all been consistently implicated in motor imagery and 

action observation (Hardwick et al., 2017). Therefore, the idea that it can be 

identified using AOMI stimuli (Friesen et al.,2017) was supported by our results. 

In conclusion, AOMI can be added to techniques or tasks that activate PMC and 

therefore it can be used as a localiser for fMRI studies.  

 

In the third group, a thalamus mask was used to localise the thalamus. Since the 

thalamus is a deep subcortical structure, it is difficult to localise it functionally. 

As a result, a mask based on a thalamus atlas to identify the thalamus has been 

previously used in fMRI studies (Kang et al., 2018). However, Liew and 

colleagues (2016) used a functional localiser to identify the thalamus in their 

research, but they did not provide any information about the technique or task 

used. Here, the thalamus mask was created offline using the Talairach atlas 
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(Talairach et al., 1988; Lancaster et al., 2000). This mask covered motor parts of 

the thalamus including ventral lateral nucleus and ventral anterior nucleus (Fang 

et al., 2006). This mask was successfully fitted individually onto each 

participant. Therefore, it can be used to define motor thalamus during rt-fMRI 

NF research. 

 

4.5 Conclusion 
 

Motor execution, namely hand clenching, can be used to functionally activate 

many motor areas. These results showed that this technique successfully 

activated M1, SMA and motor cerebellum functionally. Furthermore, the novel 

technique of an AOMI task was successfully used to functionally activate PMC. 

Finally, a mask of motor thalamus was created and tested on participants. The 

results showed that this motor thalamus mask was accurately fitted onto each 

participant’s anatomical image. It was concluded that all localisers used in our 

research appeared feasible and can be used to define the regions of interest for 

rt-fMRI research. 
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5 Chapter Five: Modulation of functional 
connectivity between M1 and thalamus during 
motor imagery using real-time fMRI connectivity 
neurofeedback 
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Abstract 

Real-time fMRI-based neurofeedback (rt-fMRI-NF) is a technique in which 

participants are able to voluntarily modulate the brain activity of different 

regions of the brain by undertaking a mental task, namely, motor imagery. This 

includes providing feedback about the connectivity between brain regions. 

Enhancing connectivity between cortical and subcortical regions holds promise 

for improving motor functions. In the present study, we aimed to investigate the 

effect of functional connectivity during motor imagery using rt-fMRI 

neurofeedback. The primary motor area (M1)-thalamus connectivity was 

targeted as these regions play a role in performing motor actions. 

Twenty healthy participants were recruited for this research. Each participant 

carried out the Vividness of Movement Imagery Questionnaire-2 (VMIQ-2), 

switching task and Go/No Go task. They were then assigned randomly into one of 

two groups (10 participants each). Participants in the first group (experimental 

group) received feedback from M1-thalamus connectivity while the participants 

in the second group (control group) received feedback from M1-Supplementary 

motor region (SMA) connectivity. 

The results showed a significant increase in connectivity neurofeedback in the 

experimental group (M1-thalamus) while there was no such enhancement in the 

connectivity found in the control group (M1-SMA). The behavioural tasks showed 

a significant reduction in the switching time in the experimental group only, 

while the Go/No Go task showed a significant reduction in the reaction time in 

the control group only. 

In conclusion, rt-fMRI-NF is a useful tool to modulate functional connectivity 

between M1 and the thalamus using motor imagery and it facilitates the learning 

of new mental strategies by participants to upregulate M1-thalamus 

connectivity. The switching task is a recommended behavioural task for the M1-

thalamus and the Go/No Go task is a recommended behavioural task for the M1-

SMA. Upregulating the connectivity neurofeedback using rt-fMRI could be used to 

enhance the motor performance of patients with motor impairments such as 

those resulting from stroke. 
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5.1 Introduction 

 

Functional magnetic resonance imaging (fMRI) is a popular tool for mapping 

human brain functions. It measures the changes in blood oxygen level dependent 

(BOLD) which allows the active areas in the brain to be defined. Investigation of 

brain connectivity has attracted the attention of researchers who want to 

understand how brain areas communicate, coordinate and interact with each 

other to perform cognitive and psychological functions (Heuvel et al., 2010).  

Many studies using fMRI have explored brain connectivity in the past three 

decades. These studies provided information about the complex integrative 

networks that link brain areas functionally and structurally (Heuvel et al., 2010). 

Recent advances in MRI technology allow one to analyse the data in real time 

and, thus, provide feedback while the participant is still inside the scanner. This 

technique is called real-time fMRI-based neurofeedback.  

 

Real-time fMRI neurofeedback systems have also been developed to enable 

participants to voluntarily regulate brain activation over multiple areas. Such 

systems measure the neural activity of participants and represent this activity to 

them as visual or auditory signals in real time to enable self-regulation of neural 

activity (Mizuguchi et al., 2013). 

 

Currently, there are three types of neurofeedback training based on the 

differences in feedback information. The first, univariate neurofeedback, uses 

the average BOLD signal within a specific brain region of interest to increase or 

decrease the average activity in that region (deCharms et al., 2005). Secondly, 

decoded neurofeedback is the process of inducing knowledge in a subject by 

increasing patterns of neural activation in predetermined regions in the brain, 

such as the motor and  visual cortex. This is attained by measuring neural 

activity in these areas using fMRI, comparing this to the ideal pattern of neural 

activation in these areas (for the intended purpose) and providing feedback to 

subjects on how close their current pattern of neural activity is to the ideal 

pattern ( Shibata et al., 2011, 2016; deBettencourt et al., 2015; Amano et al., 

2016). Thirdly, connectivity neurofeedback uses the functional connectivity 

between two brain areas to modulate connectivity (Koush et al., 2013; Megumi 

et al., 2015; Liew et al., 2016). 

https://en.wikipedia.org/wiki/Knowledge
https://en.wikipedia.org/wiki/Neuron
https://en.wikipedia.org/wiki/Brain
https://en.wikipedia.org/wiki/Visual_cortex
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The influence of connectivity neurofeedback on brain regions provides a 

physiological measure for rt-fMRI-NF training (Weiskopf et al., 2007; Caria et al., 

2012) and many studies have found that rt-fMRI-NF is a useful technique to 

modulate the connectivity among brain areas (Marins et al., 2015; Xie et al., 

2015).  

 

In the literature, there are many studies which have focused on modulating 

motor cortex activity using rt-fMRI-NF. These studies aimed either to upregulate 

or downregulate many motor areas such as M1 (Yoo et al., 2008; Berman et al., 

2012; Chiew et al., 2012; Blefari et al., 2015; Neyedli et al., 2017), SMA 

(Hampson et al., 2011; Scharnowski et al., 2015; Sepulveda et al., 2016; Al-

Wasity et al., 2021) and PMC (Sitaram et al., 2012; Zhao et al., 2013; Hui et al., 

2014; Marins et al., 2015). Although most rt-fMRI-NF studies focussed on training 

participants to modulate single areas, a few recent studies have established the 

ability to modulate functional integration between interconnected brain areas 

( Desseilles et al., 2011; Seghier et al., 2010). Although such integration 

between different brain areas has proven more difficult to assess, recent 

developments in data analysis techniques make it possible to study connectivity 

using resting-state fMRI or rt-fMRI-NF to modulate the connectivity 

neurofeedback  between different brain areas in real time (Friston et al., 

2003;  Koush et al., 2013; Megumi et al., 2015; Liew et al., 2016; Yamashita et 

al., 2017).  

 

Several studies have reported that cognitive functions are associated with 

specific brain networks and that any abnormality in these networks leads to 

mental disorders. (Broyd et al., 2009; Stam, 2014; Fornito et al., 2015; He et al., 

2007; Barch et al., 2013; Thompson et al., 2013; Liu et al., 2015). This indicates 

that the use of connectivity neurofeedback is a promising approach to 

therapeutic intervention for psychiatric and neural disorders and to improve 

cognitive functions. For example, stroke commonly causes damage to the motor 

system including areas such as M1, SMA and PMC which play an important role in 

the planning and execution of movement. Although stroke commonly occurs in 

elderly patients, it may occur at any age. Approximately 25% of strokes occur 

before the age of 65. Because motor deficits following stroke are common and 

have a significant impact on life quality, motor rehabilitation strategies are 

https://www.sciencedirect.com/science/article/pii/S1053811913005028#bb0090
https://www.sciencedirect.com/science/article/pii/S1053811913005028#bb0320
https://www.sciencedirect.com/science/article/pii/S1053811913005028#bb0115
https://www.sciencedirect.com/science/article/pii/S1053811913005028#bb0115
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needed to promote brain recovery and motor functions. Neurofeedback (NF) is a 

technique that has shown therapeutic success in many applications such as 

stroke rehabilitation (Nan et al., 2019). Research has shown NF to be effective 

and potentially useful in many disorders such as epilepsy and attention deficit 

disorder, as well as the recovery of motor function following stroke (Wang et al., 

2018). This implies that connectivity neurofeedback is a helpful approach for 

stroke recovery because it enhances the activation in the affected motor areas, 

resulting in the improvement of motor functions (Liew et al., 2016). 

 

The mechanisms of stroke recovery using fMRI neurofeedback are still under 

investigation (Soekadar et al., 2014). Buch and colleagues (2012) showed that 

simultaneous activation of inputs and outputs to the motor cortical areas trigger 

Hebbian plasticity, which strengthens cortical-subcortical connectivity. Hebbian 

plasticity is a form of synaptic plasticity which is induced by, and further 

amplifies, correlations in neuronal activity (Zenke and Gerstner, 2017).  

Motor imagery (MI) is a cognitive process in which people simulate actions or 

movements internally without any apparent movement (Blefari et al., 2015). MI 

aims to enhance motor skills in healthy and clinical populations (Alkadhi et al., 

2004) and it is usually undertaken in motor learning skills (Mizuguchi et al., 

2013). MI could be beneficial in athletics, skill acquisition and rehabilitation 

(Ietswaart et al., 2011).   

 

Improvements in cortical-subcortical connectivity are associated with better 

motor recovery after stroke (Jang et al., 2012). Previously, electro- or 

magnetoencephalography (EEG/MEG) was used to regulate cortical areas, 

however, they are very limited because they cannot be used to regulate deeper 

brain areas or sub-cortical brain regions. Rt-fMRI-NF overcomes this limitation by 

providing full brain coverage, allowing feedback from both cortical and 

subcortical regions (Weiskopf et al., 2003).  

 

Using rt-fMRI-NF connectivity is a promising technique to enhance the 

connectivity between motor areas in patients with stroke. Carter and colleagues 

(2012) demonstrated that the reduction in functional connectivity in stroke 

patients between bilateral M1 areas may be related to motor dysfunction of the 

upper limb.  



 

102 
 

 

The present study aimed to determine whether healthy participants can enhance 

the connectivity neurofeedback between M1 and thalamus using rt-fMRI-NF. It 

also aimed to investigate whether successful fMRI-NF of M1-thalamus 

connectivity will translate to changes in behavioural measures. The connectivity 

between M1 and the thalamus was targeted due to its importance in motor 

functions as cortical to subcortical areas are important in stroke recovery 

(Megumi et al., 2015; Liew et al., 2016, Yamashita et al., 2017). The motor 

thalamus encompasses thalamic nuclei that are strategically located between 

motor areas of the cerebral cortex and two subcortical networks, namely, the 

basal ganglia (BG) and the cerebellum. The motor thalamus plays a role in the 

complex cognitive and proprioceptive control of movement, respectively 

(Middleton and Strick, 2000). It also plays a role in maintaining posture, general 

movements and motor learning (Bosch-Bouju et al., 2013). The ventral lateral 

nucleus of the thalamus (VL) serves as a central integrative centre for motor 

control, receiving inputs from the cerebellum, striatum and cortex and projects 

to the primary motor cortex (Bosch-Bouju et al., 2013).  

 

M1 and its association with other motor regions such as PMC and SMA and 

subcortical regions such as the thalamus play an important role in the planning 

and execution of movements. Previous studies have shown that M1 plays a 

supportive role in motor function recovery after stroke. Other studies have 

demonstrated that enhanced activity in the contralesional M1 may impair the 

recovery of motor function (Stinear et al., 2015). The connectivity between 

these areas has been investigated by Liew and colleagues (2016) and the results 

showed that three patients had positive results, as they successfully manged to 

enhance the connectivity between M1 and thalamus. However, their study was 

limited by sample size and the condition of the participants. 

 

If connectivity neurofeedback between M1-thalamus is modulated by motor 

imagery based rt-fMRI-NF, then, significant changes in behavioural measures 

would be recorded either in the Go/No Go task or the switching task or in both 

tasks as a result of connectivity neurofeedback training. Participants in the 

current study underwent training with intermittent feedback of the temporal 

correlation (functional connectivity), based on Pearson's correlation, between 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3822295/#B168
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BOLD signals in M1 and the thalamus after each trial (Megumi et al., 2015; Liew 

et al., 2016, Yamashita et al., 2017).  

 

5.2 Methods 

5.2.1 Participants 

Twenty participants with normal or corrected-to-normal vision were recruited 

for this study. Participants verified that their visual acuity was sufficient to 

resolve images and text presented on the screen without any correction or they 

were provided with sufficient correction. All participants were right-handed, as 

determined by the Edinburgh Handedness Inventory (Oldfield, 1971). 

Participants were all proficient in written and spoken English. The mean age in 

the M1-thalamus group (experimental group) was 25.9 years (four male 

participants, six female) and the mean age in the SMA-M1 group (control group) 

was 25.4 years (five male participants, five female participants). Participants 

were not informed which group they were assigned to and they did not have any 

prior experience with neurofeedback. 

 

Each participant undertook a test called the Vividness of Movement Imagery 

Questionnaires-2 (VMIQ-2) (Callow and Roberts, 2010) to measure their ability to 

perform the motor imagery tasks. 

The VMIQ-2 is a revision of the Vividness of Movement Imagery Questionnaire 

(VMIQ) (Isaac et al., 1986) which comprises 12 items that assess the ability to 

image a variety of movements. Participants are required to image each item in 

two ways: using internal visual imagery (first-person perspective) and external 

visual imagery (third-person perspective) and rate the vividness on a five-point 

Likert scale from 1 (perfectly clear and vivid) to 5 (cannot imagine at all). The 

VMIQ-2 has shown acceptable factorial validity, construct validity and concurrent 

validity. Characteristics of the participants are shown in Table 4.  

The experiment was explained to each participant before scanning. All 

participants completed an MRI safety checklist prior to MRI scanning. The 

research was approved by the ethics committee of the College of Science and 

Engineering, University of Glasgow. Each participant provided informed consent 

for their participation in the experiment.  
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Table 4: Demographic characteristics for participants in the NF and control 

groups 

 M1-Thalamus 

(NF group) 

(Mean±SD) 

M1-SMA (control 

group) 

(Mean±SD) 

P-value (two 

tailed t-test) 

Age (years) 25.9±5.28 25.4±4.58 0.832 

Handedness 90±13.33 88±10.32 0.712 

MI vividness (third 

person perspective) 

23.8±7.36 18.8±10.03 0.22 

MI vividness (first 

person perspective) 

18.1±7.26 18±4.44 0.971 

 

 

5.2.2 Behavioural tasks 

 

5.2.2.1  Switching task 

Each participant carried out a switching task before and after the NF training. 

The task paradigm was designed using Presentation software (Neurobehavioral 

Systems, Inc) which provides a set of tools for neurobehavioral experiments. The 

paradigm was adapted from Hayes et al. (1998).  The switching task provides a 

measure of the time associated with switching between sequential operations. 

During the experiment, the 1,2 and 3 keys on a computer keyboard were tapped 

using the index finger. Participants learned to associate visual presentation of 

the letter A with keypress sequence 123 and letter B with key press sequence 

132. A double-letter stimulus was displayed on the screen: AA, BB, AB and BA 

and the participants’ task was to respond as rapidly as possible by tapping the 

three keys associated with the first letter followed by the three keys associated 

with the second letter.  

 

We predicted that the switching point between two sequences would occur 

between taps 3 and 4. At this point, the intertap interval would increase as 

result of the occurrence of the second subsequence, hence, the switching. The 

first intertap interval reflects the reaction time following the onset of the 

double-letter stimulus. The second and third intertap intervals decrease below 
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the initial rection time. The intertap interval after the 3rd tap increases due to 

the switching as the sequence is either repeated or altered at this point (Hayes 

et al., 1998). The switching time would be greater when changing from one 

action sequence to a different one. The switching time is predicted to be larger 

in the experimental group compared to the control group.  

A 3 ×3 mixed effect ANOVA (group × pre/post × switch/no switch) was used to 

analyse between and within group effects. Next, a paired-sample t test was 

performed as a post hoc test to compare the pre-post experiment inter-response 

time of each group. 

5.2.2.2  Go/No Go task 

Each participant carried out a Go/No Go behavioural task before and after each 

NF session (Fillmore et al., 2006). The Go/No Go task was used previously by Al-

Wasity et al. (2021) and shown to be sensitive to motor training using 

neurofeedback. The Go/No Go task design involves two stimuli which are the Go 

stimulus (Green shape) and No-go stimulus (Blue shape). Participants were 

instructed to respond rapidly to the Go stimulus with a button-press and to 

withhold responding to the No-go stimulus. This task lasted approximately ten 

minutes. 

Every participant completed 250 trials of this task before and after the NF 

training session. Participants were instructed to use their right index finger to 

press the space bar of a conventional keyboard as quickly and accurately as 

possible when a Go-trial appeared on the screen (green target) and to hinder 

their response (that is, to keep the index finger positioned above the space bar 

without pressing) when a No-go trial was presented (blue target). The task was 

based on Inquisit 5 software. Each trial consisted of a fixation point (+) 

presented for 800 ms, followed by a blank white screen for 500 ms, followed by a 

rectangular cue (horizontal 2.5 × 7.5 cm, or vertical 7.5 × 2.5 cm, where stimulus 

orientation was not informative) that was displayed for one of five intervals 

(100, 200, 300, 400 and 500 ms) to decrease the temporal warning effect. 

Finally, Go and No-go targets were coloured green and blue, respectively, and 

were presented for 1000 ms or until participants responded (Fillmore et al., 

2006). A paired-sample t test was performed as a post hoc test to compare the 

pre-post experiment inter-response time of each group. 
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Imaging parameters and rt-fMRI neurofeedback platform 

The study was performed on a 3T Siemens Tim Trio MRI scanner at the University 

of Glasgow Centre for Cognitive Neuroimaging (CCNi) with a 32-channel head 

coil. A T1-weighted high resolution anatomical scan was acquired at the 

beginning of the experiment (TR=2000ms, TE=2.52ms, 192 sagittal slices, 1 mm3 

isotropic voxels and image resolution 256×256). T2*-weighted functional scans 

were collected with an Echo Planar Imaging (EPI) sequence (TR=2000ms, 

TE=30ms, whole brain coverage with 32 axial slices, 0.3 mm gap and 3 mm3 

isotropic voxels).  

For the NF runs, the data were sent volume by volume from the scanner to 

Turbo-BrainVoyager (TBV) via a network connection. The functional data were 

then pre-processed in real time. Custom-made MATLAB code was used to 

estimate the connectivity between the two regions and this connectivity 

measure was displayed as a thermometer bar on the screen. 

Data were collected over two sessions. During each MRI session, a T1-weighted 

anatomical scan, a functional localiser and ten neurofeedback runs were 

obtained for each participant. During the NF blocks, participants were instructed 

to increase the height of the thermometer bar by imagining complex hand 

actions. The height of the thermometer bar indicated connectivity between M1 

and the thalamus as calculated using Pearson’s correlation. We used an 

intermittent feedback paradigm that updated and displayed the thermometer 

bar level after each NF block. 

Every participant carried out 10 NF training runs for each session, with each 

single NF training run comprising eleven 32s blocks (14s motor imagery, 14s rest 

and 4s thermometer display). 

 

5.2.3 Localiser  

5.2.3.1  Functional Localiser 

The experiment began with a functional localiser run to identify the left primary 

motor region (M1) and SMA which would provide one of the regions from which 

the feedback connectivity signal could be obtained. The localiser run took 

approximately 5 minutes and comprised 7 fixation blocks (16s) interleaved with 

6 blocks of bimanual hand clenching (30s). 
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During the procedure, participants were instructed to count letters or numbers if 

“REST” appeared on the screen and to clench their fists if “MOVE” appeared on 

the screen. The functional data were pre-processed and analysed online with an 

accumulative General Linear Model (GLM) embedded in Turbo-BrainVoyager. The 

ROIs were defined in each participant’s native space and subsequently used for 

the NF training runs to derive the NF signal. The M1-ROI was delineated from the 

active voxels (threshold of t > 5.0) within a rectangle   where the precentral gyrus 

bulges posteriorly, also known as the sigmoidal hook or omega sign, which is a 

term used to denote the appearance of the hand motor area (hand knob) (Figure 

5.1). In the control group, the SMA-ROI was delineated from the active voxels 

(threshold of t > 5.0) within a rectangle, anterior to the precentral sulcus and 

superior to the cingulate sulcus, as shown in figure 5.2. 

 

 

Figure 5.1 This figure illustrates the location of left primary motor cortex (M1) which was 

defined functionally during the localiser by a contrast of hand clenching to rest (crosshairs). A) 

shows the activation of M1 (yellow). B) indicates the selection of M1 voxels as a targeted area 

for NF (red cluster). 
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Figure 5.2 This figure illustrates the location of the supplementary motor cortex (SMA) which 
was defined functionally during the localiser (crosshairs). 

 

5.2.3.2  Motor thalamus mask 

Because we could not identify a reliable functional localiser for the thalamus, it 

was defined by using a thalamus mask obtained from a thalamus atlas.  

Here, the thalamus mask was created offline using the Talairach atlas 

(Talairach et al., 1988; Lancaster et al., 2000). This mask covered the motor 

parts of the thalamus including the ventral lateral nucleus and the ventral 

anterior nucleus (Fang et al., 2006). This mask was used in the experimental 

group when M1-thalmus connectivity was targeted. This mask was applied 

individually to each participant from the anatomical scan obtained at the 

beginning of the experiment. After applied the mask, it was visually checked to 

see if it accurately applied to localise the thalamus (Figure 3.3). 

 

Figure 5.3 This figure shows the thalamus mask that was used in this experiment. Panel A 

represents the anatomical image of brain that was obtained from structural T1 scanning. This 

image was then converted into Talairach space. Panel B shows the thalamus mask that was 

created offline based on Talairach atlas. Panel C shows the final image of the thalamus mask 

after loading it on the participant’s anatomical image. 
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5.2.4 Rt-fMRI neurofeedback  

Every participant carried out ten NF training runs of 400s duration. Each NF 

training run consisted of 32s blocks. Each block comprised 14 seconds of rest, 14 

seconds when participants were asked to regulate their brain activity and 4 

seconds when a thermometer bar was presented with the feedback signal (Figure 

5.4).   

Participants in the experimental group saw feedback which presented 

connectivity between M1-thalamus, while participants in the control group saw 

feedback which was provided from the M1-Supplementary motor area (SMA) 

connectivity. 

During the NF blocks, participants in the experimental group were instructed to 

increase the activation of M1-thalamus connectivity by imagining complex action 

for 14 seconds.  

Next, the thermometer bar was displayed for 4 seconds after each NF block to 

represent the level of M1-thalamus connectivity during the task. However, in the 

control group, the thermometer bar showed the connectivity of M1-SMA. During 

the rest block, participants were instructed to count numbers or letters for 14 

seconds to keep the baseline low (Hanakawa, 2011; Berman et al., 2012).  

 

Figure 5.4 fMRI NF training paradigm design. A run lasted 400s and comprised eleven 14s NF 

blocks alternating with eleven 14s fixation (rest) blocks and eleven segments when the 

thermometer bar was shown for 4 seconds. 
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5.2.5 Online data analysis 

Turbo-BrainVoyager software and MATLAB were used to perform rt-fMRI data 

analysis and NF presentation. The data were sent volume by volume from the 

scanner to Turbo-BrainVoyager via a network connection. Next, the functional 

data were pre-processed in real time.  

 

The intermittent feedback signal consisted of a thermometer bar of varying 

height which was updated and displayed after each NF block based on the 

following equation:  

 

 𝒃𝒂𝒓 𝒉𝒆𝒊𝒈𝒉𝒕 = 50 ∗ (𝐶𝑜𝑟𝑟 + 1) 0.1 

 

Where scale is an arbitrary scale value to optimise visibility of the thermometer 

bar. 

 

 
𝐂𝐨𝐫𝐫(𝐱, 𝐲) =

∑ (𝒙𝒊 − �̅�) (𝒚𝒊 − �̅�)𝒏
𝒊=𝟏

√∑ (𝒙𝒊 − �̅�)𝟐𝒏
𝒊=𝟏 √∑ (𝒚𝒊 − �̅�)𝟐𝒏

𝒊=𝟏

 
0.2 

 

Where x is a 14‐s time series of M1, �̅� is the mean activation of M1 during a MI 

block, y is a 14‐s time series of the Thalamus and  �̅� is the mean activation of 

the Thalamus during a MI block for the experimental group and  �̅� is the mean 

activation of SMA during a MI block. 

 

5.2.6 Whole brain analysis 

The data were analysed offline using Brain Voyager QX 2.8.4 (Brain Innovation, 

Maastricht, the Netherlands) and custom-written MATLAB scripts (Version 8.2, 

The MathWorks Inc., Natick, MA, 2000). Anatomical T1 images were corrected 

for inhomogeneity and normalized to Talairach space. EPI data were slice-time 

corrected. Spatial alignment of all volumes to the first volume of the localiser 

was performed to correct for head motion. The fMRI data were co-registered to 

T1 images based on anatomical landmark points and co-registration was 

manually corrected if necessary. The data were then normalised to Talairach 

space using rigid body transformation and scaling. Linear drifts were removed 

and a temporal high-pass filter (2 cycles) was used to eliminate non-linear drifts 
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in the time series. Data were spatially smoothed using a Gaussian kernel with 6 

mm full width at half maximum. Data were convolved with a hemodynamic 

response function and covariates derived from six head motion parameters 

(Johnston et al., 2010; Dijk et al., 2012). All the pre-processed functional data 

of each subject were analysed using a General Linear Model (GLM) with two 

predictors (fist clenching and rest for analysis of the localiser, feedback and rest 

for analysis of NF). Group data were evaluated based on a second level random 

effect analysis general linear model (RFX-GLM) (Goebel et al., 2006).  

False Discovery Rate (FDR) at a threshold of q < 0.05 was applied to report 

activations to address the issue of multiple statistical comparisons across all 

voxels (Benjamini et al., 1995). Using FDR, we control for the number of false 

positive voxels among the subset of voxels labelled as significant. Finally, a 

cluster threshold of 108 mm3 was applied to eliminate small clusters (Herbec et 

al.,2015). 

Finally, a t test was run between the NF and control cluster maps to create 

contrast maps, highlighting any significant differences between the two groups. 

 

5.2.7 Statistical analysis  

For each group, a paired t test was used post-hoc to compare the mean 

connectivity value of the first run with the mean connectivity value at the last 

run. Furthermore, a linear regression of the average connectivity values over 

neurofeedback runs was used to examine the upregulation over runs. 

 

5.3 Results 

5.3.1 Connectivity Analysis 

Each participant completed twenty runs over two sessions (ten runs in each 

session). Figure 5.5 shows the activation levels of the experimental group (M1‐

thalamus) and the control group (M1‐SMA) over two sessions. The first session 

was from run 1 to run 10 and the second session started at run 11 and ended at 

run 20. The results for M1-thalamus showed a gradual, but noisy increase from 

runs 1 to 20. This was confirmed by a linear regression that showed an increase 

in the mean M1-thalamus activity across runs in the NF group, indicating a 

learning effect (Intercept coefficient = 0.193, with R2 = 0.272, X variable 

coefficient = 0.0047, p = 0.0185). On the other hand, the results for M1-SMA 
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showed no apparent consistent change from runs 1 to 20, which was consistent 

with the linear regression analysis which showed no increase in the mean M1-

SMA activity across runs in the control group (Intercept coefficient = 0.2449, 

with R2 = 0.0226, X variable coefficient = 0.0013, p = 0.518). 

 

  

 

Figure 5.5 this figure shows the M1-thalamus connectivity average across runs for the 

experimental (blue) and control (orange) groups. Dashed lines represent the trend for each 

group. 

 

The success of training is clear when comparing the first run of the first MRI 

session with the last run of the second MRI session. The correlations show an 

increase for both the experimental and control groups, as seen in Figure 5.5. The 

paired t test revealed a significant increase in M1-Thalamus connectivity from 

the first to the last run (t(9) = -2.53, p<0.01), however, the paired t test did not 
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show a significant increase in the activation level between run 1 and run 20 in 

the control group (t(9) = -0.53, p<0.3) (see Figures 5.6). 

 

 

Figure 5.6 Box plot of run 1 and run 20 for the experimental and control groups. This plot 

demonstrates a significant change occurred for the experimental group when comparing the 

correlation at run 1 to run 20. No such effect occurred with the same runs for the control 

group. 

 

Participants reported that they believed mental strategies such as playing music 

and engaging in sporting activities improved their ability to raise the 

thermometer bar during the training.  

 

5.3.2 Whole brain analysis 

A whole-brain RFX-GLM analysis was performed for both the NF and control 

groups, as illustrated in Figures 5.7, 5.8 and 5.9. For the NF group, activations 

were found in the right BA 6, thalamus, left BA 6 and left BA 40 in the left 

parietal lobe, as illustrated in Figure 5.8 and listed in Table 5. For the control 

group, the activations were seen at the right BA 21, the right BA 19, right BA 38, 

right BA 28, right BA 10 in the right superior frontal gyrus, left BA 38 and the left 

BA 19 in the left occipital lobe, as illustrated in Figure 5.9 and listed in Table 6. 
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Figure 5.7 This figure reveals the results of the analysis of NF runs shown for the (A) NF group 

and (B) control group. There is activation seen at M1 in the experimental group, with such 

activation not seen at M1 in the control group. 

 

 

Figure 5.8 Results of the analysis of NF runs shown for the experimental group. These 

activations are significant at p<0.05 corrected. 
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Table 5 Clusters of brain activation during the NF in the experimental group 

CORTEX X Y Z t P value Number of 

voxel 

RT Precentral Gyrus, BA 6 27 -13 52 5.159 0.0006 1388 

RT Thalamus 18 -34 13 5.03 0.00071 612 

LT Precentral Gyrus, BA 6 -27 -13 55 5.79 0.00026 4864 

LT Parietal lobe, BA 40 -30 -34 34 6.795 0.00008 407 

 

 

 

Figure 5.9 The resulting clusters of RFX-GLM analysis for the control group. Three clusters show 

significant activations at p< 0.05 uncorrected. 

 

Table 6 Clusters of brain activation during the NF in the control group 

CORTEX X Y Z t P value Number 

of voxel 

RT Temporal Lobe, BA 21 66 -23 -8 5.364 0.00045 780 

RT Temporal Lobe, BA 38 51 14 -24 5.618 0.00033 1464 
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RT Parietal Lobe, BA 19 31 -70 43 6.453 0.00012 4350 

RT Superior Frontal Gyrus, 

BA 10 

21 56 13 8.209 0.00002 5115 

RT Frontal Lobe, BA 8 27 17 49 4.625 0.00125 478 

RT Limbic Lobe, BA 28 24 -19 -5 6.953 0.000008 182 

LT Occipital Lobe, BA 19 0 -86 31 9.022 0.000067 37316 

LT Temporal Lobe, BA 38 -54 14 -20 5.484 0.00034 411 

 

To assess whether activation in the NF group was significantly different from 

activation in the control group, a t map of M1-thalamus was compared to a t 

map of M1-SMA. The t test at p value =0.05 with FDR (Q<0.05) revealed no 

significant difference in activation between groups. 

 

 

5.3.3 Behavioural results 

5.3.3.1  Switching task 

Inter-response times, as a function of position in the sequence of six taps, are 

shown in Figures 5.10 for the M1-thalamus group and Figures 5.12 for the M1-SMA 

group. The first interval indicates the reaction time following the onset of the 

double-letter instruction for initial responding. After the first tap, the two 

intertap intervals dropped greatly below the initial reaction time. The intertap 

interval then increased between taps 3 and 4, the point at which the sequence 

either repeats or is altered. 
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Figure 5.10 This figure shows the inter-response times between successive taps as a function of 

position in the sequence in the experimental group (M1-thalamus) before first MRI session (red) 

and after second MRI session (green) when the sequence altered (switching). The switching 

effect occurred at position 4. 

 

Figures 5.10 shows the inter-response times in the experimental group for all 

sequential positions with position four being the point when switching occurs. 

The increase in time interval at that point is greater when the sequence 

changes. At the position of sequence four, the detected inter-response time at 

the post-second MRI session is greater compared with the pre-first MRI session 

(see Figures 5.10). 

When ploting the effect at position 4 only, where the condition of switching or 

no switching occurred, the effect is greater in the case of switching while less 

effect is detected when no switching occurred, as seen in Figure 5.11. This 

effect was seen in the experiemental group (M1-thalamus). 
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Figure 5.11 Box plot demonstrates the switching effect and no switching effect detected pre-

first MRI session and post-second session at position 4 in the experimental group. 

 

For the control group (M1-SMA), Figures 5.12 show the inter-response times at all 

subsequent positions. There is a slight increase in inter-response time detected 

at position four for the post-second MRI session compared with the pre-first MRI 

session. 
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Figure 5.12 This figure shows the inter-response times between successive taps as a function of 

position in the sequence in the control group (M1-SMA) before the first MRI session (red) and 

after the second MRI session (green) the sequence altered (switching).  The switching effect 

occurred at position 4. 

 

When ploting the effect at position 4 only, where the conditions of switching or 

no switching occurred in the control group (M1-SMA), this effect is relatively 

increased in case of switching while less effect is detected when no switching is 

occurred as seen in Figure 5.13.  
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Figure 5.13 Box plot demonstrates the switching effect and no switching effect detected pre 

first MRI session and post second section at position 4 in the control group. 

 

Figure 5.14 compares the switching effect to no switching effect between 

experimental group (M1-thalamus) and control group (M1-SMA) at pre first MRI 

session and post second MRI session. 
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Figure 5.14 Boxplot compares the inter-response interval in experimental group versus control 

group detected when switching occurred at position 4 at pre first MRI session and post second 

MRI session. 

  

The repeated measure ANOVA analysis showed significant effect at group × 

condition interaction (F=11.73, p<0.00082), no significant effect seen at group × 

session interaction (F=1.482, p<0.577) and condition × session (F=0.853, 

p<0.446). 

A paired t test was used to compare the effect of the switching condition in the 

post-second MRI session to the pre-first MRI session. The results show a 

significant difference occurring in the M1-thalamus groups (p=0.042685) with no 

such effect being detected for the control group (p=0.58). 

Furthermore, an unpaired t test was also used to compare the effect of 

switching to no switching at position four after the MR training session in both 

the M1-thalamus and M1-SMA groups. The results reveal a significant difference 

in the switching time (p=0.000349), with no such effect being detected for the 

control group (p=0.186). 
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5.3.3.2  Go/No Go task 

Figures 5.15 shows the difference in reaction time of the two groups before and 

after the NF training. The reaction time reduced after performing NF training 

comparing with pre-NF training. These drops were clear in the M1-thalamus 

group and the M1-SMA group. However, the paired t test revealed that changes 

in reaction time between the post- and pre-MRI NF sessions were significant for 

the M1-SMA group (p = 0.0069) but not significant for the M1-thalamus group 

(p=0.247). Figure 5.16 shows the changes in reaction time between M1-SMA and 

M1-thalamus groups.  

 

 

Figure 5.15 This figure shows the reaction time (ms) difference at pre-first MRI session and 

post-second MRI session for the two groups. The errors bars represent the standard mean error 

(SEM) * p<0.05. 
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Figure 5.16 This box plot shows the difference in reaction time (post-NF and pre-NF) of both 

groups. 

 

The unpaired t test was used to compare the difference in reaction time of the 

two groups, with the results yielding no significant changes in reaction time (p= 

0.300073) (see Figure 5.20). 

 

 

5.4 Discussion 

 

In this research we investigated whether healthy participants could learn, in two 

sessions, to enhance the functional connectivity between M1 and the thalamus 

during a MI task of complex hand actions whilst receiving an intermittent 

feedback signal (displayed as the height of a thermometer bar) using rt-fMRI-NF. 

 A significant enhancement in connectivity was identified in the experimental 

group. These results are consistent with Liew et al., (2016) who explored the 

connectivity between M1 and the thalamus in four stroke patients. Liew and 

colleagues used rt-fMRI neurofeedback to improve stroke-induced behavioural 

impairments and provided evidence that patients with stroke could modulate 

their neural activity in the brain regions which were implicated in the impaired 

functions. They learned to modulate functional connectivity between the 
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primary motor cortex and the thalamus in the ipsilesional hemisphere.  

 

Three of them were able to maintain control over cortical-subcortical 

connectivity as they managed to increase the functional connectivity between 

M1 and the thalamus. However, that study was limited due to its small sample 

size, the conditions of participants involved that study and no control group 

being involved. The current research overcomes those limitations by recruiting a 

larger sample size than Liew and colleagues. In our research, twenty participants 

were recruited and divided into two groups, namely, experimental and control. 

The results of this research reinforce the capacity of rt-fMRI neurofeedback to 

manipulate functional connectivity. These results are consistent with those of 

Megumi et al. (2015) who demonstrated an improvement in the connectivity 

between M1 and the parietal cortex by using rt-fMRI neurofeedback. 

 

The results of our research are also consistent with other studies (Hamilton et 

al., 2011; Lee et al., 2011; Rota et al., 2011) which found that neurofeedback 

training leads to specific changes in the connectivity of the target region, 

usually strengthening the relevant connections and suppressing others (Weiskopf, 

2012). 

 

In this research, young healthy participants were recruited. By contrast, Liew et 

al. (2016) recruited stroke patients. Their performance and ability to perform 

motor imagery was higher than that of the stroke patients. In general, older 

patients might have difficulties performing imagery tasks and have less tolerance 

compared with younger, healthy participants (Sulzer et al., 2013). However, 

patients could possess another factor, namely, motivation, that is often 

impacted by the disease. Motivation might decrease, as the compensation for 

disease-specific restrictions may require additional effort (Haugg et al., 2021). 

Nevertheless, the disease burden and the hope for improvement may also 

increase motivation and compliance by comparison with healthy participants 

who are partly motivated by financial incentives (Haugg et al., 2021). 

 

Every participant performed the Vividness of Movement Imagery Questionnaire-2 

(VMIQ-2) to measure their ability to perform motor imagery (MI) tasks (Callow 

and Roberts, 2010). This questionnaire aimed to reduce inhomogeneity between 
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the experimental and control groups’ ability to perform motor imagery. The 

threshold for VMIQ-2 was 36 points, hence, any participant exceeding this 

threshold was excluded from this research due to the difficulty in their capacity 

to engage in motor imagery. However, if a participant exceeded the threshold in 

one element, for example, internal visual imagery (first-person perspective) and 

their score did not exceed the threshold in another element, such as external 

visual imagery (third-person perspective), then the participant is advised to 

carry out the experiment using the type of imagery that scores less than the 

threshold and avoid the use of motor imagery strategies with scores exceeding 

the threshold. 

 

Before a participant took part in this research, the Vividness of Movement 

Imagery questionnaire was conducted to evaluate the participant's ability to 

perform motor imagery. The cutoff point for the questionnaire is 36 because 

exceeding this is associated with difficulty performing motor imagery tasks (see 

5.4 for further information). 

Participants who did not pass the questionnaire were not allowed to enter the 

study as they showed difficulties performing motor imagery. They were replaced 

by participants who had Vividness Questionnaire scores below the threshold, 

indicating they could perform motor imagery. 

The included participants all met the inclusion criteria such as participant's age 

was less than 40 years old (young participant), the score of the Vividness of 

Movement Imagery was less than 36 points, the participant was right-handed 

based on the Edinburgh Handedness Inventory questionnaire. 

 

The thermometer was a simple interface used in this research. This interface 

aimed to indicate the level of neural level activity changes, namely, how active 

was the target region during the training. This interface was thought to not 

distract the participant during the experiment (Lubianiker et al., 2019). 

However, it may produce fatigue which may affect participants’ ability to 

perform motor tasks effectively (Paret et al., 2019).  

  

The instructional strategy used in this research was an implicit strategy, in which 

participants are being asked to develop their own effective strategies to 

enhance their mental activity level during NF training. This strategy is popular in 
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most rt-fMRI-NF research (Paret et al., 2014). However, there is a recognised 

disadvantage of this strategy, namely, when participants identify an action that 

led to enhancement in their neural activity level, they stop exploring new 

mental actions which may provide more activation (Paret et al., 2019).  

 

Motor imagery is a dynamic state in which participants imagine motor actions 

without apparent physical movement. This mental task has been used 

successfully and widely in real-time research to modulate single regions such as 

the sensorimotor cortex (Yoo et al., 2004), M1 (deCharms et al., 2004), and SMA 

(Al-Wasity et al., 2021). MI-based rt-fMRI has also been used successfully to 

modulate connectivity between two regions such as MI and the lateral parietal 

cortex (LP) (Yamashita et al., 2018) and M1 and the thalamus (Liew et al., 2016) 

as well as the prefrontal cortex (dlPFC) and the ventromedial prefrontal cortex 

(Spetter et al., 2017). The results of this research are consistent with the 

literature, as participants were able to successfully upregulate the connectivity 

between M1 and thalamus using MI-based rt-fMRI-NF. 

 

During the debriefing after the scanning, participants reported that various 

imaging actions, namely, playing music, knocking doors, fist-clenching and 

boxing were the actions that they believed boosted the neural activity levels 

during NF training. They believed these MI strategies had positive effects on the 

thermometer bar height and the activity level dropped when they used other 

strategies. They reported that they were struggling to identify which MI action 

was suitable and most of them stated they tried not to change their strategy 

unless the activity level stopped increasing. These findings are consistent with 

other findings in the literature as the common documented strategies in 

successful modulation include MI of fist-clenching and pitching (Yoo et al., 2008; 

Chiew et al., 2012; Blefari et al., 2015) and sequential finger movements 

(Berman et al., 2012; Neyedli et al., 2018). 

 

A paired t test was used as a post-hoc test to compare mean connectivity values 

of the first and the last runs in each group. Post hoc analysis showed that the 

M1-thalamus connectivity was significantly increased while no such effect was 

recorded in the control group. Post hoc analysis was used in previous research to 

compare the activation levels over runs (Al-Wasity et al., 2021; Liew at al., 
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2016; Bray et al., 2007). 

 

In a task-switching experiment, participants perform a task to measure time 

when switching between sequential operations. It was intended to compare the 

effect of switching from when it was performed before NF sessions to the same 

task when it was performed after the NF sessions were completed. The results 

showed a significant difference for the NF group (M1-thalmus) whereas there 

was no statistically significant difference for the control group. Moreover, the 

effect of switching to not switching was significant for the NF group. These 

results are consistent with the results of Hayes and colleagues (1998) who 

investigated the role of basal ganglia in switching. They found that patients with 

motor dysfunction, for example, Parkinson patients, showed a slow rate of 

switching (that involved sequences of finger movements) than not switching, 

compared with age-matched healthy participants. The basal ganglia have an 

indirect role in motor function as they are a part of a closed cortico-basal 

ganglia-thalamo-cortical loop and any lesion in basal ganglia may lead to motor 

deficits, for example, Parkinson disease. Since the basal ganglia play a role in 

switching and are part of the closed cortico-basal ganglia-thalamo-cortical loop, 

switching tasks are, theoretically, a useful behavioural task for any area in that 

loop, either cortical or sub-cortical. In this research, the detected significant 

change in switching results supports this theory. Therefore, a switching task is a 

valid behavioural test to measure the effect of modulation of the M1-thalamus 

using rt-fMRI-NF if it is conducted before and after the training sessions. 

 

However, no such significant effect was detected in the control group (M1-SMA). 

These results are consistent with those of Braver and colleagues (2003) and 

Dosenbach and colleagues (2006) who state that SMA is not involved in a 

switching task. They highlight brain areas (not SMA) that showed transient 

activation in response to task switching. These areas are the dorsolateral 

prefrontal cortex (PFC), ventrolateral (vlPFC) and superior parietal cortex. They 

also stress that the ventral anterior cingulate cortex and the anterior PFC 

showed sustained activation as the result of a switching task.  
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SMA responds to conflict among current motor plans (Gazzaniga, 2009). 

Therefore, our results are consistent with the view that a switching task is not 

an appropriate behavioural task for studies that target SMA regulation.  

Another behavioural task used in this thesis is the Go/No-go task, which is a 

behavioural test used to measure the response rehibition to assess motor 

performance (Hershey et al., 2010). In this task, a response must be given in the 

“go” trials and inhibited in the “no-go” trials, providing a cognitively engaging 

scenario.  In the Go/No-go task, participants were instructed to respond as 

quickly and accurately as possible and related decreases in reaction time 

between pre-test and post-test were found in both groups for the right hand. 

Importantly, this decrease was only significant in the control group. The 

reduction in reaction time in the NF group (M1-thalamus) was not significant.  In 

the control group, we targeted the connectivity between M1 and SMA. The 

Go/No-go task involves planning and initiation of movements during the Go trials 

and inhibition of inappropriate actions during the No-go trials. These processes 

are likely mediated by the SMA (Nachev et al., 2008). The SMA has direct 

connections to M1, the ventrolateral thalamus and to the spinal cord via the 

corticospinal tract (Johansen-Berg et al., 2004; Nachev et al., 2008; Arai et al., 

2012) and it has been shown that modulating SMA activity can increase the 

cortical excitability of M1 (Arai et al., 2012). These results of reduced motor 

reaction time following M1-SMA modulation are consistent with those of Al-

Wasity and colleagues (2021) who stated that the Go/No Go task is a suitable 

behavioural task when modulating SMA. Therefore, the Go/No-go task is not a 

recommended behavioural task to test motor performance after the regulation 

of M1-thalamus connectivity using rt-fMRI neurofeedback, however, it is highly 

recommended for use as a behavioural test when modulating M1-SMA 

connectivity. 

 

Whole-brain analysis reveals widespread brain activation in the M1-thalamus NF 

group rather than the targeted areas. For the NF group, activations were found 

in the right BA 6, thalamus and left BA 6 and left BA 40 in the left parietal lobe. 

It was expected that an activation in M1 and the thalamus would be found 

because these are areas where participants receive neurofeedback. Participants 

were instructed to imagine actions using two hands, which resulted in M1 

activation since it is responsible for controlling voluntary motor movement on 
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the body's contralateral side (Banker and Tadi, 2019). This result is consistent 

with Mulder’s results (2017) which found that motor imagery corresponds to 

activation of the neural correlates of motor representations and M1 will be 

activated in a similar manner to activation during actual motor execution. 

The activation in the left parietal lobe could be due to using motor imagery (MI) 

because fMRI activation in the left parietal lobe was associated with MI and 

increased over time. This is because motor imagery recruits a fronto-parietal 

network and subcortical and cerebellar regions (Hétu et al., 2013; Lebon et al., 

2018). 

Comparison of brain activation between the experimental and the control groups 

showed significantly higher activations in the left M1, bilateral cerebellum and 

bilateral precentral gyrus of the M1-thalamus NF group, supporting our 

hypothesis that the experimental group would be able to increase the activation 

of M1-thalamus connectivity during NF training. These results are consistent with 

those of a study conducted by Al-Wasity and colleagues (2021), who found a 

significant difference between the experimental group and the control group in 

their study.  

 

5.5 Conclusion 

In this study, using a rt-fMRI connectivity neurofeedback method, we tested the 

hypothesis that connectivity neurofeedback can be used to train upregulation 

between M1 and the thalamus to improve motor performance. This capability 

would be especially beneficial to those known to have motor impairment, such 

as chronic stroke patients. Our results show that participants in the M1-thalamus 

NFB group learned to up-regulate and enhance their brain activity whilst 

receiving real-time feedback of the connectivity between M1 and the thalamus, 

compared with the control group who did not manage to upregulate activity. 

This suggests that up-regulation of connectivity neurofeedback between M1 and 

the thalamus can be achieved within two rt-fMRI neurofeedback sessions. Our 

results also reveal that a switching task is a suitable behavioural task that can be 

used when targeting the connectivity neurofeedback between M1 and the 

thalamus and that a Go/No-go task is a suitable behavioural task when 

investigating the connectivity neurofeedback between M1 and SMA. 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6866530/#hbm23956-bib-0014
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6 Chapter six: M1-cerebellum connectivity 
modulation using real-time fMRI neurofeedback
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Abstract  

 

Real-time functional magnetic resonance imaging (rt-fMRI) neurofeedback is a 

tool used to obtain voluntary control over the activity of different regions of the 

brain including providing feedback regarding the connectivity between brain 

regions. Such connectivity neurofeedback can be a more effective feedback 

strategy than providing feedback from a single region. Enhancing connectivity 

between cortical and subcortical regions holds promise in improving motor 

function. 

 

The cerebellum plays an important role in motor activity, especially for timing 

and precise movements. It is also involved in motor learning and in improved 

motor performance. The cerebral cortex and the cerebellum are spatially 

remote areas that are connected by complex circuits linking both primary and 

associative areas. 

 

Using rt-fMRI neurofeedback in the present study, we aimed to investigate the 

effect of connectivity neurofeedback during motor imagery. The primary motor 

area (M1)-cerebellum connectivity was targeted as these regions play a role in 

performing motor actions. 

 

Four right-handed participants were recruited for this research to test their 

ability to modulate the connectivity neurofeedback between the M1 and 

cerebellum. The results showed that there was enhancement in the connectivity 

neurofeedback between M1 and the cerebellum for each participant. However, 

this enhancement was not statistically significant. 
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6.1 Introduction 
 

Research on cerebellar functions has increased tremendously during recent 

decades. The cerebellum plays an important role in motor functions, especially 

in timing and the precision of skilled movements (Bernard et al., 2012). 

Functional neuroimaging in humans also provides evidence that the cerebellum is 

involved in motor learning and performance. The right cerebellar hemisphere is 

connected to the left motor cortex and the left cerebellar hemisphere is 

connected the right motor cortex. This means any damage to the right side of 

the cerebellum affects the right side of the body and verse versa. 

 

Functional magnetic resonance imaging (fMRI) studies demonstrate that the 

cerebellum is activated by many tasks including sensory and motor tasks, with 

fMRI able to identify any increases and decreases in activity for each task. 

 

The role of the cerebellum is not limited to actual movement, it is involved in 

many mental aspects such as motor imagery (Kuhtz-Buschbeck et al., 2004).  

The cerebellum has been a target for many functional imaging studies. For 

example, Fox and colleagues (1985) conducted the first functional study of the 

cerebellum using a PET scan which showed that voluntary movement of fingers 

activated the bilateral lobule V of the cerebellum. Kuhtz-Buschbeck and 

colleagues (2003) conducted fMRI experiments that showed an activation in the 

anterior cerebellum, particularly in lobules IV and V, during a finger-tapping 

task. 

  

Stoodley and Schmahmann (2009) demonstrated that the cerebellar areas 

subserving motor functions are distinct from those subserving cognitive functions 

and other non-motor functions. fMRI data has provided evidence that motor 

tasks are largely in the domain of the anterior cerebellum while cognitive tasks, 

such as working memory, are dominated by the posterior cerebellum (Stoodley 

et al., 2012). 

 

The need to understand the connectivity between the cerebellum and cortical 

areas is imperative as it helps in understanding the mechanisms that play a role 

in the pathophysiology of motor disorders related to the cerebellum. Hoover and 
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Strick (1999) investigated the connection between the cerebellum and the 

primary motor cortex (M1) and found an indirect connection between the 

primary motor cortex (M1) and cerebellum. M1 is the target of both cerebellar 

and basal ganglia output, however, there are many cortical areas such as the 

premotor cortex and the prefrontal cortex that also receive input/messages 

from the cerebellum and basal ganglia (Hoover and Strick, 1999). 

 

The effects of the cerebellum on motor functions are mediated as it influences 

the motor cortex and cortico-spinal outputs. Purkinje cells, which are the output 

of the cerebellar cortex, have inhibitory connections with the deep cerebellar 

nuclei (DCN), which have a dyspeptic excitatory pathway through the ventral 

thalamus to the motor cortex (Daskalakis et al., 2004). 

 

FMRI studies have provided evidence to support the long-held belief that 

relatively intact cerebellar circuits may compensate for impaired functioning of 

the basal ganglia, resulting in a rise in cerebellar activity in patients with 

Parkinson’s disease (Manto et al., 2012). 

 

Many studies have been conducted to investigate the connection between the 

motor cortex and cerebellum for different purposes. For example, using fMRI, 

Anteraper et al. (2019) investigated resting-state functional-connectivity in 

young adults with high-functioning autism spectrum disorder (HF-ASD). They 

showed cerebellar functional connectivity disruptions in a cohort of HF-ASD 

subjects and stressed that the cerebellum is a potential target for therapeutic, 

diagnostic, predictive and prognostic developments in ASD.  

 

Kaut et al., (2020) investigated the functional connectivity within the 

cerebellum in Parkinson’s disease. They found significantly increased 

connectivity between the cerebellar cortex and the vermis of the cerebellum in 

Parkinson’s disease patients compared with healthy participants. Furthermore, 

Ramos and colleagues (2019) explored the differences in intrinsic cortico-

cerebellar functional connectivity between participants with autism spectrum 

disorder and participants with typical development using resting-state fMRI. 

Their results showed a reduction in the connectivity between the cerebellum 

and cognitive cortical areas such as the right fusiform gyrus, the right 
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postcentral gyrus, the right superior temporal gyrus, the right middle temporal 

gyrus and the left middle temporal gyrus. 

 

Mostofsky and his colleagues (2009) investigated connectivity during sequential 

finger tapping in children with high-functioning autism (HFA) and typically 

developing children (TD). Their results showed activations in cortical and 

subcortical regions associated with motor execution such as the contralateral 

primary sensorimotor cortex, the contralateral thalamus, the ipsilateral 

cerebellum and the supplementary motor area (SMA).  However, the TD group 

showed greater activation in the ipsilateral anterior cerebellum, while the HFA 

group showed greater activation in the SMA. They also showed that children with 

HFA demonstrated decreased connectivity between the anterior cerebellum 

(lobules IV/V) and motor cortical areas by comparison with control children 

(Mostofsky et al., 2009). 

 

Motor imagery (MI) is a cognitive process in which people simulate actions or 

movements internally without the use of any apparent movement (Blefari et al., 

2015). In motor imagery, participants imagine performing actions without any 

physical output (Jeannerod, 2001). There are two types of MI: visual imagery (VI) 

and kinaesthetic imagery (KI) (Guillot et al., 2009). VI is to imagine action either 

from a first-person perspective (internal VI) or third-person perspective 

(external VI). During internal VI, people are asked to imagine observing actions 

and imagine themselves performing that in real-time, namely, from the 

imagined perspective of their own eyes. During external VI, participants are 

asked to imagine that there is a person is performing the action in front of them. 

KI is to imagine the observed actions including the feelings and sensations 

associated with those actions (Vogt et al., 2013). 

 

MI and motor execution (ME) engage similar neural networks (Jeannerod, 2001; 

Lotze et al., 2006). MI plays an essential role in motor learning tasks (Schuster et 

al., 2011) as it is usually performed in motor learning skills (Mizuguchi et al., 

2013). MI could be beneficial for athletics, skill acquisition and rehabilitation 

(Ietswaart et al., 2011) as it can be used to improve motor performance over 

different time periods (Gentili et al., 2010).  
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Imagining any motor action such as clenching or tapping without physical 

movement resulted in activation in the cerebellum (Mostofsky et al., 2009). 

Lotze and colleagues (2006) found that significant activation was detected in 

the cerebellum during ME, however, activation fell by 30% during MI (Lotze et 

al., 2006). 

 

Neurofeedback can be defined as the measurement of neural activity in a 

participant that is represented to them as visual or auditory signals to enable 

self-regulation of neural activity (Mizuguchi et al., 2013). Real-time fMRI (rt-

fMRI) systems have been used for neurofeedback due to their speed and ability 

to provide feedback signals from the brain activity of deeper brain structures 

and with higher spatial resolution (Ruiz et al., 2014).  

 

The present study described below aimed to investigate the ability of 

participants to modulate the connectivity neurofeedback between cerebellum 

and primary motor cortex (M1). Such modulation can provide information on the 

connection between cerebellum and motor cortex in healthy participants. 

Modulation of M1- cerebellum connectivity using fMRI has not previously been 

investigated in the literature. The ability to modulate M1-cerebellum 

connectivity would have the potential to improve motor functions and, hence, 

be beneficial in the therapy used for some diseases such as Parkinson’s disease 

and motor deficits associated with autism (Dahlberg et al., 2020; Mostofsky et 

al., 2009). 

 

6.2 Methods 

6.2.1 Participants 

Four participants (three males and one female) with normal or corrected-to-

normal vision were recruited for this study. Each participant verified that their 

visual acuity was sufficient to resolve images and text presented on the screen 

without any correction. All participants were right-handed as determined by the 

Edinburgh Handedness Inventory (Oldfield, 1971). Participants were all 

proficient in written and spoken English. Their mean age was 36 years. Each 

participant undertook a Vividness of Movement Imagery Questionnaire-2 (VMIQ-

2) (Callow and Roberts, 2010) to measure their ability to perform the motor 
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imagery tasks. 

 

The VMIQ-2 is a revision of the Vividness of Movement Imagery Questionnaire 

(VMIQ: Isaac, Marks, and Russell, 1986) and comprises 12 items that evaluate the 

ability of an individual to imagine different movements. There are two ways to 

perform motor imagery: using internal visual imagery (first person perspective) 

and using external visual imagery (third person perspective), with ratings of 

vividness performed on a five-point Likert scale from 1 (perfectly clear and 

vivid) to 5 (cannot imagine at all). The VMIQ-2 has shown acceptable factorial 

validity, construct validity and concurrent validity as shown in table 7. 

Table 7: Demographic features for participants in the NF and control groups 

 M1-Cerebellum 

(Mean) 

Number of participants 4 

Age (years) 36 

Handedness 92.5 

MI vividness (third person 

perspective) 

22.75 

MI vividness (first person 

perspective) 

21.5 

 

 

This research was approved by the ethics committees of the College of Science 

and Engineering at the University of Glasgow. Consent was obtained from each 

participant for the experiment. The procedure of the whole experiment was 

explained to each participant prior to fMRI scanning. All participants completed 

an MRI safety checklist before undergoing the MRI scanning. 

 

 Imaging parameters and rt-fMRI neurofeedback platform 

This prospective study was conducted between January 2019 and January 2020 

using a 3T Siemens Tim Trio MRI scanner at the University of Glasgow Centre for 

Cognitive Neuroimaging (CCNi) with a 32-channel head coil. A T1-weighted high 

resolution anatomical scan was acquired at the beginning of the experiment 

(TR=2000ms, TE=2.52ms, 192 sagittal slices, 1 mm3 isotropic voxels and image 
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resolution 256×256). T2*-weighted functional scans were collected with an Echo 

Planar Imaging (EPI) sequence (TR=2000ms, TE=30ms, whole brain coverage with 

32 axial slices, 0.3 mm gap and 3 mm3 isotropic voxels. 

 

 Participants in this study underwent a high-resolution anatomical scan (T1 

weighted image), a functional localiser run and six NF runs.  

For the NF runs, the data were sent volume by volume from the scanner to 

Turbo-BrainVoyager (TBV) software via a network connection. The functional 

data were then pre-processed in real time. Custom-made MATLAB code was used 

to estimate the connectivity between the two regions and this connectivity 

measure was shown as a thermometer bar on the monitor. 

 

During the NF training, participants were instructed to increase the height of the 

thermometer bar by performing motor imagery of complex hand actions. No 

instructions were given on specific hand movements to be used during the motor 

imagery task. Participants were, therefore, free to explore which mental 

strategy and actions were useful in their situations to provide an enhancement 

of the thermometer bar. The height of the thermometer bar indicated 

connectivity between M1 and cerebellum as calculated using the Pearson 

correlation coefficient. An intermittent feedback paradigm that updated and 

displayed the thermometer bar level after each NF block was used. 

 

6.2.2 Functional Localiser 

The localiser run took approximately 5 minutes and was composed of 7 fixation 

blocks (16s) interspersed with 6 blocks of bimanual hand clenching (30s). 

During the functional scanning (the localiser), participants were instructed to 

count either letters or numbers if “REST” appeared on the screen and to clench 

their fists if “Clench” appeared on the screen. The ‘Rest’ block lasts sixteen 

seconds and the ‘Clench’ block appears for thirty seconds.  

The functional data were pre-processed and analysed online with an 

accumulative General Linear Model (GLM) embedded in Turbo-BrainVoyager and 

offline using BrainVoyager. The ROIs were defined in each participant in the 

native space. 
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6.2.3 Rt-fMRI neurofeedback  

Every participant undertook NF training runs of 366s duration. Each NF training 

run consisted of 32s blocks. Each block comprised 14 seconds of rest (repeated 

twelve times during every run because every run started and ended with a rest 

block), 14 seconds when participants were asked to perform MI to modulate 

their brain activity (repeated eleven times), and 4 seconds when a thermometer 

bar was presented with the feedback signal (repeated eleven times) (Figure 6.1).   

During the NF blocks, participants were instructed to increase the activation of 

M1-cerebellum connectivity by imagining complex actions for 14 seconds.  

The thermometer bar was then displayed for 4 seconds after each NF block, 

representing the level of M1-cerebellum connectivity during the task. During the 

rest block, participants were instructed to count numbers or letters for 14 

seconds, as a way of controlling the baseline activity (Hanakawa, 2011; Berman 

et al., 2012). 

 

Figure 6-1 fMRI NF training paradigm design. A run lasted 366s and consisted of twelve 14s 
fixation (rest) blocks and eleven 14s NF blocks alternating with eleven segments when the 
thermometer bar was shown for 4 seconds. 

 

6.2.4 Online data analysis 

Turbo-BrainVoyager software and MATLAB were used to perform rt-fMRI data 

analysis and NF presentation. The data were sent, volume by volume, from the 
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scanner to Turbo-BrainVoyager via a network connection. The functional data 

were then pre-processed in real time.  

The feedback signal consisted of an intermittent thermometer and was updated 

and displayed after each NF block based on the following equation:  

 

 𝒃𝒂𝒓 𝒉𝒆𝒊𝒈𝒉𝒕 = 50 ∗ (𝐶𝑜𝑟𝑟 + 1) 6.1 

Where scale is an arbitrary scale value to optimise visibility of the thermometer 

bar. 

 
𝐂𝐨𝐫𝐫(𝐱, 𝐲) =

∑ (𝒙𝒊 − �̅�) (𝒚𝒊 − �̅�)𝒏
𝒊=𝟏

√∑ (𝒙𝒊 − �̅�)𝟐𝒏
𝒊=𝟏 √∑ (𝒚𝒊 − �̅�)𝟐𝒏

𝒊=𝟏

 
6.2 

 

Where x is a 14‐s time course of M1, �̅� is the mean activation of M1 during a MI 

block, y is a 14‐s time courses of the cerebellum and  �̅� is the mean activation of 

cerebellum during a MI block. 

 

6.2.5 Full brain analysis 

The data were analysed offline using Brain Voyager QX 2.8.4 (Brain Innovation, 

Maastricht, the Netherlands) and custom-written MATLAB scripts (Version 8.2, 

The MathWorks Inc., Natick, MA, 2000). Anatomical T1 images were corrected 

for inhomogeneity and normalized to Talairach space. EPI data were slice-time 

corrected. Spatial alignment of all volumes to the first volume of the localiser 

was performed to correct for head motion. The fMRI data were co-registered to 

T1 images based on anatomical landmark points and co-registration was 

manually corrected if necessary.  

 

The data were then normalised to Talairach space using rigid body 

transformation and scaling. Linear drifts were removed and a temporal high-pass 

filter (2 cycles) was used to eliminate non-linear drifts in the time series. Data 

were spatially smoothed using a Gaussian kernel with 6-mm full width at half 

maximum. All the pre-processed functional data of each subject were analysed 

using a General Linear Model (GLM) with two predictors (fist clenching and rest 

for analysis of the localiser; feedback and rest for analysis of NF), convolved 

with a hemodynamic response function and covariates derived from six head 

motion parameters (Johnston et al., 2010; Dijk et al., 2012). 
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 Group data were evaluated based on a second level random effect analysis 

general linear model (RFX-GLM). The obtained statistical maps were first 

thresholded and these maps corrected for multiple comparisons using cluster-

level thresholding (Goebel et al., 2006).  

Whole brain RFX-GLM analyses were then performed: all 6 NFB runs, comparing 

the NFB blocks with the baseline (p<0.01 uncorrected with cluster-level 

thresholding of 300mm3 for the NFB).  

 

6.2.6 Statistical analysis  

A t-test was used as a post-hoc test to compare the means of correlation in the 

first and the last runs. Furthermore, a linear regression of the average 

connectivity values over neurofeedback runs was used to examine the 

upregulation over runs. 

 

6.3 Results 

6.3.1 Connectivity Analysis  

During the localiser, all participants showed activations in the cerebellum and 

M1 as a result of hand clenching, as seen in Figures 6.2 and 6.3. 

 

 

Figure 6-2 This figure shows activation in the bilateral cerebellum as a result of hand clenching. 

Panels A, B, C and D show coronal images of the first, second and third participants, 

respectively. Red arrows indicate activation in the right motor cerebellum. 

 



 

141 
 

 

Figure 6-3 This figure shows activation in the bilateral M1 as a result of hand clenching. 

 

Each participant successfully completed six runs. Figure 6.4 shows that 

participants appeared to upregulate the activation between M1‐cerebellum at 

run 2 and 3 then drop at run 4, with the activation levels increasing again at run 

6. Overall, participants showed a trend for successfully increasing the 

activations over runs, as seen as in Figure 6.4. However, the linear regression did 

not show an increase in the mean M1-cerebellum activity across runs in the NF 

group, which would indicate no learning effect (Intercept coefficient = -0.103, 

with R2 =0.272, X variable coefficient =0.0087, p =0.0739).   

 

These results suggesting successful upregulation are supported by the 

differences found in the activation levels from run 1 to run 6. Although there is 

an enhancement in the correlation seen at run 6 compared with run 1 (see 

Figure 6.5), the paired t test showed that the detected enhancement was not 

statistically significant (p= 0.287). 
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Figure 6-4 this figure shows the average BOLD signal change of M1-cerebellum connectivity 

when comparing the first and last runs. The error bars represent the standard error of the 

mean. 

 

The results obtained from four participants indicated that they were not able to 

upregulate the connectivity neurofeedback between M1 and the cerebellum by 

using motor imagery and they did not show a learning effect. 

In addition, participants reported that they believed that mental strategies such 

as imagining playing music, knocking on doors and lifting weights could be used 

to raise the level of the thermometer bar during the training. 
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Figure 6-5 This figure shows the correlation between M1 and the cerebellum in the first run and 

last run. The error bars represent the standard error of the mean. 

 

6.3.2 Whole brain analysis 

A whole-brain RFX-GLM analysis was performed for NF runs (p<0.01 uncorrected) 

to investigate whether any brain regions were activated during the MI guided by 

the NF. The active regions of NF are listed in Table 8 and illustrated in Figures 

6.6 and 6.7. The activation was seen at M1 and the cerebellum where the 

feedback was received. In addition, activation also seen at areas such as the 

bilateral parietal lobe, the bilateral insula and the caudate body.  
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Figure 6-6 Results of the analysis of NF runs shown for the NF group (transverse images). These 

activations are significant at p<0.01 (uncorrected). 

 

 

Figure 6-7 Results of the analysis of NF runs shown for the NF group (coronal images). These 

activations are significant at p<0.01 (uncorrected). 
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Table 8 Clusters of brain activation during the NF 

CORTEX X Y Z t P 

value 

Number of 

voxels 

RT Parietal Lobe, BA 7 21 -58 52 23.923 0.0017

4 

5502 

RT Insula, BA 13 32 -22 13 109.41 0.0000

8 

14583 

RT Caudate Body 12 7 25 52.201 0.0003

7 

1470 

LT Parietal Lobe, BA 7 -21 -58 34 54.443 0.0003

37 

1278 

LT Precentral Gyrus, BA 4 -33 -19 55 17.813 0.0031

37 

257 

LT Insula, BA 13 -33 8 10 92.853 0.0001

16 

3903 

LT Frontal Lobe, BA 9 -39 47 28 47.463 0.0004

44 

2581 

LT Cerebellum, Anterior 

lobe 

-32 -58 -23 23.666 0.0017

8 

646 

RT Cerebellum, Posterior 

lobe 

33 -64 -24 9.0189 0.0028

78 

308 

RT Medial Frontal Gyrus, BA 

6 

15 -7 56 24.706 0.0001

45 

2221 

LT Superior Frontal Gyrus, 

BA 6 

-9 -1 63 7.4269 0.0050

5 

603 

RT Cerebellum, Anterior 

lobe 

21 -59 -23 23.923 0.0017

4 

5502 

LT Cerebellum, Posterior 

lobe 

-12 -59 -14 31.858 0.0009

8 

520 
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6.4 Discussion 
 

In this study we found preliminary evidence that healthy volunteers could learn, 

in a single session, to increase the activity in their functionally localised M1-

cerebellum connectivity, during a MI task of complex body actions whilst 

receiving an intermittent feedback signal (displayed as the height of a 

thermometer bar). This feedback signal represented the activity of individuals 

localised in the correlation between left M1 and right cerebellum. 

 

There is an absence in the literature regarding the correlation between motor 

areas and cerebellum using real-time fMRI. However, some research has 

investigated M1-cerebellum connectivity using resting-state fMRI (Daskalakis et 

al., 2004). The limited number of studies published to explore the correlation 

between motor areas and cerebellum, by using either resting-state fMRI or real-

time fMRI NF, challenges any attempt to draw conclusions regarding the success 

of modulation in each subject (Tursic et al., 2020). 

Every participant was able to modulate the connectivity neurofeedback between 

M1 and the cerebellum as the mean of the correlation at the last run was higher 

than that of the first run. However, the statistical analysis showed that the 

detected increase in the correlation was not significant. 

 

A linear regression of the average connectivity values over neurofeedback runs 

was used to examine the upregulation over runs. A t test was carried out as an 

exploratory analysis to compare the correlation means between the first and last 

runs, with the difference between the first and last runs indicating the effect of 

training. However, neither of the two tests showed a statistically significant 

result. The possible reason could be the number of participants (four) recruited 

for this study. The size of the effect in this research is small and this influences 

the probability of finding a true effect since larger sample sizes lead to larger 

effects being observed and vice versa (Tursic et al., 2020). 

 

Motor imagery (MI) occurs when a participant performs motor tasks mentally 

without any physical motor output. Many previous studies indicated that MI 

shares similar motor regions as those used when preparing for and performing 

actual motor actions (motor execution) (Cengiz and Baron, 2016). The mental 
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task of motor imagery has been used successfully and widely in real-time 

research to modulate brain activity in single regions such as the sensorimotor 

cortex (Yoo et al., 2008), M1 (deCharms et al., 2004), and SMA (Al-Wasity et al., 

2021). Our results are consistent with those of (Lotze et al., 2006; Cengiz and 

Baron, 2016) who found that MI can activate the cerebellum since there were 

activations detected in the cerebellum and M1 as a result of motor imagery 

tasks. 

 

The instruction strategy used in this research was an implicit strategy in which 

participants were asked to develop their own effective strategies to enhance 

their mental activity level during NF training. They reported that imagining 

playing music and lifting weights were associated with positive results on the 

thermometer bar. This implicit strategy is widely used in rt-fMRI NF research 

(Paret et al., 2014). However, a known disadvantage of this strategy is that 

when participants identify an action that leads to enhancement in their neural 

activity level, they stop exploring new mental action which could provide more 

activation (Paret et al., 2019). 

 

Real-time fMRI allows for tracking of whole-brain activity to investigate the 

distributed learning processes in the brain. Most real-time fMRI studies showed 

that the training effects take place primarily in the neurofeedback target region 

(e.g., deCharms et al., 2004, 2005; Lee et al., 2011; Weiskopf et al., 2003). 

Recent studies have assessed the effects of self-regulation and learning of self-

regulation on connectivity with effective connectivity analyses (Hamilton et al., 

2011; Lee et al., 2011; Rota et al., 2011; Ruiz et al., 2014). The results of many 

real-time fMRI NF studies on connectivity indicate that neurofeedback training 

leads to specific changes in the connectivity of the target region, usually 

strengthening the relevant connections and suppressing others. Therefore, full-

brain analysis provides information about target regions’ activation and changes 

in connectivity. In this research, full-brain analysis was conducted to track the 

activation which occurred in the brain during the training.  

 

The current results of a rise in correlation observed in individuals suggest that 

M1-cerebellum connectivity could be modulated using real-time fMRI NF. The 

activation seen at both M1 and the cerebellum in the full-brain analysis 
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supported this finding. Lindeman and colleagues (2021) demonstrated that M1 

and the cerebellum can be modulated since they used a non-MRI technique to 

achieve that goal. They used whisker stimulation of Purkinje cells of the 

cerebellum to modulate the coherence between the primary somatosensory 

cortex (S1) and M1 and the cerebellum.  

 

The previous resting-state fMRI research highlighted an indirect connection 

between M1 and the cerebellum (Daskalakis et al., 2004). Since our online and 

offline results reveal an effect on the targeted connectivity, we suggest 

undertaking further research with a larger sample size in the future.  

During the NF training, full-brain analysis showed an activation of the bilateral 

parietal lobe. These areas were possibly activated due to the processing of 

visual stimuli. During the NF experiment, participants received visual feedback 

via a thermometer bar to indicate the activation levels of a motor imagery task. 

These feedback projections might be exploited to boost recruitment of parietal 

lobes by means of real-time neurofeedback (Andersson et al., 2019).  

 

In addition, the activation in the left parietal lobe could be due to using motor 

imagery (MI), since fMRI activation in the left parietal lobe was associated with 

MI and increased over time since it is known to recruit a fronto-parietal network 

and subcortical and cerebellar regions (Hétu et al., 2013; Lebon et al., 2018). 

The activation shown in the insula during NF training could be because the insula 

plays an essential role in processing intentional movement and awareness (Tinaz 

et al., 2018).  

 

Furthermore, activation in the insula during NF could be associated with the 

sense of self-agency during voluntary motor tasks (Farrer and Frith, 2002). Motor 

imagery evokes sensorimotor simulations of one’s own body and recruits the 

sensorimotor-related brain regions including the insula (Lorey et al., 2009). 

Furthermore, Emmert et al., (2016) demonstrated that the insula is a key region 

in the brain as it consistently activated during self-regulation in real-time fMRI 

neurofeedback independent of the targeted region of interest. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6866530/#hbm23956-bib-0014
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6.5 Limitations and recommendations 

 

This pilot study was conducted on only four participants and a small sample size 

is one of the primary reasons for underpowered studies (Algermissen and Mehler, 

2018). Statistical power is the probability that an effect will be detected when it 

is actually present and it depends on the size of the effect and of the group 

sampled. Larger effects have a higher probability of being observed and larger 

groups increase the probability of finding a true effect (Tursic et al., 2020). 

Therefore, undertaking power analysis and recruiting more participants and to 

increase the sample size is recommended in future to increase the probability of 

finding a true effect, hence, a learning effect. 

 

There was also no control group recruited in this research. Having a control 

group is important to be able to attribute effects to neurofeedback (Fede et al., 

2020). Therefore, recruiting a control group for the neurofeedback experiment is 

necessary for comparison. This will demonstrate the importance of the feedback 

for learning self-regulation that occurs in the experimental group. 

 

Based on our pilot data in chapter six (see 6.3 results) (N=4), comparing Run 

(first run, last run). The effect size (ES) in this study was 0.66, considered to be 

extremely large to medium using Cohen's (1988) criteria (Faul et al., 2007). With 

an alpha = .05 and power = 0.80, the projected sample size needed with this 

effect size (G*Power 3.1) is approximately N =16 for this simplest within group 

comparison. Thus, our proposed sample size of 16 participants in the 

experimental group would be more than adequate for the main objective of a 

future study. This would be a minimum and with more complex designs involving 

possible control conditions and control groups would increase. 

 

Finally, this pilot study did not include any behavioural task to measure the 

behavioural changes that may occur as result of neurofeedback training, 

therefore, there was no measurement of regulation processes. Adding a valid 

behavioural task is recommended.  
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6.6 Conclusion 

 

In conclusion, real-time functional magnetic resonance imaging (rt-fMRI) 

neurofeedback is a tool used to obtain voluntary control over the activity of 

different regions of the brain and includes providing feedback about the 

connectivity between brain regions. Such connectivity neurofeedback can be a 

more effective feedback strategy than providing feedback from a single region. 

Enhancing connectivity between cortical and subcortical regions holds promise 

for improving motor function. 

The cerebellum plays an essential role in motor performance, especially in the 

timing and precision of skilled movement. M1 also plays a key role in planning 

and executing movements. The cerebral cortex and the cerebellum are 

connected by complex circuits that link both primary and associative areas, 

namely, cortico-cerebellar connections. This circuit is disturbed in many 

diseases such as Parkinson’s disease and autism, therefore, the ability to 

enhance this connectivity may lead to positive results in developing therapies. 

Modulating the M1-cerebellum using real-time fMRI NF was shown to be a 

potentially useful tool to modulate M1-cerebellum connectivity.  

 

We used this technique here and found an apparent enhancement in in the 

connectivity neurofeedback between M1 and the cerebellum in each participant. 

However, this enhancement was not statistically significant. Further 

investigation is required and recruiting more participants as well as adding a 

control group and behavioural task are recommended. 

 

 

 

 

 

 

 

 



 

151 
 

7 Chapter Seven: General discussion  
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7.1 General summary 
  

The experimental studies in this thesis examined connectivity neurofeedback 

using motor imagery (MI) -based real-time fMRI neurofeedback. Several 

preliminary studies, such as defining motor localisers, were performed to refine 

the experimental method. In the first experiment, we targeted the connectivity 

neurofeedback between the primary motor cortex and the motor thalamus. In 

the second experiment, the connectivity neurofeedback between the primary 

motor cortex and the cerebellum was targeted. We investigated the 

participants’ ability to upregulate the connectivity neurofeedback between the 

targeted regions in these studies.  

In this general discussion, I will review the key findings and the implications of 

the experimental chapters and relate them to the aims of this thesis. 

 

7.2 Neurofeedback 
 

During neurofeedback experiments, the BOLD signal is processed and displayed 

to participants in real-time to enable self-regulation of brain activity. Previous 

fMRI neurofeedback (fMRI-NF) research has shown that it is possible to self-

regulate the activity in brain regions or networks and, therefore, this regulation 

could impact behavioural variables (Emmert et al., 2016). Most of the rt-fMRI-NF 

research has been conducted with healthy subjects to investigate the neural 

substrates and possibilities of neurofeedback. Recently, rt-fMRI-NF research has 

shifted towards clinical applications due to the ability in patients suffering from 

psychiatric and neurological disorders to self-regulate brain activity (Gonzalez-

Castillo et al., 2020). 

 

In this thesis, a fMRI-NF system was established to modulate brain activity in 

healthy participants and also to investigate whether, as a consequence, fMRI-NF 

training can alter the behaviours of the targeted brain regions. 

In the first and second experiments in the thesis, we used MI-based real-time 

neurofeedback to upregulate connectivity neurofeedback between M1 and the 

motor thalamus and M1 and the cerebellum. M1 plays a key role in the planning 

and execution of movements and has a large cortical representation for hand 
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and finger movements. The motor thalamus plays a role in the complex cognitive 

and proprioceptive control of movement (Middleton and Strick, 2000). It also 

plays a role in maintaining posture, general movement and motor learning 

(Bosch-Bouju et al., 2013). The ventral lateral nucleus of the thalamus (VL) 

serves as a central integrative centre for motor control, receiving inputs from 

the cerebellum, striatum and cortex and projects to the primary motor cortex 

(Bosch-Bouju et al., 2013). 

 

Participants in the neurofeedback group of the M1-thalamus connectivity 

experiment (Chapter five) received an intermittent feedback signal in the form 

of a thermometer bar representing the percentage change of activation in the 

M1-thalamus connectivity. The results of modulation of the M1-thalamus 

connectivity study showed that participants were able to upregulate the 

connectivity neurofeedback. These results were consistent with those of Liew et 

al., (2016) who explored the connectivity between M1 and the thalamus in four 

stroke patients. In that study, three of the four participants successfully 

increased the connectivity between M1 and the thalamus. 

 

The results of this research (Chapter five) are consistent with the results of 

Megumi and colleagues (2015) who found that rt-fMRI-NF is a tool capable of 

modulating functional connectivity. The results of Megumi et al. (2015) 

demonstrated an improvement in the connectivity between M1 and the parietal 

cortex by using rt-fMRI-NF. Also, our results are consistent with those of 

Hamilton et al. (2011), Lee et al. (2011) and Rota et al. (2011), who found that 

neurofeedback training leads to specific changes in connectivity of the target 

region, usually strengthening the relevant connections and suppressing others 

(Weiskopf, 2012). 

 

The cerebellum plays an important role in motor functions, especially those 

related to timing and the precision of skilled movements. It is also involved in 

motor learning and performance (Cengiz and Boran, 2016). In the M1-cerebellum 

experiment (Chapter six), participants demonstrated enhanced connectivity 

neurofeedback between M1 and the cerebellum, however, this enhancement was 

not statistically significant. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3822295/#B168
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The whole-brain GLM analysis of the neurofeedback group in both experiments 

revealed widespread cortical activation in the motor and motor-related regions 

(including the bilateral BA 6, thalamus, left BA 40, bilateral parietal lobe, 

bilateral insula and caudate body), areas that play an important role in planning, 

selecting, learning and preparation of movements. The activation detected in 

the left parietal lobe could be related to the use of MI. This activation is 

consistent with the findings of Hétu et al. (2013) and Lebon et al. (2018), who 

showed an activation in the left parietal lobe which was associated with MI and 

that activation increased over time, consistent with recruitment of a fronto-

parietal network as well as subcortical and cerebellar regions. Consistent with 

the results of Emmert et al., (2016) and Farrer and Frith (2002), our results 

showed an activation at the insula, which is considered a key region in the brain 

for self-regulation, as it was consistently activated during rt-fMRI-NF 

independent of the targeted region of interest. The insula also plays an essential 

role in processing intentional movement and awareness and also in the sense of 

self-agency during voluntary motor tasks (Tinaz et al., 2018; Farrer and Frith, 

2002).  

 

In our experiments, we used Pearson’s correlation coefficient to test the 

increase in connectivity during the M1-thalamus training in the first experiment 

and between M1 and the cerebellum in the second experiment. This technique 

has been used previously to modulate the connectivity using rt-fMRI (Megumi et 

al., 2015; Liew et al., 2016; Yamashita et al., 2018). Frassle and colleagues 

(2021) stated that Pearson's correlation coefficient between the respective BOLD 

signal time series is the simplest way to assess functional connectivity. 

 

The connectivity between brain regions can be measured by different methods 

such as dynamic causal modelling (Frassle et al., 2021), partial correlation, 

coherence, mutual information, and independent component analysis and 

dynamic causal modelling (Karahanoglu and Van De Ville, 2017). 

MI is a cognitive process in which people simulate actions or movements 

internally without use of any apparent movement (Blefari et al., 2015). MI can 

be used to enhance motor skills in healthy and clinical populations (Alkadhi et 

al., 2004) and it is usually performed in motor learning skills (Mizuguchi et al., 

2013).  
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Most rt-fMRI-NF studies conducted that targeted modulation of motor areas were 

based on MI (Fede et al., 2020). However, there have been mixed results 

regarding the role of MI in modulation using rt-fMRI NF, for example, Berman and 

colleagues (2012) demonstrated that MI was not useful for M1 modulation while 

Mehler et al. (2019) found that MI-based neurofeedback was associated with an 

increase in SMA activation but a drop in M1 activation. Furthermore, Al-Wasity et 

al. (2021) demonstrated that MI is a useful motor task to upregulate SMA using 

rt-fMRI-NF.  

 

Our results showed that participants were able to upregulate M1-thalamus and 

M1-cerebellum connectivity using MI based rt-fMRI-NF. These results are 

consistent with those of Liew et al. (2016), who showed that MI could be used to 

enhance the connectivity between cortical and subcortical regions.  

Sharma et al. (2009) suggested that different types of MI might recruit different 

neural substrates. For example, kinesthetic MI recruits motor areas including the 

supplementary motor area (SMA), therefore, this type of imagery is of interest 

for motor rehabilitation (Guillot et al., 2009; Hetu et al., 2013). 

 

In addition, MI-based rt-fMRI-NF can result in structural changes, with Papoutsi 

et al. (2018) suggesting that several sessions of rt-fMRI training of SMA leads to 

increased grey matter in the pre-SMA, therefore, areas receiving the training 

could result in plastic changes due to MI. In our research, we did not provide 

specific instruction about the MI task and we left it to participants to search for 

the best action to imagine which would increase the level of the thermometer 

bar.  

 

In my research, described in this thesis, I used intermittent feedback because it 

has advantages over continuous feedback, such as no distraction during the 

performance of the MI task. Furthermore, intermittent feedback overcomes the 

haemodynamic delay that may occur during the use of continuous feedback, 

with the thermometer bar being displayed at the end of each feedback block in 

intermittent feedback (Fede et al., 2020). Our intermittent design was 

influenced by Megumi et al. (2015) and Yamashita et al. (2018) who used 

intermittent feedback in their designs to modulate connectivity neurofeedback 
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using rt-fMRI-NF. 

 

In our experiments, every participant was informed about the purpose of the 

research, their initial strategy and the objectives of the training. An implicit 

strategy was used in our experiment as there was information given to focus on 

imagining actions using two hands to allow the subject to look for an applicable 

and effective mental approach. We asked participants to decide which MI action 

was suitable and which had a positive effect on the level of the thermometer 

bar (Sepulveda et al., 2016). This method is consistent with the strategy used by 

Al-Wasity et al. (2021). 

 

An implicit strategy has advantages over an explicit strategy in the field of 

neurofeedback as it takes place independently of awareness (Amano et al., 

2016; Birbaumer et al., 2013; Shibata et al., 2019). Therefore, an implicit 

strategy was used in this research. However, the explicit processes in motor skill 

learning occur faster, more time is required to unfold and they are sensitive to 

instruction (Muñoz-Moldes et al., 2020).  

 

In the first experiment, two neurofeedback sessions were conducted with each 

group, with each session consisting of ten runs. This design was influenced by 

those of Kanel at al. (2019) and Al-Wasity et al. (2021) who conducted 

neurofeedback training over two sessions with each session involving ten runs. 

Fede and colleagues (2020) stated that the number of runs and sessions of 

neurofeedback training had better impact on neurofeedback and they stated 

that two sessions were considered ideal because the effect of neurofeedback 

changes to neural processes and symptomology is more credible when compared 

with one training session. However, the effects of the number of sessions and 

runs on neurofeedback training needs further investigation. In the second 

experiment we conducted only one session as it was a pilot study and, from 

those results, an increased number of sessions was recommended for future 

work.  

 

The main objective of neurofeedback training is to identify behavioural effects 

occurring from learning to regulate brain activity. These effects are dependent 

on the function of the targeted regions. There are specific behavioural effects 
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associated with modulating particular brain regions, indicating the specificity of 

neurofeedback training. For example, reaction time changed with the 

modulation of motor areas (Weiskopf et al., 2004; Bray et al., 2007; Al-Wasity et 

al., 2021) and rating of emotional pictures changed during insula modulation 

(Caria et al., 2010). Since brain activation acts as an independent variable 

during neurofeedback learning, it allows causal references to be produced 

between brain activity and behaviour. The resulting behavioural changes from 

self-regulation of neural activation indicate that the physiological consequences 

of neurofeedback may be considered to be a form of endogenous neural 

stimulation (Sitaram et al., 2017). 

 

In our first experiment, we conducted two behavioural tasks, namely, a 

switching task and Go/NoGo task. The results of the switching task were 

significant for the experimental group (M1-thalamus) but were not significant for 

the control group (M1-SMA). Our results were consistent with those of Hayes et 

al. (1998) who found that a switching task was significant with patients with 

Parkinson’s disease. They suggested that this effect was because of the basal 

ganglia, which play a role in the switching effect. Since the basal ganglia play a 

role in switching and they are part of the closed cortico-basal ganglia-thalamo-

cortical loop, a switching task can be used theoretically to assess behavioural 

changes resulting from neurofeedback training of the M1-thalamus. Our results 

supported this hypothesis as the switching task results showed a significant 

effect.  

 

On the other hand, the results of Go/No Go task showed a significant decrease in 

the reaction time of the control group (M1-SMA), but no such effect was 

detected for the experimental group (M1-thalamus). These results are consistent 

with those of Al-Wasity et al. (2021) who state that the Go/No Go task showed a 

significant drop in the reaction time when modulating SMA using rt-fMRI-NF. 

Therefore, a Go/No Go task is a recommended behavioural task to test the 

motor performance after regulation of M1-SMA connectivity using rt-fMRI-NF. 
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7.3 Specific Limitations and Challenges in Conducting this Thesis 
Research  

 

The first rt-fMRI experiment (Chapter five) was demanding, as it comprised two 

long sessions with participants reporting that each session was challenging since  

they required effort and concentration during ten runs, which took a long time. 

Many participants were unable to finish the procedure and they asked to stop 

the scanning due to fatigue or claustrophobia, while others did not attend the 

second session. Furthermore, many participants reported that they had fatigue 

during the scanning which had negative impacts on their performance and on the 

quality of the MI task in the last runs.  

 

Another reason for excluding participants from completing the rt-fMRI 

experiments was excessive head motion during fMRI scanning. Head movement 

can also be related to the session length, as participants got uncomfortable after 

some time. These problems affected my progress in recruiting more participants. 

However, when designing the second experiment (Chapter six), reducing the 

length of the sessions and the number of runs was considered as a way of 

reducing fatigue and minimising head motion and loss of concentration.  

 

Furthermore, in the first experiment (Chapter five) I had difficulty recruiting 

participants. For example, some participants were excluded from my research 

because they did not reach the minimum acceptable score on the Vividness of 

Movement Imagery Questionnaires-2 (VMIQ-2). Their scores indicated that they 

would have difficulty performing MI tasks. One of the criteria for participation in 

the first and second experiments was being right-handed. The Edinburgh 

Handedness Inventory questionnaire was used to confirm whether participants 

were right-handed or not. Two participants introduced themself as right-handed, 

however the Edinburgh Handedness Inventory demonstrated that they could use 

both hands equally well.  

Finally, it is necessary to state that the coronavirus pandemic had extreme 

effects on this research as the college resources required to conduct advanced 

data analysis were not available and the CCNi MRI scanner used in this research 

was closed during the national lockdown. Therefore, because we were unable to 
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conduct any experiments or recruit participants, my research was suspended for 

more than one year.  

Another issue arose at the CCNi research scanning facility that blocked my 

research progress. During the Coronavirus pandemic, the scanner was upgraded 

and the scanner was down for a week. Following this, issues with the upgrade 

were discovered. Various functionalities such as multiband sequences and real-

time transfer, which were necessary to conduct my research, were no longer 

available and needed to be repaired. The issue with real-time transfer remained 

unsolved until late April, 2021. 

 

The scanning facility then became available in May for my research and I did 

make progress during this time but, due to Covid social distancing restrictions 

and cleaning protocols, it was not possible to scan at full capacity. As 

restrictions became more relaxed in early July 2021 and I was poised to quickly 

complete this study, there was a flood in the MRI plant room due to a 

compressor problem. This meant that scanning could not be conducted from 11 

July 2021 to 1 October 2021. Altogether, these unforeseen events have 

negatively affected my research progress in a way that could not have been 

predicted.  

7.4 Conclusion 
 

In conclusion, neurofeedback is one of only a few clinical neuroimaging tools 

that are being developed to modulate the connectivity between brain regions, 

namely, cortical-subcortical regions. The research conducted suggests that rt-

fMRI-NF training shows promise as an upregulation tool in M1-thalamus 

connectivity. This could have positive impacts in clinical settings such as stroke 

recovery. In addition, this thesis investigated the ability to modulate M1-

cerebellum connectivity using rt-fMRI-NF.  

 

To our knowledge, no research has previously investigated cerebellum-cortical 

area connectivity for modulation using rt-fMRI-NF, therefore, our novel 

technique could be beneficial in clinical settings such as stroke recovery, 

Parkinson’s disease and autism. Because our M1-cerebellum connectivity 



 

160 
 

experiment was limited due to the recruitment of only four participants, future 

research may include the scanning of more participants. If the results are 

promising, implementing this technique with patients would be our ultimate 

goal. 

 

Other future works include modulating cerebellum activity as a single region 

only, using rt-fMRI-NF. This technique will help to upregulate the activation in 

the cerebellum and may be a useful therapeutic tool for diseases such as autism 

and Parkinson disease. A final possible avenue for future research is to 

simultaneously combine action observation with MI (AOMI) and use this as part of 

a rt-fMRI-NF paradigm to modulate activation in motor areas such as SMA and 

PMC.  

 

Finally, rt-fMRI-NF increases the robustness of using neurofeedback training to 

modulate brain areas, especially deeper regions such as the thalamus. The 

recent increase in research in rt-fMRI boosts the credibility of the field. My goal 

is to conduct more research in this field so that this technique can become a 

routine therapeutic tool for many diseases such as stroke rehabilitation.  
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