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Résumé 

Le vaste domaine de l’amélioration cognitive traverse les applications comportementales, 

biochimiques et physiques. Aussi nombreuses sont les techniques que les limites de ces premières : 

des études de pauvre méthodologie, des pratiques éthiquement ambiguës, de faibles effets positifs, 

des effets secondaires significatifs, des couts financiers importants, un investissement de temps 

significatif, une accessibilité inégale, et encore un manque de transfert. L’objectif de cette thèse 

est de proposer une méthode novatrice d’intégration de l’une de ces techniques, le neurofeedback, 

directement dans un paradigme d’apprentissage afin d’améliorer la performance cognitive et 

l’apprentissage.  

 

Cette thèse propose les modalités, les fondements empiriques et des données à l’appui de 

ce paradigme efficace d’apprentissage ‘bouclé’. En manipulant la difficulté dans une tâche en 

fonction de l’activité cérébrale en temps réel, il est démontré que dans un paradigme 

d’apprentissage traditionnel (3-dimentional multiple object tracking), la vitesse et le degré 

d’apprentissage peuvent être améliorés de manière significative lorsque comparés au paradigme 

traditionnel ou encore à un groupe de contrôle actif. La performance améliorée demeure observée 

même avec un retrait du signal de rétroaction, ce qui suggère que les effets de l’entrainement 

amélioré sont consolidés et ne dépendent pas d’une rétroaction continue.  

 

Ensuite, cette thèse révèle comment de tels effets se produisent, en examinant les corrélés 

neuronaux des états de préparation et de performance à travers les conditions d’état de base et 

pendant la tâche, de plus qu’en fonction du résultat (réussite/échec) et de la difficulté 

(basse/moyenne/haute vitesse). La préparation, la performance et la charge cognitive sont 

mesurées via des liens robustement établis dans un contexte d’activité cérébrale fonctionnelle 

mesurée par l’électroencéphalographie quantitative. Il est démontré que l’ajout d’une assistance-

à-la-tâche apportée par la fréquence alpha dominante est non seulement appropriée aux conditions 

de ce paradigme, mais influence la charge cognitive afin de favoriser un maintien du sujet dans sa 

zone de développement proximale, ce qui facilite l’apprentissage et améliore la performance.  

 

Ce type de paradigme d’apprentissage peut contribuer à surmonter, au minimum, un des 

limites fondamentales du neurofeedback et des autres techniques d’amélioration cognitive : le 



 4 

manque de transfert, en utilisant une méthode pouvant être intégrée directement dans le contexte 

dans lequel l’amélioration de la performance est souhaitée.  

 

 

Mots clés 

Neurofeedback, interface cerveau-machine, amélioration cognitive, groupe de contrôle actif, 

préparation, performance, apprentissage 
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Abstract  

The domain of cognitive enhancement is vast, spanning behavioral, biochemical and 

physical applications. The techniques are as numerous as are the limitations: poorly conducted 

studies, ethically ambiguous practices, limited positive effects, significant side-effects, high 

financial costs, significant time investment, unequal accessibility, and lack of transfer. The purpose 

of this thesis is to propose a novel way of integrating one of these techniques, neurofeedback, 

directly into a learning context in order to enhance cognitive performance and learning.  

 

This thesis provides the framework, empirical foundations, and supporting evidence for a 

highly efficient ‘closed-loop’ learning paradigm. By manipulating task difficulty based on a 

measure of cognitive load within a classic learning scenario (3-dimentional multiple object 

tracking) using real-time brain activity, results demonstrate that over 10 sessions, speed and degree 

of learning can be substantially improved compared with a classic learning system or an active 

sham-control group. Superior performance persists even once the feedback signal is removed, 

which suggests that the effects of enhanced training are consolidated and do not rely on continued 

feedback.  

 

Next, this thesis examines how these effects occur, exploring the neural correlates of the 

states of preparedness and performance across baseline and task conditions, further examining 

correlates related to trial results (correct/incorrect) and task difficulty (slow/medium/fast speeds). 

Cognitive preparedness, performance and load are measured using well-established relationships 

between real-time quantified brain activity as measured by quantitative electroencephalography. 

It is shown that the addition of neurofeedback-based task assistance based on peak alpha frequency 

is appropriate to task conditions and manages to influence cognitive load, keeping the subject in 

the zone of proximal development more often, facilitating learning and improving performance.  

 

This type of learning paradigm could contribute to overcoming at least one of the 

fundamental limitations of neurofeedback and other cognitive enhancement techniques : a lack of 

observable transfer effects, by utilizing a method that can be directly integrated into the context in 

which improved performance is sought.  
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Introduction 

The information age is all about access to information. Faster computers, smartphones, 

search engines, telecommunications networks, and more; getting the most rapid and precise 

information on any given subject is an advent of the 21st century that has allowed for massive 

development on individual, social, global, and even universal scales.  

 

An idea has been floating around the neuroscience community since the early experiments 

by Hans Berger in the 1920s: just how much information can we access about the workings of the 

brain inside of our heads, and how precise can we be? Post-mortem anatomical study by dissection 

was the norm for human subjects at this time, as no one had done much work with a living human 

brain. Invasive animal studies looked at the workings of the living brain, but the living human 

organ remained out of reach. This question led to the development of the electroencephalogram 

(EEG) and ultimately to the more sophisticated (and arguably more precise) measures like 

functional magnetic resonance imaging (fMRI) or positron emission tomography (PET).  

 

More than just a quest for answers, there is a fundamental benefit to having access to this 

information. Existence is essentially an interaction between a living thing and its environment, and 

mastery of this interaction with the environment is only one half of the equation. If one could 

discover the internal workings of the individual, they could optimize their reciprocal interaction 

with the environment. This is a strange framing of what is, in essence, the goal of psychology and 

most modern medicines: improving the homeostatic harmony within a being in its larger context.  

 

The pursuit of this optimization can be framed in many ways, but one domain in particular 

appears to be intimately concerned with this idea: cognitive enhancement. Performance 

enhancement can be loosely defined as an intervention whose purpose is to increase the 

functioning of any psychological domain. This can involve ‘traditional’ cognitive performance, 

for example: attention, memory, language, and executive functions, but is also a multifaceted 

concept. Emotional regulation, behavioural control, social reasoning, and brain functioning are 

equally all domains that could be considered targets for ‘enhancement’.  
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Enhancement is thus a multifactored, context-dependent phenomenon. Aidman1 provides 

a thorough overview of an applied cognitive enhancement framework. Simplistically, this can be 

separated into three different stages of enhancement: before, during, and after performance.  

 

Before engaging in a performance, be it cognitive, emotional, or behavioural, there is a 

state of preparation. The ‘before’ stage can further be separated in two: cognitive fitness (referring 

to trainable cognitive functions) and cognitive readiness (akin to the state of immediate task 

preparedness). Optimal states exist, as defined by neural substrates and the resulting performance. 

During the task at hand, which Aidman1 labels as the operational phase, there are also optimal 

states of performance, in part defined by task demands. Finally, following the performance phase 

there is a recovery period. In this consolidation phase, neuroplastic effects take place, leading to 

learning. Subsequent performance on the same task, and more or less similar tasks, should improve 

if learning has occurred.1 More on all of these elements are explained, in depth, below and 

throughout this thesis.   

 

Approaches to performance enhancement are vast and have evolved over time from 

observations of the alignment of the stars, psychoactive plants, spinning chairs, complex 

pharmacology, ever-evolving neuroimaging, to as far as what could be described as ‘mind-over-

matter’ – auto-directed neuroplasticity – psychological approaches.2 

 

In the 1960s, two independent studies, an experiment on mindfulness3 and a series of 

haphazard discoveries by M.B. Sterman involving cats4, the Unites States Air Force Aerospace 

Medical Research Laboratory5 and epilepsy6, both ultimately led to the development of something 

called neurofeedback.  

 

Neurofeedback is particular in that it implies a dynamic and consistently adaptive paradigm 

that manipulates the external environment based on the real-time internal state of the person 

through the use of a brain-computer interface (BCI). Traditional neurofeedback targets operant 

conditioning of EEG-brainwaves, a domain that is built on robust science and that is gathering 

larger volumes and higher quality empirical support, but that remains, however, controversial.  
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One interesting approach to neurofeedback suggests integrating it directly into a specific 

learning paradigm, in-vivo, instead of in a neutral clinical setting which requires subsequent 

generalization and transfer in order to be ecologically valid and beneficial as a therapeutic tool.  

 

This type of application would create a closed-loop learning system; an adaptive paradigm 

in which learning occurs efficiently, by means of an adaptation of the external component, the 

learning environment, based on the real-time performance of the internal component, the learner.7  

 

The aim of this research is to develop an EEG-neurofeedback based closed-loop learning 

paradigm applicable to a cognitive performance and learning context. The goal: better preparation, 

improved performance, faster and more efficient learning. At the same time, there is a need to 

establish proper measures of each domain: brain-based internal measures, and performance-based 

external measures.  

 

To accomplish this task, this thesis will examine:  

• The domain of cognitive enhancement; its goals, techniques, benefits, and limitations 

• 3-dimensional multiple object tracking (3D-MOT), a visuospatial learning paradigm with 

growing empirical support as a cognitive enhancer 

• Neurofeedback, and the neuroscientific theories, underpinnings and supporting evidence, 

both as a cognitive enhancer and a tool to improve learning and learning outcomes 

• The creation of a 3D-MOT and neurofeedback hybrid learning paradigm, and its effects 

on preparation, performance, and learning 
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Literature review 

1. Cognitive enhancement 

“Cognitive enhancement is the improvement or strengthening of mental skills including 

attention, memory, processing speed, and problem solving.”8 Long is the list of purported cognitive 

enhancers, “interventions in humans that aim to improve mental functioning beyond what is 

necessary to sustain or restore good health.”9  

 

Another way of considering these types of interventions is in comparison to clinical-type 

interventions. In a clinical case, the objective is to target an abnormal variable on the ‘negative’ 

side, a dysfunction, and improve functioning until the target variable falls within a normal range. 

In cognitive enhancement, typically the target variable is initially within normal ranges, and the 

purpose is to improve functioning until it reaches the ‘positive’ side of the abnormal spectrum, a 

veritable superfunction. A simple visual representation of this comparison is provided in figure 1.  

 

Figure 1: Comparison of clinical interventions to performance enhancement 

 
Figure 1: clinical interventions target an abnormally deficient variable and seek normalisation. 
Performance enhancement targets a normal variable and seeks improvement to an abnormal 
‘superfunctional’ level.  

 

Cognitive performance concerns not only populations suffering from deficits, but interests 

those seeking to enhance their potential in personal, professional and academic domains.8 The 
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impetus to develop specific cognitive enhancement tools appears to originate from evidence that 

maintaining a moderately high level of cognitive stimulation can have positive effects on the brain 

and cognitive abilities10, and that these effects can persist once stimulation has ceased, 

demonstrating learning and neural plasticity.11 Many explanations regarding the sources of these 

benefits exist, with the leading candidates being stimulation of the brain’s neuroprotective 

functions, increased cognitive reserve capacity, enhanced neural networks12, and augmentation of 

neurogenesis and/or existing neuropil.13 There is, however, little empirical evidence in support of 

the majority of these claims within a specific cognitive training context, and the understanding of 

specific cognitive enhancement mechanisms remains almost purely theoretical.  

 

Many activities in daily life have been demonstrated to improve cognitive capacities, to a 

more-or-less important degree. Examples include reading, knitting, gardening, playing a musical 

instrument14, and playing board/card games.15, 16 Other research has demonstrated neuroplastic 

effects for activities such as complex navigation17, juggling18 and memory training.19  

 

Domains spanning pharmacology, nutrition, exercise, sleep, meditation, mnemonics, brain 

stimulation, computer training, video games, and neurofeedback, to name a few, have all been said 

to enhance cognitive function.  

 

Dresler and colleagues20 separate cognitive enhancement strategies into three large, 

overlapping domains: biochemical (for example, pharmaceuticals), physical (for example, 

neurostimulation) and behavioural (for example, meditation). Many of the existing techniques are 

bimodal, for example a neural implant could be considered both physical and biochemical.  

 

While a comprehensive review of the entirety of these domains would be well beyond the 

scope of this thesis, each will be presented and briefly discussed. While modes of enhancement 

may fall into overlapping categories, for the sake of simplicity and clarity, specific interventions 

have been placed in the most appropriate category in accordance with the definitions provided by 

Dresler.20 For those domains relevant to the context of this thesis, 3D-MOT and neurofeedback, a 

more thorough review is conducted in a dedicated section.  
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Generally speaking, these interventions have moderate scientific support with small-to-

moderate effect-sizes. It is important to distinguish between the large number of variables in these 

studies; namely the type of intervention, the modality of the intervention, the population to which 

it is applied, the passive/active nature of the paradigm, the degree of invasiveness, the frequency 

and duration of the intervention, potential side effects, as well as the importance (size of effect) 

and longevity of the positive effects.8 It is also worth considering that the specific mechanisms 

driving enhancement effects often goes undocumented.  

 

1.1 Biochemical interventions 

 

Pharmacological interventions 

Cognitive enhancement using psychoactive substances known as ‘nootropes’ have become 

something of a mainstay in psychology. But ‘smart drugs’ have been around since long before 

Sigmund Freud preached the benefits of coca as: “of value in all cases where the primary aim is to 

increase the physical capacity of the body for a given short period of time and to hold strength in 

reserve to meet further demands – especially when outward circumstances exclude the possibility 

of obtaining the rest and nourishment normally necessary for great exertion”, as even Freud 

himself acknowledges that “the main use of coca will undoubtedly remain that which the Indians 

have made of it for centuries”.21  

  

The origins of pharmacological interventions for enhancement of cognition can be traced 

back to the same origins as the psychopharmaceutical practice itself; priests and shamans using 

substances to enhance their connection with god, so to speak.22 From there, the practice of utilizing 

psychoactive substances expanded to healers and into early traditional medicine. Many substances 

have been experimented with, far too many to comprehensively review here. Let us examine some 

of the more relevant substances still consumed to this day for the purpose of cognitive 

enhancement.   

 

Stimulants 

Throughout the history of amphetamine use it has been used as a performance enhancer, 

possibly dating back to cocaine use by the Peruvian Indians as early as the 6th century.23 Not long 
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after the cocaine craze of the late 1800s and early 1900s came amphetamine-based 

psychostimulants, initially used medically to treat mood disorders, and later the symptoms of 

attention-deficit hyperactivity disorder (ADHD).24  

 

Currently, over-the-counter psychostimulants are a significant black-market drug popular 

in academic institutions.25 Amphetamines are considered the stimulant of choice, in order to 

enhance “perception, attention, memory, comprehension, use of speech and executive function 

(planning, problem solving and self monitoring)”.26 As a matter of fact, multiples studies report 

use of psychostimulants to better “concentrate, improve alertness, ‘get high,’ or to experiment”27 

in approximately 5-35% of college students. A similar proportion of students use cocaine for 

recreational purposes.28 While there is significant variability across countries and faculties of 

study, there appears to be a trend in which consumption of stimulants (for example: 

methylphenidate, modafinil, caffeine) is higher for academic programs which are more 

demanding. Consumption of psychostimulants for cognitive enhancement is often done with very 

immediate goals in mind, and the potential side effects of these substances are not considered.26 

The negative effects of psychostimulants like methylphenidate can nonetheless be significant, and 

the list of relatively common associations include supressed appetite, insomnia, irritability, 

anxiety, depression, social withdrawal, cardiac arrythmia, high blood pressure, headache, transient 

stomach-ache and behavioural rebound.29 Further, an abuse potential for these dopaminergic and 

noradrenergic agonists should not be ignored; the over-use of psychostimulants can be linked to 

an emergence of psychotic symptoms.30 Even when used according to prescribed guidelines, recent 

evidence points to long-term effects of habitual clinical use. When taken before the age of 16, 

stimulants can cause a reduction in medial prefrontal levels of GABA+ later in life, potentially 

contributing to deficits in inhibition, working memory and decision making, as well as contributing 

to behavioural impulsivity.31 

 

Others 

While stimulants appear to be the most commonly used nootropes32, they are not the only 

substances consumed for their supposed cognitive enhancing effects. Table 1 presents an overview 

of many of the substances considered ‘smart-drugs’ or nootropes, in spite of the lack of evidence 

supporting the use of many of these substances.  
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Table 1: Overview of purportedly nootropic substances 
Category Examples Uses 
Once supposed 
‘glutamatergic’ 
agents 

Pricetam, Aniracetam, 
Nefriacetam, Oxiracetam, 
Pramiracetam, Fipexide, 
Pyroglutamate 

Anxiety reduction 
Augmented attention 
Increased salience of stimuli 
Enhancement of corticosteroid release* 

Glutamatergic 
agents 

Ampakine, Memantine Improved memory encoding 
Improved task-learning and skill 
acquisition 

Agents that affect 
GABA 

GABAB receptor agonist 
CGP36742, Methylphenidate 

Augmented attention 
Increased salience of stimuli 
Anxiety reduction 

Serotonergic agents Ondansetron Reduction of anxiety 
Improved memory encoding 
Augmented attention 

Cholinergic agents Galantamine, Rivastigmine, 
Donepazil 

Improved memory encoding 
Augmented attention 

Adrenergic agents Adrenaline Augmented attention 
Increased salience of stimuli 

Dopaminergic 
agents 

Atomoxetine, 
Methylphenidate 

Improved response inhibition 
Increase in working memory 
Augmented attention 
Increased vigilance 

Agents acting on 
cerebral circulation 
or calcium 
homeostasis 

Vinpocetine, Hydergine, 
Phenytoin, Nifedipine, 
Nimodipine, Idebenone 

Increased intelligence 
Improved memory encoding and recall 
Enhanced learning 

Hormones and 
neurohormones 

Dehydroepiandrosterone 
(DHEA), DHEA-sulphate, 
Vasopressin, 
Andrenocorticotropic 
hormone 

Long-term memory enhancement 
(notably for weakly acquired stimuli) 

Miscellaneous 
others 

Acetyl-L-carnitine, Choline, 
Lecithin, Ginko bilboa, 
Ginseng, Antioxidants, B, C 
and E vitamins, Nicotinic 
acid, Xanthinol nicotinate, 
Orotic acid, D-Cycloserine 

Neuroprotective 
General cognitive enhancement 
Improved memory 

*A possible mechanism of action responsible for cognitive enhancement effects 
Table 1: an overview of purported nootropic substances and their supposed benefits. Adapted from 
Rose33 and Husain & Mehta34  
 

Broadly speaking, the evidence in support of pharmacological cognitive enhancement is at 

best: lacking34, and at worst: wholly insufficient.35 A major problem is that the message of ‘this 
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substance is ineffective and ultimately harmful for you’ does not appear to translate to a decrease 

in interest or consumption of the substance, as shown in the case of psychostimulants36, for 

example.  

 

Attempts to define the mechanism of nootropic enhancement is most often done by 

attempting to link a neurotransmitter with a given function. This has resulted in dopamine being 

strongly linked with working memory and attention, serotonin with affective processes, and so on. 

Problematic is the fact that serotonin also influences working memory, as can other 

neurotransmitters (for example, noradrenaline). Neurotransmitters are also linked to multiple 

functions; dopamine further plays a major role in emotional processing. All of the attempted links 

are proving to be far more complex than once thought, and an individualized approach to applied 

pharmacology in both therapeutic and cognitive enhancement contexts is desperately needed (and 

is often desperately lacking) for any hope that pharmaceuticals can be safely and reliably used as 

cognitive enhancers.34  

 

 

1.2 Physical interventions 

Physical interventions could also be referred to as induced, or active, neuromodulation. 

Using electrical or magnetic stimulation, the brain is ‘coerced’ into a given mode of function. 

There are also, as will be discussed, more passive neuromodulation techniques.  

 

Brain stimulation 

The practice of brain stimulation has been significantly developed since the heavily 

caricatured and barbaric electro-shock therapy of the 1930s and 40s.37 Techniques have evolved 

into therapeutically promising avenues for pharmaco-resistant diagnoses of depression38, 

epilepsy39, schizophrenia40, chronic pain41, autism42 and neurodegenerative conditions43, among 

others. Detractors, however, argue that the risks and side effects of brain stimulation, which 

include surgical risks, scalp burns and induced seizures, are not innocuous. Davis and 

Koningsbruggen44 go so far as stating that “‘Non-invasive’ brain stimulation is not non-invasive” 

and they “argue that this term is inappropriate and perhaps oxymoronic”.44 Another problem with 

brain stimulation techniques, regardless of type, is the duration of positive effects. Some systems 
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require frequent and/or repetitive stimulation to achieve a consistent effect, while others have 

effects that deteriorate over time45, while others can induce long-term changes (positive or 

negative) in just a few sessions; all the while, the mechanisms underlying these changes remain 

poorly defined and largely unknown.46 Multiple techniques of non-invasive brain stimulation exist, 

and each will be considered independently for their potential capacity to enhance cognitive 

function in a healthy population.  

 

Electroconvulsive Therapy (ECT) 

From the rather brutal origin of electroshock therapy emerged electroconvulsive therapy 

(ECT). Even with a significantly lower degree of invasiveness than its predecessor, current ECT 

techniques are considered problematic from a cognitive standpoint. Rather than improve cognition, 

even the modern-day approaches to ECT tend to invoke cognitive impairments, with some studies 

reporting adverse effects in up to 80% of those treated. Effects vary but concern executive 

functions (for example: postictal disorientation) and memory (including anterograde amnesia).47 

Methodological issues of conducted studies and a high degree of variability preclude any 

conclusions on the impacts of ECT on other cognitive domains including attention, information 

processing, visuospatial ability, and executive functions.48  

 

Transcranial Direct Current Stimulation (tDCS) 

A less-invasive technique than ECT, transcranial direct current stimulation (tDCS) is “a 

nonconvulsive process that involves the application of a small electric current (usually 1-2ma) 

between anode and cathode electrodes that are placed on the scalp”.49 The mechanism of effect 

appears to be a hyperpolarization (thus facilitated excitation) under the anode and depolarization 

(thus increased inhibition) under the cathode.50, 51 Studies suggest that tDCS could improve 

learning52, 53, 54, 55, 56, executive function57, 58, working memory59, 60, 61, 62, memory63, 64, 65, 66, and 

language production67, and motor functions.68, 69, 70, 71, 72 

 

Repetitive Transcranial Magnetic Stimulation (rTMS) 

One of the most investigated neurostimulation techniques is repetitive transcranial 

magnetic stimulation (rTMS).47 rTMS achieves its neurostimulating effect via the production of a 

magnetic field created by the induction of an alternating electric current into a coil placed near the 
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head. Broadly, the methods and effects of rTMS can be divided in two; high-frequency rTMS 

which results in an increase of brain activity, and low-frequency rTMS which results in a decrease 

in brain activity.73 A number of clinical trials have demonstrated the cognitive enhancing effects 

of rTMS74, 75, and fewer studies with nonetheless similar results have investigated healthy 

populations.76 It appears that rTMS is able to modulate short-term motor cortex plasticity.77 

Current research suggests that rTMS could enhance memory78, 79, procedural skills80, motor 

learning,69, 70, 72 attention81, 82, 83, language84, 85, and executive functions. 86, 87 Methodological 

differences – variable modalities and type of stimulation (single-pulse, paired-pulse, repetitive; 

low-frequency, high-frequency), and diverse targeted regions of interest – make for a heterogenous 

body of research.88  

 

Deep-brain Stimulation (DBS) 

A recent invasive neurostimulation technique, deep-brain stimulation (DBS), involves “the 

direct implantation of electrodes into localized brain regions, with the aim of altering both local 

and connected brain activity via ongoing, generally high-frequency stimulation”.47 Clinical studies 

tend to report null findings regarding cognitive functions following DBS.89, 90 A small amount of 

research suggests that DBS may augment the functioning of memory formation and recall,91 and 

other studies demonstrate that learning may also be enhanced.92, 93, 94 

 

Other neurostimulation techniques 

An extended list of neurostimulation techniques includes transcranial alternating current 

stimulation (tACS)95, transcranial random noise stimulation (tRNS)96, transcranial pulsed current 

stimulation (tPCS)97, trans-cutaneous vagus nerve stimulation (tVNS)98, and median nerve 

stimulation (MNS)99. The research in these domains is inconsistent, disorganized, convoluted and 

often contradictory. The studies referenced above provide clues that these techniques may be 

useful as cognitive enhancers, however others find no consistent cognitive enhancement effects.100, 

101, 102 Finally, research has even demonstrated cognitive impairment following use of these 

devices.103  

 

Frustratingly, recent research suggests there is more reason to question the use of these 

techniques. Recent data appears to question the neurophysiological pertinence of these techniques; 
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sometimes authors find nothing - literally the absence of any measurable effect of the brain-

stimulation technique at all. The conclusion arrived at by Parkin and colleagues104 sums it up quite 

well: “We are forced to two conclusions: (i) that even if all the data on TES [transcranial electrical 

stimulation] enhancements are true, the physiological explanations on which the claims are based 

are at best not established but at worst false, and (ii) that we cannot explain, scientifically at least, 

how so many experiments can have obtained data consistent with physiological effects that may 

not exist.”104 

 

Other brain stimulation methods 

A number of other brain stimulation, or neuromodulation, techniques exist. Optical 

stimulation uses lasers to modify brain activity and enhance cognition105, while visual and acoustic 

stimuli can also induce entrainment effects using ultrasound106, binaural beats107 and other auditory 

stimuli such as simulated EEG patters for the theta rhythm108 or slow sleep oscillations.109 Whole 

body vibrations110 and stochastic resonance111 are also being explored for their potential cognitive 

enhancing effects. Finally, ‘wearable tech’ is a new and quickly growing sector, seeking to develop 

brain-computer interfaces112, neural implants113 and augmented reality systems.114 Research into 

these domains remains in the initial phases, and few conclusions can be drawn from the studies 

existing to date. 

 

Neurofeedback (NFB) 

Neurofeedback (NFB) is considered a passive, non-invasive neuromodulation technique 

and will be discussed at length in a dedicated section below including a more complete and critical 

review. Considered a type of neuromodulation and due to its potential as a cognitive enhancer, it 

is briefly mentioned here. Neurofeedback has been examined in multiple studies for applications 

in fields spanning cognitive performance,115, 116 artistic performance and creativity,117, 118 as well 

as athletic endeavours.119 In terms of cognitive performance, specific neurofeedback protocols 

have been shown efficacious in enhancing memory120, working memory121, attention122, and 

visuospatial skills.123  
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1.3 Behavioural interventions 

 

Nutrition, sleep and exercise 

These particular types of interventions can be grouped together because in essence they are 

all extensions of a proper and healthy lifestyle. As such, it is debatable whether or not these types 

of interventions should be considered cognitive enhancers or cognitive optimizers; the nuance 

being that an optimizer unlocks a potential that is already present, whereas an enhancer develops 

a potential not readily present.124 Nonetheless, nutritional supplements and specific physical 

exercises are often considered to have cognition enhancing effects, in spite of lackluster scientific 

support.  

 

Nutrition 

Nutritional approaches to cognitive enhancement typically involve supplements. These 

supplements can be in the form of neurotransmitter precursors, vitamins, minerals, glucose or 

naturally occurring psychoactive substances.  

 

Caffeine could very well represent the most widely used cognitive enhancer, and it is said 

to elevate mood, increase alertness and sustain attention125, 126, 127, as well as improve motor-skill 

performance128, and finally increase speed of encoding129 and response to new stimuli.130 Guarana 

is a substrate from a caffeine bearing plant which has also been shown to enhance memory, 

alertness and mood.131 That said, some studies report null findings with regard to caffeine132, while 

others attribute gains to indirect improvements mediated by increased attentional capacities.133 

Tolerance134 and withdrawal135, 136, 137, 138 effects are significant, and the latter include decreased 

cognitive capacities accompanied by headaches.  

 

Glucose is essentially the fuel for cells. Cognitive effort and glucose consumption tend to 

be correlated, except in memory tasks.139 A low-level of available glucose for cell functioning, 

typically monitored by blood glucose levels and mediated by insulin and glucagon, is often 

associated with attention deficits and slow reaction times.140 On the opposite end of the spectrum, 

subjective cognitive enhancement and feelings of “increased mental energy” have been correlated 

with higher glucose metabolism in the brain.141 Objectively, glucose administration has shown 
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evidence of enhancing attention142, memory143, 144, 145, 146, 147, 148, working memory149, and response 

speed.150 Simply increasing glucose intake is not an ideal cognitive enhancement method due to 

negative effects on overall health, which include obesity and type 2 diabetes.151 Further, high 

blood-glucose levels can be detrimental to cognitive functions, including memory.152  

 

Some research has even suggested that when taken together, a strong cup of coffee with 

sugar can synergistically act to enhance cognition and mood.153 Research tends to indicate that 

beyond having these same ingredients, commercial ‘energy drinks’ have little to offer in terms of 

cognitive enhancement.154 

 

Naturally occurring plants used in herbal medicines include salvia and Bocapa monnieri, 

and both have been evaluated for their cognitive enhancing effects.155, 156, 157 Flavonoids including 

cocoa158, 159, curry powder (likely due to curcumin)160, 161, folic acid162 and omega-3 fatty acids163 

have all demonstrated cognitive enhancing effects. Finally, Crocus sativus L. (saffron) has been 

demonstrated to be as effective as psychostimulants in reducing the symptoms of ADHD.164, 165 

Finally, some of the most popularly used substances in this category: ginseng and ginko balboa, 

fail to consistently demonstrate cognitive enhancement effects.166, 167  

 

Nicotine can improve attention and memory168, even though the effects are short-lived. The 

most effective delivery mechanism of nicotine, smoking, is a major health issue, and is linked to 

mouth, throat, lung, and cardiovascular diseases.169 Aside from significant health issues associated 

with consumption, alcohol decreases cognitive performance in several domains including 

attention, memory and executive function170, but appears to increase creativity.171 This final 

example is one of many that underline the importance of a context-specific definition of 

performance enhancement.  

 

Sleep 

As a part of the natural neural process, sleep appears to be predominantly a memory172, 

declarative learning173, procedural learning174, creativity and cognitive flexibility enhancer.175 

Regardless of the context surrounding sleep, it appears to benefit functions such as memory in 
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regular night-time sleep176, daytime sleep174, and even in ultra-short 6-minute sleep intervals.177 

Effect sizes are variable, but can reach the medium173, large174, and even very-large178 ranges.  

 

Exercise 

Maintaining a physically active lifestyle has been long associated with higher performance 

in many cognitive domains.179 Effect sizes are typically in the small to medium range.180 From a 

developmental standpoint, physical exercise benefits academic achievement, measures of 

intelligence, perceptual skills and mathematical ability.181 In aging populations with and without 

pathological cognitive decline, Smith and colleagues182 demonstrated positive effects of aerobic 

activity on attention, memory, processing speed and executive function.  

 

Meditation 

Meditation practices can vary widely, but most are considered a complex regime of 

emotional regulation and attention training.183 Practicing meditation is said to improve attention184, 

185, perception and vigilance186, as well as cognitive flexibility.187 Even programs as brief as 4 days 

can improve visuospatial processing, working memory and executive functions.188 Effect sizes for 

attention and executive functions tend to range from medium to large, while improvements in 

memory are typically small.189  

 

Mnemonic strategies 

“The term mnemonics is typically used to denote internal cognitive strategies aimed to 

enhance memory.”124 Mnemonic strategies are techniques used to circumvent the natural 

limitations of memories using external cues.190 Many such strategies exist, such as the method of 

loci191, use of phonetics192, 193, 194, 195, 196, 197, and the keyword method.198 Specifically targeted 

memory strategies are considered strong and reliable, with immediate effects in the small to 

medium range196, and in certain conditions can attain even higher levels (Cohen’s d  > 3).199 While 

a mnemonic strategy may appear to be a ‘soft’ technique in comparison to brain stimulation, 

neuroplastic changes in memory networks can be observed following cognitive training200, 

whereas the basic physiologic mechanism behind commonly-used brain stimulation techniques 

appears to be null.104  
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Pencil-paper games, video games & serious games 

The field of cognitive enhancement arguably began with puzzle-like pencil-paper games, 

and these types of methods are still a mainstay in traditional academic practices. Newer 

technologies allow for virtual tools, computer-based training programs and video games being the 

two major categories, differentiated most often by the medium and user interface (for example 

console and gamepad, computer mouse and keyboard) as well as in terms of the degree of 

adaptability and personalization.8  

 

Rather than divide by presented medium and user interface, most scientific research makes 

the distinction between two types of video games; those designed primarily for entertainment 

purposes, video games, and those created with the primary purpose of enhancing cognitive 

functions, serious games. In the case of the former, entertainment value is typically formulated as 

“enjoyment and sustained player engagement”.201 In regard to serious games, the focus is 

“challenging underlying neural systems or specific cognitive abilities”.201 These games often lack 

the immersive elements central to the entertainment value of video games.201 Video games and 

computer training are considered attractive options for cognitive enhancement as they are readily 

available, often require little specialized equipment, and are often self-motivating.124  

 

Pencil-paper games 

Crossword puzzles are probably one of the most investigated activities due to their 

purported capacity to enhance cognition, or at least to reduce cognitive decline in older adults. 

Some supporting evidence exists202, not all research agrees.203 Sudoku could potentially improve 

working memory,204 but once again this could be a result of protection against cognitive decline 

rather than being actual cognitive enhancement.205 Some argue that the benefits of these techniques 

are in fact a result of maintaining a cognitively-active lifestyle and consequently maintaining the 

proper functioning of current neural networks and associated functions.204, 206  

 

Video games 

The first generation of video games were not unlike computerized cognitive training, in 

that they are repetitive, of increasing difficulty and are often comprised of tasks not unlike some 

neuropsychological tests. Tetris is a wonderful example of this, and in 1994 research demonstrated 
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improvement in mental rotation and spatial visualization following gameplay.207 Entertaining 

video games could potentially, at least according to popular media and marketing campaigns, 

improve attention, visuospatial skills, information processing speed, and executive control.8 

 

The first scientific examination revealing the positive, cognitive enhancing effects of a 

popular current-generation type of video game – first person shooters – was published in 2003.208 

This early study, along with a flurry of others that quickly followed, referred to improvements in 

cognitive control208, 209, attention and working memory.210, 211 As a vast category, video games 

appear to have the potential to improve cognitive flexibility212, visual skills213, 214, 215, visual 

attention208, 216, distributed attention217, psychomotor skills218, and task-switching.219  

 

But as quickly as the scientific community became enthralled in the potential benefits of 

popular video games, doubts were cast. Transfer effects were shown to be severely limited to 

trained tasks220, 221 and were sometimes non-existent.222, 223 Adding further confusion to the debate, 

there appears to be a differential effect on cognitive enhancement based on the type of video game 

being played (for example: action, strategy, casual). Recent meta-analyses provide valuable 

information and some insight on the matter; however, these vast reviews conclude a wide variety 

of both positive and negative effects, sometimes with conflicting results.224, 225, 226  

 

The Nintendo DS Brain Training program227 is one such video game that has been 

examined in a scientific research context. The game is made up of a variety of cognitive exercises 

including mathematics, language skills and other games such as Sudoku. Over 6 weeks of training, 

participants in the video game group modestly improved auditory working memory (considered in 

this case an untrained transfer variable). While this study might be encouraging, it is important to 

note that n was small (active n=21 and control n = 20) the control group was non-active, that the 

number of training hours was not properly controlled and that no long-term follow-up was 

conducted.228 

 

The Nintendo Wii Big Brain Academy229 has also been validated by a month-long training 

program in a within-subject design, with an active control task (topical reading assignments). 

Following a month of training, both activities led to gains within training contexts; in game-like 
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tasks and in domain-specific knowledge for active and control activities, respectively. No 

untrained transfer effects were observed. A majority of participants reported that they would likely 

continue playing the video game in order to enhance their cognitive functioning, demonstrating 

the subjective perception of enhanced functioning and suggesting a potential placebo effect.230 

 

Super Tetris231, a Tetris variant, is another such game to be examined in an unfortunately 

poorly controlled, small statistical power, and still often-cited experiment. Active participants (n 

= 11) played the game for 5 or more hours per week over 5 weeks (the exact number of hours not 

controlled), leading to improvements in reaction time and better self-reported emotional well-

being compared with the non-active control group.232 The control group being non-active, any 

number of non-specific or placebo effects could be responsible for observed differences.  

 

Classic Tetris (no longer commercially available, the latest version can be found here233) 

was also used in a head-to-head comparison against Nintendo Brain Age.234 Participants engaged 

in 15 minutes of playing time, 5 times a week over 5 weeks, with both groups of subjects improving 

mostly in task-related domains, with very limited observed transfer.235  

 

Strategy video games have also been studied for their potential benefits to cognitive 

capacities. Rise of Nations236 was played by a group of healthy older adults (n=18) for 23.5 hours 

of training over a period of 7 to 8 weeks, while the control group (n = 16) was non-active. The 

video-game group demonstrated benefits and transfer to untrained (“dissimilar”) 

neuropsychological tests in domains of working memory and executive control.237 Due to study 

design, the use of a non-active control group does not allow for non-specific effects to be ruled 

out.  

 

Serious games 

As discussed above, early video games (for example, Tetris) loosely resemble some of the 

existing serious games, or to borrow one of the many terms used to market these products: 

computerized brain-training programs. These programs are defined as interventions targeting a 

core cognitive skill, including but not limited to attention, memory, processing speed, executive 

functions, motor functions, emotional regulation. The intervention often consists of discrete, 
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targeted, repetitive activities of increasing difficulty which seek improvement in a cognitive 

domain by way of enhancing neural functioning.8  

 

As a field, computer-based cognitive training has shown that it is possible to enhance 

memory238, 239, 240, working memory241, attention239, executive function242, and processing speed.235 

 

The evidence that these programs result in wider-ranging benefits, possible because of 

transfer, is often lacking. Studies that examine these effects often report little evidence of transfer 

beyond the context of training.243 At the same time, the sheer amount of commercialized computer 

brain-training programs makes any generalization extremely difficult, other than to say that more 

research is needed.8, 124, 201 Still, this hasn’t seemingly disrupted a market that has significantly 

grown into a major industry with some titans producing far-reaching consumer products.244 Those 

for which significant research has been conducted will be discussed.  

 

The Brain Fitness Program245, developed by Posit Science, is comprised of modules 

targeting attention, processing speed, memory, face-name tasks, complex thinking and 

multitasking. Three groups of subjects were included for one study238; the active group participants 

(n = 62) engaged in 60 minutes of training, 5 days a week, over 7 to 8 weeks, the active-control 

group (n = 61) trained an equivalent amount of time on educational lectures provided in video 

format, and finally a non-active control (n = 59). Improvements in memory were observed and 

authors considered this evidence of transfer to an untrained task; gains were maintained over 3 

months.238 While the use of an active control group reflects an attempt at a better study design, the 

choice of control task is quite disparate from the active intervention group and non-specific effects 

can once again not be excluded.  

 

Another study also examined the Brain Fitness Program, randomizing 487 healthy older 

adults to either the active group, thus requiring 40 hours of training (1 hour per day, 5 days a week, 

over 8 weeks), or an active control group, requiring an equivalent amount of time dedicated to 

computerized education quizzes in art, history, and literature. Improvements in trained tasks were 

observed, while functions in the untrained domains of attention and memory also demonstrated 

enhancement.239 While some measures remained significantly better at the 3-month follow-up, the 
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primary measures of untrained attention and memory functions were no longer significant.240 The 

study design used is prone to the same weaknesses as the prior-cited study, and demonstrate a lack 

of consolidation: enhanced functions are prone to deterioration over time.  

 

Captain’s Log246 by Braintrain is another program developed to enhance cognitive 

functions. It uses a video game format to train attention, visuo-motor skills, memory and problem-

solving in both children and adults.247 No studies have examined this program in healthy 

individuals, and as such, it has no empirical foundation on which to support its marketing as a 

“comprehensive mental gym” allowing individuals to “exercise their brain power”.246 Instead, 

these claims appear to originate from a study pertaining to patients with psychiatric disorders. 

Subjects trained had largely intact, normal-level capacities prior to training. After 30 minutes of 

training, 3 times a week, over 8 weeks, the active group (n = 40) performed significantly better 

than the non-active control (n = 29) on virtually all measures of attention, memory, processing 

speed and executive function.242 Use of a non-active control group once again does not allow 

exclusion of non-specific effects, and because a clinical subgroup was used effects cannot be 

generalized to a healthy population.  

 

Cognifit248 is another brain-training paradigm typically used 15 to 20 minutes a day, three 

times a week, designed to enhance information processing speed, attention, inhibition, planning, 

memory, mathematics, and visuospatial skills. In a seemingly adequately controlled experiment, 

Peretz and colleagues249 compared the use of Cognifit to ‘classic computer games’ such as Tetris, 

puzzles and mazes. Improvements in both groups were observed for a subjective sense of improved 

cognitive abilities, adding credence to the potential contribution of a placebo effect, as well as 

objectively measured improvement in attention, memory, and executive functioning, which 

demonstrate likely non-specific effects. Only the Cognifit group saw gains in visuospatial abilities 

and focused attention, however ecologically valid outcome measures were lacking. It may also be 

worth noting that, as in many studies of this kind, funding from Cognifit was used for the study, 

meaning authors were subject to a conflict of interest.249  

 

Cogmed QM250 claims to be the “the single most scientifically validated method that 

improves working memory and attention”.250 Designed for all ages, training is typically 30 minutes 
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per day, 5 days a week, for 5 weeks, and targets working memory. Working memory, they explain, 

“is key to the brain's processing capacity. It is vital for concentration, reasoning, learning, and 

resisting distractions.”250 In addition to computerized brain-training, the consumer benefits from 

coaching, education and peer support, variables that are difficult to quantify and objectively 

measure.  

 

While Cogmed QM stands out among most cognitive enhancement products because of its 

robust presence in scientific studies, the dubious claims made by promotional materials do not 

always prove true. Take, for example, the definition and causal relationship established in the 

citation above – taken from the main Cogmed QM webpage250 as well as numerous other places 

including a document entitled Cogmed Claims and Evidence v.4 2019251 – which appears to claim 

that working memory is the foundation for proper attentional and inhibition capacities; most 

research would argue that these constructs are individual and separate252, and are, at most, mutually 

co-dependent.253, 254 Another striking claim is that, at the time of writing, Cogmed QM has been 

the subject of 100+ research articles, whereas their own research document cites only 80 articles 

and 6 meta-analyses251 and a search of the PubMed database also yields 86 results.255  

 

As mentioned, some of the included studies are methodologically weak, including using 

only subjective, self-report measures without the inclusion of a control group.256 Other 

methodological weaknesses in these studies include training under the supervision of a 

teacher/experimenter257, lack of an adequate active control group258, and researcher bias (for 

example, holding stock in the company).259 It is noteworthy that the articles cited provide examples 

of issues present in the majority of the 86 CogMed studies.8 

 

Studies that have examined the use of Cogmed QM in healthy populations have 

demonstrated gains in active groups superior to active controls in working memory, sustained 

attention, and self-reported cognitive functioning.261 Working memory training tasks are often very 

similar to neuropsychological tests, suggesting a ‘training-to-the-test’ type of effect, and severely 

limiting the relevance of these studies in assessing cognitive enhancement.260 Transfer measures 

are also difficult to assess for the same reason, and the failure of researchers to use ecologically 

valid outcome measures further limits any possible conclusions in this regard. Finally, in the same 



 33 

studies, no significant differences were observed on measures of memory, nonverbal reasoning, or 

response inhibition.261  

 

Serious video games  

Combining the entertainment aspects of a video game with the rigour of an evidence-based 

cognitive training paradigm could very well yield a powerful and enjoyable result. The first 

apparent attempt to scientifically develop a cognitive enhancing video game started in 1983 and 

was finalized in 1989. The game is called Space Fortress.262 Meticulously designed and polished 

through multiple iterations, Anguera & Gazzaley describe it as a game “designed to intensely 

challenge several cognitive abilities through repetitive interactions, with the direct goal of 

examining different training strategies to accelerate learning”.201 

 

Cognitive training using Space Fortress has been shown to enhance attention263, 264, 265, 

working memory266, 267, 268, and intelligence269,270, although the latter remains controversial.271, 272 

Early studies were methodologically weak; subjects were non-video game players nonetheless 

screened for gaming ability prior to training and were not randomly assigned, and training was 

performed over a significantly longer period than most other cognitive training experiments of the 

era.262 Subsequent examinations demonstrate that transfer of many of these functional 

improvements is not consistently attainted.273, 274, 275 In spite of these early limitations and recent 

controversies, Space Fortress is frequently used in modern cognitive enhancement research with 

the hopes of understanding transfer effects and their mechanisms.276   

 

Creators claim that designing an entertaining and yet cognitively useful game can be rather 

simple, at least when starting with the latter. Many attempts at creating this type of program begin 

with a ‘serious’ paradigm, and ‘gamify’ their platforms by including low-level rewards such as 

points, sounds, colourful environments and other positive feedback.201  

 

An example prominent in recent literature is a game called NeuroRacer proposed by Adam 

Gazzaley and Neuroscape.277 The website refers to the game as “a custom-designed, closed-loop 

video game that challenges an individual to engage rapidly and accurately in a high-interference 

3D environment”.277  
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Neuroracer launched in 2008 and incorporated several elements from video games 

including engaging visual elements, timely rewards and motivating feedback. At the same time, 

elements of cognitive exercises were also incorporated; targeted training and an adaptive learning 

environment.278 The cognitive enhancing effects of the game appear to be reliant on a specific 

component: multitasking.  

 

“Game play involved participants performing a perceptual discrimination task (e.g., responding 

with a button-press only when a green circle appeared) while simultaneously performing a 

visuomotor tracking task (i.e., maintaining a car in the center of a winding road with a joystick). 

Performance feedback for each task was presented at the end of each 3-min run. Two adaptive 

algorithms independently manipulated difficulty for each task, such that if a participant performed 

above an approximate 80% criterion on either task, game play would become more difficult on 

said task (and vice versa for performance below this criterion). To ensure equivalent engagement 

of each component task, rewards were only given when performance on both component tasks 

improved beyond the 80% criterion. We hypothesized that by challenging goal management (e.g., 

multi-tasking) abilities we would observe improvements in attention and working memory given 

common mechanistic underpinnings of these cognitive control abilities.”278  

 

Indeed, the cognitive enhancement effects of the game appear to reach as far as untrained 

cognitive domains of attention and working memory.278 Further investigations by these same 

authors, the creators of the game, have demonstrated effects in the brain using EEG. During 

training, subjects displayed an increase in frontal midline theta activity and frontal-parietal theta 

coherence, said to be reflective of engagement of the prefrontal cortex and of long-range neural 

networks involved in cognitive control.279  

 

A few issues arise with this paradigm, for instance the game claims that attention and 

working memory are considered ‘untrained’; while attention is an obvious component upon which 

multitasking is fundamentally dependent280, and working memory is needed to retain game rules, 

target and non-target identities, cognitive strategies being utilised, etc.281 Another issue is with 

multitasking itself: the construct is arguably ‘non-natural’ for the human brain to accomplish and 
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multitasking could be more harmful than beneficial, especially in a context of high performance 

functioning. Russell Poldrack, a psychologist at UCLA is pretty clear in stating his opinion: 

“multitasking adversely affects how you learn. Even if you learn while multitasking, that learning 

is less flexible and more specialized, so you cannot retrieve the information as easily.”282  

 

Another problem involves the EEG data used to support these findings. While frontal 

midline theta has been associated with several cognitive tasks and of high performance in these 

regards, an increase in frontal theta can also reflect task difficulty, cognitive load283, non-desirable 

changes related to fatigue284 or even internalized attention.285 High frontal midline theta can also 

be a result of unrelated state-dependent changes including experience of low levels of anxiety and 

high levels of extroversion.286  

 

Next, the EEG methodology utilised in the study distorts the EEG signal and renders 

connectivity measures invalid; the ICA deconstruction used to artifact the EEG invalidates 

coherence measures. Gazzaley and his colleagues report that “blinks and eye-movement artifacts 

were removed through an independent components analysis, as were epochs with excessive peak-

to-peak deflections (± 100 μV)”.278 Thatcher287 is among others288 whom demonstrate how an ICA 

decomposition distorts the EEG signal and renders the coherence data invalid. The authors also 

fail to report the reference montage used278; if a common reference or Laplacian reference was 

applied, this would also render coherence measures invalid.287  

 

3-Dimensional Multiple Object Tracking (3D-MOT) 

3D-MOT could be classified as a serious video game; however, it is discussed separately 

here as it is the task utilized for this thesis. An extended section on 3D-MOT is located directly 

below. Here, an introduction to the applications of 3D-MOT as a cognitive enhancer is of interest.  

 

Experience playing a videogame increases MOT performance, suggesting a functional link 

between videogames and MOT.289 Research demonstrates that those who regularly play video 

games are able to track an average of two more items in the MOT task than non-gamers.289 Those 

who train on certain types of video games (involving abilities similar to MOT, for example ‘first 

person shooters’) demonstrate a variety of improved abilities in the MOT task290, and expert 
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gamers demonstrate faster information processing speed abilities in the MOT paradigm than non-

gamers.291  

 

Interestingly, these studies used MOT to demonstrate transfer following video-game training 

but did not address the possibility that MOT itself could be a cognitive enhancer. One research 

team ultimately noted that the MOT task resembled one of the training paradigms which led to 

cognitive enhancement290, and another study noted that with repeated MOT testing, task 

performance improved.291  

 

Subsequent research has suggested that training with 3D-MOT has been demonstrated to 

enhance attention, working memory and visual information processing speed in healthy 

participants292, attention in those with neurodevelopmental deficits293, on-field performance in 

athletes294, and memory295 and biological motion processing in healthy aging participants.296  

 

Critics argue that the benefits of 3D-MOT training are weak (small effect sizes) in domains of 

working memory and sustained attention, often lack evidence of ecologically valid transfer, and 

are completely devoid of preregistered studies. Some studies were also weakened by a small n, 

variable methodology, and inadequate control groups.297  
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2. 3-Dimensional Multiple Object Tracking (3D-MOT) 

 

2.1 Multiple Object Tracking (MOT) 

The original Multiple Object Tracking (MOT) tool was developed by Plyshyn and 

Storm.298 Developed as a research tool to investigate a theory of visual indexing, the FINST 

Indexing Theory, the task has been adapted in many ways and operates as both an evaluation and 

training tool, based on context.  

 

The FINST Indexing theory hypothesizes that there is a cognitive mechanism responsible 

for ‘indexing’ visual objects (or features of objects) for subsequent cognitive processes. The MOT 

tool was thus designed to examine the locus/loci of attention and address the following questions: 

does attention work as a single beam which is shifted from location to location? Or can attention 

be divided across multiple targets?298 

 

An MOT paradigm is thus comprised of multiple ‘targets’ and identical ‘distractors’. 

Stimuli are most often presented on or projected onto a screen. The identities of each are revealed 

to the subject in one of the first steps of the task by breaking the homogeneity of the objects. 

Following a trigger, the subject must, in their minds, ‘paint’ or ‘tag’ the identities of targets and 

distractors onto the identical objects, and then follow them through a delimited space over a given 

period of time, finally identifying the targets at the end of the trial.298  

 

The MOT research tool has revealed many properties of attention in a tracking context. 

Targets can be tracked if occlusion occurs,299 when all objects briefly disappear from view (for 

example, during an eye-blink)300, 301, and into the visual periphery.302 Tracking is viewed as an on-

line process, with new information being refreshed and old information supressed; initially 

distinguishing features are ‘deleted’ and replaced by more current information.303 The degree of 

speed, occlusion and of change in direction of objects correlates negatively with tracking 

accuracy.304, 305 Speed might not be a limiting factor in MOT performance, however.306 

Interestingly, the attentional ‘paint’ process and the inhibitory ‘supress’ process appear at least 

partially independent of one another, the latter being less limited than the former.307 Object 
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tracking across visual hemifields can be processed independently in each cortical hemisphere.308 

Tracking four to five targets appears to be the upper limit of MOT298, however there are contexts 

in which it is possible to track an even larger number.304  

 

The idea that MOT can be used as a training tool is born of the observation that task 

performance increases over time290, both for repeated309 and novel trajectories.310 By adapting the 

task to a 3-dimensional virtual environment, ecological validity increases.311 

 

As discussed above, improvements in 3-dimensional MOT (3D-MOT) benefit elderly 

populations, somewhat reversing the effects of age-related deficits in biological motion 

perception.296 In an athletic context, complex scene dynamics demand a high level of performance 

of these systems, and athletes also appear to benefit from 3D-MOT training in this context.311 3D-

MOT abilities can assess post-operative cognitive dysfunctions in open-heart surgery patients312, 

can predict post-concussion status years after a minor traumatic brain injury313, and has the 

potential to rehabilitate affected cognitive functions.312, 314 

 

Variables in the MOT paradigm that are subject to manipulation include the number, shape, 

colour and size of objects (targets and distractors),304 their speed306, their distribution across the 

visual field (location)308, their direction and pattern of movement304, the number of spatial 

dimensions (2D298 or 3D311), and finally, the duration of movement.315  

 

 

2.2 The 3D-MOT paradigm 

 

A specific type of MOT paradigm is used in the context of this thesis and is presented below. 

A complete overview of the 3D-MOT paradigm methodology used in the current experiments is 

presented in the Method section below. Figure 2 presents a visual representation of the 5 different 

steps in a traditional 3D-MOT task trial.  
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a) Presentation: eight spheres appear randomly dispersed in a virtual cube, homogeneous and 

coloured yellow. At the center of the virtual cube is a neutral fixation point, a red dot. This 

phase lasts two seconds. 

b) Indexation: the four target spheres turn red, with a surrounding white halo. This lasts two 

seconds. The four target spheres then return to their original colour to restore homogeneity 

for an additional second.  

c) Movement: This phase lasts eight seconds. All eight targets move along a linear path in the 

virtual 3-D cube. Initial movement direction is randomized. If a sphere comes in contact 

with another sphere or a wall of the cube, it bounces off and resumes its trajectory. If a 

sphere passes behind another, occlusion occurs. During tracking the subject’s eyes must 

remain focused on the neutral fixation point while tracking occurs primarily in the 

peripheral visual field.  

d) Stoppage and identification: All eight spheres cease movement and are labeled with 

numbers (1 to 8). Subjects verbally state their responses. The answers are input by a trainer 

using a keyboard, and the selected targets are identified with a halo. The verbal response 

ensures that subjects are not encumbered and so they do not need to move their focus from 

off the screen. The subjects also have a video-game controller that allows them to rotate 

the cube and make the foreground spheres transparent in order to reveal any spheres that 

might be hidden behind another sphere in the 3-D virtual space. This phase ends when the 

subject validates their response by pressing a button on the controller. 

e) Feedback: The target spheres are revealed, and feedback (target spheres correctly and 

incorrectly identified) is given. This phase lasts two seconds. 

 

Figure 2: Visual representation of a 3D-MOT trial 

 
Adapted from Faubert & Sidebottom311 
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2.3 Cognitive functions involved in 3D-MOT 

 

While 3D-MOT is a complex task requiring several cognitive functions, there is a 

significant body of research which seeks to tease out the roles of each of these abilities. Mentioned 

above, the initial goal of MOT tasks was to better understand attentional loci298, and it can thus be 

said to be principally an attentional task in the visual modality. A larger view of the task quickly 

reveals other functions involved, including visual information processing298, 302, 305, attention298, 

inhibition307, working memory292, 299, executive functions.292, 294, 316 Each of these functions and 

their role in the 3D-MOT task will be discussed.  

 

Visual information processing 

The ability to perceive, discriminate and identify visual stimuli is a good working definition 

of visual information processing.317 The processing of visual stimuli is fundamental for the 

identification and tracking of objects and is considered the lowest-level cognitive function 

implicated by the task.318  

 

The visual system in the human brain is a complex neural network that, once beyond the 

confines of the primary visual cortex, can be simplified and divided into two major pathways. Up 

until fairly recently, these were categorized as the ventral ‘object vision’ involved in recognition 

and identification, or what, stream; and a dorsal ‘spatial vision’ involved in localization and 

tracking, or where, stream.319 More recently, some researchers have begun to consider another role 

of the dorsal stream; how. This system would thus also be responsible for transforming information 

in an “egocentric frame of reference in preparation for direct action”, thus participating in the 

coordination of behaviours involving specific spatial locations.320  

 

While these pathways are but two of the many networks involved in processing visual 

information, it is the latter, dorsal, pathway that is likely of the most interest with regard to the 

MOT task.321 Posterior parietal areas, notably the intraparietal sulcus and the superior parietal 

lobule, make up the principal components of the ‘where/how’ visual system.322  
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Norman323 provides an interesting description of the differences between these two 

systems, a summary of which is presented in table 2 below. Most important are the characteristics 

of the dorsal stream, which lend themselves extremely well to the MOT task. The contribution of 

the dorsal stream to visually guided behaviour, the fact that it is ‘motion oriented’ and utilises ‘a 

low-level’ of conscious visual processing, at high speed, well into the periphery, make it an 

obvious candidate for the 3D-MOT paradigm, and research tends to confirm this.324 

 

Table 2 : Characteristics of the ventral and dorsal visual pathways 
 Ventral ‘what’ system Dorsal ‘where/how’ system 
Function Recognition/identification Visually guided behaviour 
Sensitivity High spatial frequencies; detail-

oriented 
High temporal frequencies; motion 
oriented 

Memory Long term  Very short term 
Speed Relatively slow Relatively fast 
Consciousness Typically high-level Typically low-level 
Frame of 
reference 

Object-centered (allocentric) Viewer-centered (egocentric) 

Visual input Mainly foveal and parafoveal Across retina (fovea and periphery) 
Monocular vision Generally small effects Often large effects (motion 

parallax) 
Adapted from Norman323  
 

In addition to being involved in information processing, the same neuroanatomical regions 

of the medial parietal cortex are also involved in visual attention and visual memory, 325 the former 

of which will be discussed next, and the latter in a later section. The characteristics of the dorsal 

stream make it an obvious candidate for the 3D-MOT paradigm.324 

 

Attention 

A strangely intuitive but intangible state, attention has been the subject of intense focus 

(the irony notwithstanding) and debate since William James’ seminal text on the subject.326 

Attention is the subject of countless definitions, subtypes and theoretical models; auditory, visual, 

visuospatial, sustained, selective, divided, distributed, dynamic, multifocal, conscious, 
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unconscious, executive, active, passive, bottom-up, and top-down are all ways of describing 

attention and its varieties. It is easy to get lost in the bottomless pit of attentional concepts.  

 

One thing is certain: attention is one of the functions at the very core of cognitive 

functioning326, 339 and is also central to the 3D-MOT task.298 Visual attention is required for 

identification of targets and on-line updating of their spatial location, and attention must be 

distributed dynamically throughout the course of the MOT task.318 

 

A particular focus on selective, sustained, and distributed attention, primarily in the visual 

modality, will be made. In a separate section, the role of inhibition in attention, and more 

specifically with the 3D-MOT task will be discussed.  

 

Selective attention is colloquially referred to as focus; it is the capacity to attend to a given 

stimulus or stimuli. 327 It can be thought of analogously as a beam emitted from a flashlight directed 

to a specific stimulus. In the case of 3D-MOT, selective attention is the focus applied to target 

spheres. Selective attention is partially a ‘bottom-up’ driven process, meaning that it is mediated 

by unconscious factors such as salience and object features, as well as partially ‘top-down’, with 

conscious, willful intent driven elements.320  

 

Neuroanatomically, the bottom-up processes involve the visual stream up to the primary 

visual cortex, to V1, which contain small receptive fields, simple feature identification; and to V4, 

where large receptive fields and complex feature identification are found. Beyond the visual 

cortex, areas involved in selective attention include the posterior parietal cortex, within which is 

found the intraparietal sulcus, which itself contains the lateral intraparietal area. This latter area is 

involved in selectively attending to stimuli based on spatial location, and the intraparietal sulcus 

itself is said to contain a spatial attention ‘map’. Another such map of spatial attention is said to 

exist in the frontal eye fields.328  

 

The frontal eye fields (anterior cortex) and superior colliculus (midbrain) also play a role 

in selective attention, but this is often considered in terms of the voluntary control of eye 

movements.328 This particular function is of less interest in the case of 3D-MOT as eyes are fixed 
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on a given neutral point unrelated to the attentional component of the task. Along with the other 

anterior regions involved in the top-down aspects of selective attention, the frontal eye fields will 

be discussed in the section on inhibition and executive functions, both located below.  

 

Beyond selective attention, the 3D-MOT task also places a significant demand on sustained 

attention. Sustained attention, popularly, but not always scientifically analogous to vigilance, is 

the capacity to maintain attention on a given stimulus for a given period of time, typically 

considered to be in the realm of 20 to 30 minutes.327, 329 Neuroanatomically, sustained visual 

attention is associated with a wide range of brain regions, including the frontal, parietal and 

occipital cortices, the thalamus, the caudate and the cerebellum.330  

 

The 3D-MOT task engages sustained attention in two ways. First, attention must be 

sustained on targets throughout the 8 seconds of the movement phase. Although brief in duration, 

this is a relatively taxing process as multiple dynamic objects are the targets of this attentive 

process. In our flashlight analogy, this is akin to splitting the beam onto multiple, distinct areas, 

and following a target with each. Second, because one series of the task consists of 20 trials and is 

repeated three times within each session, these attention abilities are required for a period of 

approximately 30 minutes.292  

 

This allocation of multifocal attention can be defined as distributed attention. Distributed 

attention is a dynamic process of allocating more or less attention to a given target based on its 

context; a target surrounded by ‘noise’ (to use 3D-MOT as an example, think of a target surrounded 

by multiple distractors331) requires more attention than a target which is relatively isolated. 

Because context is fluid and changing, this capacity must also be dynamic to be efficient and 

successful.332  

 

It may be noteworthy in the context of the work done by the Gazzaley team, specifically 

with NeuroRacer,278 to distinguish between distributed and divided attention. Both refer to 

fractioning attentional resources to separate loci, necessarily plural, and thus both can be 

considered components of multifocal attention. Both distributed and divided attention can be 

multimodal, meaning that attention can be allocated differentially across modalities, for example 
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in visual and auditory domains. While the distinction between these two elements is still unclear 

in a general sense, we can impose a definition of divided attention in Gazzaley’s context based on 

the emphasis made with multitasking.278  

 

To multitask essentially means doing two or more (multi) different things (task) at once. 

Hence, divided attention is this context can be operationally defined as the allocation of attentional 

resources to multiple loci in order to participate in multiple goal-oriented behaviours. Simply put, 

an individual is doing two things at once, such as driving and texting, and splitting their attention 

between them. Most consider multitasking to be brought about by technological evolution.333 

Some argue that it is a bit of a neuroscientific ‘fad’, and that multitasking is inherently negative.334, 

335 Others almost regard multitasking to be the ultimate panacea of human evolution and the 

quintessential goal of cognitive enhancement.336 Others say it doesn’t exist.337 It is an impossible 

debate to settle, however there is ample neuroscientific evidence that multitasking is not always a 

desirable capacity.338  

 

Distributed attention, in contrast, can be defined in this context as the allocation of 

attentional resources to multiple loci in order to participate in a singular goal-oriented behaviour. 

Attention is still divided, but it is divided for the purposes of one specific task. This allocation of 

attention is inherent in a large number of contexts, but to remain in the realm of multitasking, the 

analogy of driving will be used.  

 

While driving, attention must be divided between multiple sources of information; the 

driver, the vehicle, other vehicles, and the context (for example, back-country dirt road versus 10-

lane superhighway). Attention will dynamically shift between the most important, or salient, 

elements. There is only one goal: driving. This is an example of the distribution of attention.332  

 

While driving, if sending a text message, changing radio stations, eating, or engaging in 

some other activity, there is suddenly a second goal. This demands a further fractioning of attention 

to a second goal-oriented task. This is the division of attention in the context of multitasking. 

Having a singular goal: the identification of target spheres, the standard 3D-MOT paradigm is thus 

a distributed attention task and not multitasking.  



 45 

 

It is also possible to conceptualize visual attention as three interactive networks: alerting, 

achieving and maintaining an alert state; orienting, selecting information for sensory input; and 

executive control, resolving conflicting information.339 These three facets of attention also lend 

themselves well to the 3D-MOT task. Alerting becomes the preparation of attentional resources 

prior to the task, during preparation, and continues during the identification phase via the 

heterogenous salience of targets versus distractors. Orienting, then, concerns the maintenance of 

attention on targets during task performance. Finally, the executive control portion contributes to 

the inhibition of distractors, and the modulation of attentional load applied dynamically to each 

target in the dynamic context.  

 

As a final note on attention in the context of 3D-MOT, as Meyerhoff and colleagues340 

report: “the attentional processes studied with the multiple object paradigm apparently match the 

attentional processing during real-world tasks such as driving or team sports” making it an 

excellent candidate in the study of dynamic visual attention.  

 

Inhibition 

Inhibition is intrinsically linked with attention. To borrow the analogy first presented 

above, if attention is what is seen in the light of a flashlight, inhibition is the lens adjustment that 

illuminates a larger or smaller area, in lesser or greater detail. In this sense, attention is the 

‘positive’ application of cognitive resources to a stimulus, while inhibition in the ‘negative’, a 

block on resources being diverted to a given stimulus.327  

 

In the 3D-MOT task, inhibition is applied to non-target spheres in order not to confound 

them with targets. As with attention, inhibition must be distributed dynamically across stimuli 

based on context; irrelevant information that is not proximal to a target is theoretically less 

important to inhibit than when proximal. As was mentioned above, an interesting feature of 

inhibition is that it appears less subject to the same limitations as attention, at least within the MOT 

task.303, 304, 307 
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Inhibition plays an essential role in the attenuation of distractors and on-line updating of 

competing information between distractors and targets. Working in harmony with attention, these 

two processes are often considered an executive function.339 

 

Multiple analogies have been used by theoreticians to describe the relationship between 

attention and inhibition. Whether it is a screen and filter, flashlight and lens, or any other 

representation, the idea remains the same: attention is what ‘gets through’ – what is seen on the 

screen, in the light, or by the conscious – and inhibition is what does not – what gets blocked, 

remains in the dark, inaccessible to the conscious, and perhaps feeding the ‘unconscious’.341  

 

Working memory 

The ability to retain information for a short period of time is typically considered short-

term memory. The manipulation and transformation of information held in an ‘on-line’ memory 

buffer is, in contrast, working memory.327 A high-order function, working memory is often 

considered an executive function, and it draws upon short-term memory.342 

 

Both capacities are required in a 3D-MOT task.343 Short-term memory is the less taxed of 

the two, in that it is necessary for the retention of targets versus distractors during the identification 

phase, and very early in the movement phase before working memory comes online. In an extreme 

case of MOT in which movement is non-existent or imperceptible, the task would tax only short-

term memory, and not significantly working memory. 

 

As the movement phase initiates, the tracking – the transformation of this information, the 

identification of targets versus distractors moving through space-time – must be continuously 

updated and maintained throughout changes in direction, occlusion and other sources of competing 

information requiring an updated representation of targets versus distractors.344 This information 

must also be held during the response phase, which is likely a shared task between working and 

short-term memory processes.342  

 

Working memory interacts with attention and inhibition to a large extent during the MOT 

task, and some research even shows that when working memory is taxed with multitasking, MOT 
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performance suffers.345 Visual attention and visual working memory could even share a neural 

substrate across anterior and posterior cortical regions, including the intraparietal sulcus.346 

 

Also, of note is the current trend of working memory training reviewed above (for example, 

see Westerberg and colleagues259). In spite of limited evidence of transfer,252 this type of training 

is often touted for its benefits with regard to executive functions, attention, and working memory 

itself261, not to mention the claims of improvement in fluid intelligence347 although some dismiss 

this.348  

 

Still, the interest in working memory in terms of cognitive enhancement is undeniable and 

understandable, and working memory enhancement does appear to increase activity in the 

prefrontal and parietal cortices,349 white matter volume,350 and the density of dopaminergic (D1) 

receptors.351 For these reasons, the working memory component of the 3D-MOT task is potentially 

of great value from a cognitive-enhancement standpoint.  

 

Executive functions 

At the ‘top end’ of cognitive functions are found the executive functions. Planning, 

organizing, anticipating, decision making and self-regulating are all said to be among the classic 

executive functions.327 

 

Finally, in the 3D-MOT task executive functions are solicited by prediction of target 

movement, occlusion, as well as the modulation of attention and inhibition processes required to 

track targets amongst distractors.294, 311, 352 Attention in the MOT task must be distributed 

dynamically; targets which are isolated require less ‘attentiveness’ than targets which are 

surrounded by distractors.318 This dynamic allocation of attention is said to be mediated by 

executive functions,339, 353, 354, 355 and executive functions are also said to participate and help 

orchestrate the work of the ‘where/how’ visual stream described above.356  
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2.4 The brief history of MOT as a cognitive enhancer 

 

The notion that MOT could be used as a cognitive enhancer is a fairly recent one, 

potentially born of the observations that with repeated MOT resting, task performance improves291 

and because of the similarities between MOT and other cognitive enhancement paradigms.290 

 

As with other cognitive enhancers, 3D-MOT has been shown to improve performance in 

attention, working memory and visual information processing speed.292 In healthy aging 

participants, transfer to the domain of biological motion perception has also been demonstrated.296 

In athletes who are already considered superior performers at the 3D-MOT task357, impressively, 

a complex outcome and multivariate transfer measure of ‘on field performance’ also improves.294 

In a clinical population with neurodevelopmental deficits, attention is also improved.293 

 

Finally, the theoretical argument for utilizing 3D-MOT as a cognitive enhancer can be 

addressed in four (4) main points that make it appropriate for use in this domain. These 

characteristics, centered on learning291, 358 and ecological validity340, 359, make it a candidate to 

improve performance with transfer.  

 

(1) The use of multiple objects, four targets and four distractors, mimics the multi-focal nature 

of everyday attention.360 The dynamic nature of attention within and outside of the task 

also contributes to ecological validity.361  

(2) The large visual field in which the task takes place (a 1.5 metre cube, see Method section 

for more details) draws on a wide attentional field.362 Relevant and irrelevant attentional 

stimuli (targets and distractors) go well beyond the small, accurate space of the fovea, 

which also reflects real-world conditions.360 

(3) The use of a stereoscopic 3-dimensional environment also reflects real-world conditions 

and allows for both collisions and occlusions.311 Visual object tracking is better in a 3D 

rather than 2D environment.363 

(4) The adaptive staircase regulating task difficulty is effective at keeping a trainee within 

their zone of proximal development, thus maximising learning and performance.364 
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3. Neurofeedback 

 

Primarily validated as a clinical tool for treatment of ADHD, learning disabilities, epilepsy, 

anxiety disorders, depression, stroke, post-concussion symptoms, and even neurodegenerative 

conditions365, neurofeedback has also been utilized as a cognitive enhancer, as briefly mentioned 

above.  

 

3.1 Defining neurofeedback 

A standard, generally accepted definition of neurofeedback is the operant conditioning of 

brain activity through state-dependent positive reinforcement of targeted brain activities, and 

negative reinforcement of non-targeted states and activities.366 The most commonly used tool for 

neurofeedback is the EEG, or more specifically quantitative EEG or qEEG. Other functional 

neuroimaging tools are also sometimes used in a neurofeedback paradigm. They include functional 

magnetic resonance imaging (fMRI)367, magnetoencephalography (MEG)368 and other imaging 

tools such as hemoencephalography (HEG).369  

 

A wider and more basic definition of neurofeedback is simply the ability to receive 

information on one’s brain activity. Those basic two elements: the brain (neuro) and the 

information (feedback) are the strict limits of the fundamental definition of neurofeedback.370  

 

3.2 Quantitative electroencephalography (qEEG) 

The process of separating and measuring a given brain activity is central to quantitative 

electroencephalography (qEEG). This can be done using a spectral decomposition like the fast 

Fourier transformation (FFT) or by calculating the peak-to-peak amplitude of an EEG bandwidth 

once it has been processed through a bandpass filter.371  

 

Brain activity is segmented into different types of activity, colloquially referred to as 

brainwaves. Each type of brainwave is said to represent a given state or given function, and these 

associations go back to even the very first EEG recordings made by Berger.372 Studies use qEEG 

to observe contrasts in individuals, groups, and experimental conditions, and many combinations 
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of those.373 The use of qEEG is central to studying cognition374, emotion375, behaviour376, and a 

wide assortment of brain-based disorders.377, 378, 379 EEG is a measure of choice for many 

researchers due to its low cost, low invasiveness, ease of use, easy preparation, flexibility, small 

equipment, and high temporal precision. It is also generally accepted that qEEG has a high 

reliability among comparable neuroimaging tools.380  

 

Naturally, there are also some disadvantages to using qEEG. For one, while each 

bandwidth is supposed to reflect a (singular) state or represent a (singular) function, many 

interpretations exist. Examples of this multivariable nature of brainwaves are included in the 

description of different activities below.  

 

Next, brainwaves are not only defined by speed, but by morphology. Within EEG 

experiments it is morphology, amplitude and timing that define brainwave-type, whereas in qEEG 

the speed of the activity is often the determinant factor. Measures of speed in qEEG are somewhat 

variable from one individual to the next and are subject to age-related changes.381 As detailed in 

the method section below, within an age-range (for example, 18 to 30) qEEG measures are 

relatively constant.382  

 

Finally, topographical location is essential to defining brainwaves in both EEG and qEEG. 

Changes in interpretation can also be based on the scalp region in which the activity is being 

recorded as well as the source of the oscillation.383 The two regions of interest examined in the 

current study, the midline frontal and midline parietal cortex, are thus considered in the definitions 

of brain activity given below.  

 

Brainwaves are typically decomposed into five large types: delta, theta, alpha, beta, and 

gamma. There are other types of brainwaves (such as sigma384, the sensorimotor rhythm or 

SMR385, mu386 and many others) that are not appropriate for analysis in the given context, due to 

their correlate (for example, sigma is related to sleep) or topographical location (SMR and mu are 

considered sensorimotor rhythms observed in cortical areas not under investigation here).  
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Delta (1-4Hz) is the slowest typically measured qEEG activity and is most commonly 

known for its dominant presence in a state of sleep387 as well as being a consequence of lesions.388 

Delta is essential for memory formation.389 In the waking state, delta activity can vary based on 

basic homeostatic mechanisms (hunger, sexual arousal, pain) and is implicated in low-level 

cognitive functions including attention, salience, and perception.390 In a task context, delta 

amplitude appears to be related to vigilance, however is non-specifically related to performance 

and cognitive load.391, 392 In the presence of higher-order cognitive dysfunction, delta amplitude 

may increase390, and this activity may play a role in the pathological processes of attention-

deficit/hyperactivity disorder (ADHD).393 

 

Theta (4-8Hz) activity is associated with a relatively wide variety of functions and states. 

There is an extensive history and body of literature regarding theta activity and altered states; from 

drowsiness and hypnagogia, to meditation, trance, hypnosis, and more.394 Theta is also essential 

in many higher-order cognitive functions like memory encoding and episodic memory 

processes395, working memory396, attention397, and problem solving398. The region in which theta 

activity is observed is important, and these associations hold true especially in the case of the 

anterior-medial cortex. During a cognitive task, theta amplitude at this location tends to increase, 

which is equally correlated with cognitive load and task difficulty.283 Theta amplitude is also said 

to be indicative of certain emotional and physiological states, for example stress399, and fatigue.400  

 

The alpha (8-13Hz) rhythm is also related to a very wide variety of psychological 

phenomena, including emotion, cognition, and behavior. Ones of the first activities to be recorded 

by the inventor of EEG, the large and sinusoidal alpha waves over the posterior cortex were 

immediately associated with a relaxed, restful state.372 When one shifts into an active state, alpha 

suppression – a significant decrease in alpha amplitude and a transition to faster oscillations – is 

seen.397 A suppression of alpha activity is also related to directed attention.401, 402 Alpha is also 

implicated in attentional processes and semantic memory395, and pre-task baseline alpha amplitude 

is positively correlated with subsequent task performance.397 

 

Beta (13-30Hz) is a wide frequency band that can be further subdivided into distinct 

components. The first and slowest component (13-18Hz), referred to as low-beta or beta1 has been 
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shown to reflect a healthy, normal, and moderately activated network involved in the efficient 

processing of cognitive tasks. This is in stark contrast to the fastest component (22-30Hz) of the 

beta band, high-beta or beta3, which has been shown to be related to stress, anxiety, poor 

attentional performance, and high energy consumption.403 Between the two (18-22Hz) is a ‘buffer’ 

zone, beta2, that some refer as ‘intensity’, which can be beneficial in certain contexts while costly 

in others.404 Recent research is still interested in the role of beta in aspects of cognition and 

behaviour such as cognitive load and reaction time, and the exact role of beta2 is still being 

debated.405 Even with regard to beta1, there are some differences that must be considered; for 

example a decrease in beta is seen with increased difficulty in a visual scanning task406, but other 

research points to increases in beta (especially posterior beta) with increased task difficulty and 

cognitive load in terms of working memory.407 

 

The most recent addition to the analysis of frequency bands in qEEG is gamma (30-50Hz). 

The fastest typically interpreted activity, gamma is still being properly defined. That said, it has 

been shown that gamma is involved in associative learning408, 409 and that it generally increases in 

amplitude during cognitive tasks.410 Gamma impacts short-term memory, motor control, and visual 

integration.411 Gamma also shows region-specific relationships to perceptual information 

processing412, feature-binding413, attention414, working memory415, and successful learning.416 

Further, the gamma band has been associated with neuroplasticity and learning.417 Thought to be 

related to oscillations in cortico-cortical loops, gamma also appears to be strongly related to other, 

slower frequencies. Stein and Sarnthein418 express this link well: “low frequency (theta, alpha) 

cortico-cortical interactions reflect ‘top-down’ processing, subserving the function to integrate 

over multiple simultaneous brain activities. Low frequency cortico-cortical interactions would 

allow the local gamma-synchronized processes to be integrated, thus forming a unified mental 

construction such as a mental image, a hypothesis, a planned action, or a ‘thought’.”  

 

A final qEEG measure worth noting is peak alpha frequency (PAF). Unlike the frequency 

bands described above that rely on amplitude measures as dependent variables, PAF is a measure 

centered around speed. Defined as the dominant discrete frequency within the alpha band, PAF is 

highly related to cognitive preparedness419 and cognitive performance.420 It is noted that a faster 

PAF is a correlate of improved performance both before and during a cognitive task. It has been 
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shown that PAF decreases when cognitive load increases.421 Anterior PAF is supposedly more 

variable and influenceable than posterior PAF.422 PAF slows in those who’ve suffered a traumatic 

brain injury (TBI) and accelerates with rehabilitation.419 The dominant alpha frequency is also 

slower with aging424, slower still with the onset of a neurodegenerative disease like Alzheimer’s425, 

higher after a post-traumatic stress426, and appears to be heritable.427  
 

Table 3: EEG bandwidth definitions and associated neural correlates 

Activity Definition Correlate 

Delta 1-4Hz Vigilance391, 392 

Theta 4-8Hz Cognitive load397, emotional states, fatigue400 

Alpha 8-13Hz Cognitive preparedness397, attention401, 402 

Beta1 13-18Hz Cognitive391 and emotional processing402 

Beta2 18-22Hz Buffer zone 

Beta3 22-30Hz Stress, poor attention, increased energy consumption403 

Gamma 30-50Hz Indicative of engaged networks416, learning408, 409 

PAF 8-13Hz Cognitive preparedness419, performance397, 420 and load421 

Adapted from Parsons & Faubert428 

 

For the purposes of this work, based on typical age-related categories of EEG activity, 

brainwaves are defined in terms of the speeds specified above: delta (1 to 4Hz), theta (4 to 8Hz), 

alpha (8 to 13Hz), beta1 (13 to 18Hz), beta2 (18 to 22Hz), beta3 (22 to 30Hz) and finally gamma 

(30 to 50Hz). The associations provided above and discussed below are, whenever possible, 

demonstrated, replicated, and generally accepted for the interpretation of qEEG. Wherever a 

contradictory finding might occur, it is explicitly mentioned.  

 

3.3 Traditional neurofeedback 

Neurofeedback training, as we briefly defined above, could be considered applied qEEG. 

There are a vast number of neurofeedback methods and devices, but the ones supported by 

scientific research are established based on sound, scientific principles. For the purposes of this 

review, we will focus on two types of ‘traditional’ neurofeedback: amplitude training and PAF 
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training. Other types of protocols exist, for instance using low-resolution electromagnetic 

tomography (LORETA), bipolar montages, connectivity (coherence, phase) and slow cortical 

potentials. An overall review of neurofeedback designs, methods, and applications, is available 

from Marzbani and colleagues.429  

 

The first demonstrations regarding the effects of neurofeedback were, like many, 

simultaneous and mutually ignorant of one another, with a few happy accidents in between. On 

one side, the work of M. Barry Sterman with cats, the U.S. Air Force, and SMR demonstrated a 

potential for conditioning brainwaves in epileptic populations.430 Elsewhere was Joe Kamiya, 

experimenting with the voluntary modulation of alpha waves and the consequential experience of 

a relaxed, subjectively pleasant state. The idea that neurofeedback, and specifically alpha 

neurofeedback, was a panacea for anxiety and mood disorders quickly followed, despite lacking 

proper scientific grounding. Of the many important notions that came from Kamiya’s first 

application of ‘clinical’ neurofeedback was an intriguing association: those subjects who were best 

capable of identifying the presence of posterior alpha and the state associated with its presence 

were best adept at producing it voluntarily, on command. Feedback is the key.431 This finding 

gained further support in a study conducted by Barbara Brown.432 Her work demonstrated that 

approximately two-thirds of subjects could selectively learn to enhance alpha amplitude with the 

help of a simple feedback signal (a blue light) and that the changes were driven by “a narrowing 

of perceptual awareness and pleasant feeling states”.432 

 

Neurofeedback studies went, from their humble beginnings as animal and case studies in 

the 1960s433 and 70s434, few in number and heavily criticized, to regularly published peer-reviewed 

scientific literature, to being considered a first-line intervention in the context of ADHD by the 

American Association of Pediatrics435 in 2012, to being used by professional436 and Olympic 

athletes to compete for a gold medal437, to an efficacious intervention technique for a number of 

conditions365, even in the face of persistent critics.438 

 

In traditional neurofeedback, a training protocol is composed of specific active electrode 

locations and frequency bands targeted for ‘reward’ (increases in amplitude) or inhibition 

(decreases in amplitude), or connectivity training (phase, coherence, amplitude asymmetry). These 
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protocols can be applied based on a diagnosis and symptoms, a theoretical neuroscientific 

framework, a normative database, and individual factors (for example baseline qEEG patterns, 

comorbidities).366  

 

Concretely, in a typical neurofeedback practice, an evaluation is first performed. The 

purpose is to understand a person’s cognitive, emotional, behavioural, or other difficulties, as well 

as to measure their resting-state and sometimes task-based qEEG activity. This can then be 

compared against a normative database and the appropriate literature showing qEEG profiles for 

certain types of conditions, disorders, and deficits. A protocol is defined based on this same 

literature with the addition of neurofeedback studies showing efficacy.404  

 

A training session is usually held twice a week, over a given period of time, for a total 

broadly ranging from as little as 5 to sometimes 60 or more sessions. Sessions last about an hour, 

including time for the EEG montage. A baseline recording is first performed to assess the current 

state and in order to quantify the parameters of the training protocol. A threshold for each 

parameter is set, usually based on these initial baseline measures, or based on previous 

observations, clinical experience, or even automated algorithms. The threshold applied to each 

parameter, alone or in combination, triggers audiovisual feedback, most often in the form of 

pleasurable animated short-films, video-clips, and music. When a subject is above the threshold in 

a reward band, or below the threshold in an inhibit band, feedback is triggered.404 This is a 

procedure akin to the first conditioning studies of Sterman.430 Subjects can also often visualize 

their real-time qEEG activity with the use of bar or line graphs404, and can thus be ‘coached’ to 

exert a voluntary control over this activity, as first demonstrated by Kamiya.431 

 

Over time, physiological changes are measured, as are cognitive, emotional, behavioural 

and other elements related to training. Some neurofeedback studies are now focused on identifying 

responders: those who demonstrate changes in the desired direction in both neural activity and on 

outcome measures. At the same time, the hope is also to identify potential non-responders, those 

who don’t, before the costs of a neurofeedback intervention are incurred.439 Other studies focus on 

establishing validated, ‘one-size-fits-all’ types of protocols and their specific effects.440  
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As a result of amplitude changes in target qEEG measures, over time training thresholds 

are modified. This is done primarily based on objective (success rate, amplitudes, normative 

database) and to a lesser extent subjective (effort, motivation, qualia) measures. The goal is to 

promote learning through successive approximations, on both mechanisms of operant conditioning 

and voluntary control, and to modify brain functions and, potentially, structure.404 To succinctly 

summarize these findings, both of these modifications have been shown to be possible with 

neurofeedback. In terms of brain function, the effects of EEG-neurofeedback have even been 

validated by fMRI, for example in a go, no-go task in an ADHD population.441 Ghaziri and 

colleagues demonstrated structural changes following EEG-neurofeedback using MRI in a healthy 

population.122 These demonstrations of structural and functional neuroplastic changes are often 

considered to be higher quality empirical proof than the commonly-reported changes in qEEG; 

they do not rely on the same imaging method used in training and further reflect how electrical-

driven changes impact other functional brain correlates (for example the BOLD response) as well 

as structure (for example, grey and white matter).  

 

Across the spectrum of neurofeedback applications, a large number of different training 

protocols exist, some are entirely individualized442 which makes generalizations about protocols 

difficult. The same protocol can have differential effects based on the person being trained. For 

example, in a healthy population rewarding beta frequencies has been shown to improve reaction 

time, while rewarding SMR improves attention and information processing.443 In a clinical setting, 

the same SMR training can be applied to a person with ADHD in order to decrease hyperactivity, 

impulsivity and to improve sleep quality. In that same inattentive individual, rewarding beta and 

inhibiting theta tends to improve attention.444 Finally, in a person with a pre-existing high-level of 

beta activity, rewarding this brainwave could have an effect of increasing anxiety or inducing a 

motor tic.445 

 

A small portion of this traditional neurofeedback literature targets an acceleration in PAF439 

in order to improve cognitive performance446. Above, we defined PAF as “the discrete frequency 

with the highest magnitude within the alpha range”.447 The goal of PAF training is to increase the 

speed of the dominant frequency, which can be done by targeting PAF directly448, or indirectly by 

increasing the amplitude of the higher alpha band.116 The idea that increasing PAF leads to an 
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increase in performance comes from reports of inter-individual state-and-trait differences in PAF 

across different performance levels.397, 419-420  

 

The high-alpha and PAF neurofeedback has been shown to generally increase performance 

in young116, 450 and elderly451 healthy populations, specifically pertaining to working memory452, 

as well as reduce the symptoms of various disorders including those with mild cognitive 

impairment453 and depression.454  

 

Evidence supporting a similar mechanism of increasing PAF for cognitive enhancement 

comes from induced brain activity: repetitive transcranial magnetic stimulation (rTMS) has been 

used to increase PAF and subsequently shown to have a beneficial impact on cognitive 

performance.455 An increase in PAF was also detected after transcranial direct current stimulation 

(tCDS) treatment in children with autism spectrum disorder.456 

 

3.4 Limitations of current neurofeedback research 

Despite a growing body of empirical evidence, EEG-neurofeedback research is still prone 

to problematic studies. Frequent criticisms of neurofeedback research include attributing positive 

effects to non-specific factors (often uniformly labeled as ‘placebo’)438 and poor methodology. 

The largest problems associated with current research into neurofeedback are considered 

methodological. A recent meta-analysis457 spanning various domains of clinical neurofeedback 

application retained a total of only 30 studies from an initial pool of 704, excluding the others due 

to methodological flaws. Principally, exclusion was due to inadequate control groups, but also lack 

of sufficient data to calculate effect sizes, and pilot studies with a follow up (to avoid double 

counting a subject). In the excluded research, authors most commonly identified at least one major 

flaw: lack of randomization, non-blind design, and non-active control groups. Even in the retained 

studies, a major problem was encountered: small sample size. Median group size was 15 subjects, 

and the range was 4 to 51. Authors demonstrate how this is insufficient; detecting a moderate effect 

size (0.5) requires that groups have an n of at least 64 (with alpha = 0.05 and beta = 0.8). The study 

thus concludes that “these important shortcomings pose a limitation to the results of published 

studies in this field, making it impossible to draw any conclusions regarding the efficacy of 
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neurofeedback based on the current literature. The results should therefore be interpreted with 

caution”.457  
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4. Hybrid approach  

 

 Cognitive enhancement is one way of improving learning outcomes across a variety of 

domains. However, as has been noted, transfer effects are generally lacking, and evidence of far 

transfer is scarcer still.20 Neurofeedback, as a potential cognitive enhancer, suffers from some of 

the same research limitations446, on top of methodological issues457, and is even considered 

“applied placebo” by others.438 Still, these techniques show promise and shouldn’t be discarded 

completely, which is generally agreed upon even by the harshest critics of these methods.20, 438  

 

The active ingredient of the neurofeedback paradigm, as explained above, is feedback. In 

the closed loop learning paradigm outlined by Clow7, a major determining element in the learning 

process is also feedback. Typically, feedback comes at the end of a task. In order to ‘close the 

loop’, Clow proposes speeding up the return of information, the feedback given to the learner, in 

order to more efficiently bolster learning.7  

 

The speed, relevance and precision of the feedback is quintessential to this proposal. Slow, 

irrelevant, and vague information would disrupt the learning process, whereas fast, precise, and 

relevant information should enhance it. By using the brain’s own activity, fast, relevant, and 

precise feedback leading to learning enhancement should be attainable. Some have proposed the 

idea of, and a small few have even begun, introducing neurofeedback directly into the context of 

novel experimental paradigms.458 

 

In terms of speed, feedback derived from the brain and delivered back to the brain is almost 

instantaneous. There is, of course, a few hundred milliseconds of lag time starting from the volume 

conduction of neuronal oscillations to the scalp sensors, the amplification, transmission, 

digitization and mathematical transformation of the EEG, the processing required to transform 

resulting values into audiovisual feedback, the displaying visual stimuli and generation of sounds, 

and finally the return trip through visual and auditory pathways back up into the brain. Studies of 

this phenomenon generally show that the faster the feedback is, the better. Any additional delay in 

feedback disrupts learning, at least within a traditional neurofeedback paradigm.459 
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In terms of precision, the defining criteria for a neurofeedback-based intervention is the 

strength of the association or correlation between brain activity and the state or trait it is said to 

measure. If the precision of feedback is weak or non-specific, it becomes irrelevant and hampers 

the learning process; this has been demonstrated before, for example in a motor-learning task.460 

Another weakness of the EEG: the spatial resolution and precision is low. As a result of volume 

conduction, a typical EEG signal is said to be derived from a range of approximately 5 to 9cm 

from the active electrode.461 In spite of this lack of spatial specificity, the markers of cognitive 

load as measured by qEEG are well-established and are considered valid and sufficiently 

precise.283 With a constant, low input impedance, measures should remain relatively constant, as 

qEEG is considered a reliable neuroimaging tool, with very high test-retest reliability (R values 

often >0.9).380  

 

In terms of the relevance of feedback, this is heavily dependent on the paradigm. In the 

case of traditional neurofeedback, it is generally thought that the purest type of feedback is the 

best. The initial studies of Sterman430 and Kamiya431 used very simple stimuli (lights, tones), but 

recently many commercial, more entertaining and game-like products lacking scientific 

foundations have saturated the market. The optimal solution is arguably driven by two factors: the 

complexity of the reward stimulus, and the pleasure derived from it. Simple feedback is thought 

to be best for conditioning but isn’t as subjectively pleasurable as complex feedback. Complex 

feedback is more enjoyable and motivating, however is weaker from a strict conditioning 

standpoint. Complex, and highly pleasurable stimuli could lead to non-specific effects akin to what 

is seen in videogames. Simple, but boring stimuli could lead to a lack of motivation, have a 

negative impact on adherence, and interfere with performance and learning. In terms of efficacy, 

there is no definitive answer, however a ‘happy medium’ of simple, game-like stimuli (for 

example, a thermometer rising up or cooling down) appears to be most often used in effective 

paradigms.462  

 

4.1 Similar systems 

Above, it is mentioned that a small number of researchers have begun developing and 

testing hybrid learning systems. Though not neurofeedback-based, a first paradigm worth noting 

is that of Graesser and McNamara.463 The self-regulated learning environment they describe allows 
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a computer program, the pedagogical agent, to adapt itself based on the user’s performance in 

order to accommodate, encourage and scaffold self-regulated learning.116  

 

In terms of existing neurofeedback hybrid paradigms, where real-time brain activity is 

integrated into a learning process in order to ‘close the loop’, there is very little specific scientific 

literature. The aim of a closed-loop learning system is to “adapt instructional learning material in 

real-time, to support learners in their individual learning process and keep them in their optimal 

workload capacity range during learning.” 464 While portable EEG technology has advanced to 

allow the capacity to develop such systems for at least a decade465, 466, few actual applications have 

been developed, and almost none rigorously tested. Of the existing exceptions, systems tend to be 

highly complex, using sophisticated statistical techniques focusing on increasing the precision of 

EEG-based workload measurement464 rather than enhancing learning or performance outcome.  

 

Feasibility studies have been conducted with the hopes of targeting frontal lobe activity 

and problematic disinhibited behaviour with a portable neurofeedback system467, social attention 

disorders such as autism spectrum disorder (ASD) with neurofeedback-driven virtual reality468, as 

well as for those with attention deficit disorders (ADHD) in a neurofeedback-driven serious game, 

also in a virtual reality environment.469 In aging populations with motor impairments, there are 

suggestions to allow for the control of external aids (for example, an exoskeleton, a wheelchair, a 

smart home) with the use of a BCI470 which fits a broad description of a hybrid paradigm.   

 

Other projects include a program capable of turning an ordinary videogame into a 

neurofeedback-driven experience using customized visual texture modifications (masking parts of 

the screen), giving the impression they are integrated in the underlying game. Applied in a 

population with fetal alcohol spectrum disorder, feasibility is demonstrated by adherence and a 

lowering of the theta/beta ratio.471 No further outcome measures were reported. Elsewhere, 

Vasiljevic472 provides a recent, thorough review of BCI-based games, which differ from hybrid 

neurofeedback systems, and most examples provided in this review are in line with the traditional 

neurofeedback paradigms addressed above, however with more complex feedback. The main 

conclusion that can be drawn from this review: either these neurofeedback games have not been 

tested, have been inadequately tested, or have shown to be ineffective.  
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Of the very few hybrid systems that currently exist, one very recent, novel system targeting 

those with mild cognitive impairment (MCI) is worth noting here. Yet to be validated, the goal 

appears to be to integrate neurofeedback rewards into everyday tasks involving attention and 

memory, for example while navigating in one’s environment. The feedback provided is not 

precisely defined, but the model appears to be especially centered around navigation between one’s 

home and exterior locations (for example, the grocery store). In terms of the three elements 

described above, the precision of the paradigm relies on traditional EEG signatures for attention 

and inattention in aging populations, while the timing and relevance of feedback is “based on the 

subjective therapist’s expertise”.473 While the feedback is likely precise, the timing and relevance 

of this feedback is difficult to assess as it is not defined beyond this subjective description.  

 

PAF based neurofeedback has also been integrated into modified positive psychotherapy 

in a meditation exercise, leading to improvements in subjective well-being compared to a semi-

active and non-active control group in a study with a limited statistical power (n=24).474 Abu-Ras 

and colleagues475 present a framework and design principles meant to transform any video game 

into a neurofeedback-driven game, and demonstrate feasibility using PAF based neurofeedback in 

an action-shooter videogame. The efficacy of these systems has yet to be reported.  

 

4.2 3D-MOT with neurofeedback 

The presented paradigms take one of two approaches: integrating neurofeedback into a pre-

existing system, or the opposite, creating a new system meant to be driven by neurofeedback. In 

this latter scenario, there is a rather large lack of evidence supporting the use of these paradigms, 

and control conditions are often not assessed.467-471, 473, 475 These methodological shortfalls allow 

critics to argue that non-specific mechanisms are at work, provided significant differences are 

observed.  

 

The first approach, integrating neurofeedback into a pre-existing system is simpler, as it 

builds on an existing framework. Ecological validity is also easy to control for, by choosing which 

paradigm neurofeedback is to be integrated into. Testing against a semi-active control group is a 

given, the selected system having already demonstrated a result, this can be used as baseline for 
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comparison. An active control group is still needed, to ensure that observed effects are indeed 

specific to brain-based feedback, and not simple non-specific task modulation.  

 

To summarize the review of 3D-MOT above: 3D-MOT can be considered a perceptual-

cognitive training program. A trial in this task is brief, with the movement (training) phase lasting 

only 8 seconds, at the end of which a participant is provided with feedback. Repeatedly presented 

with this paradigm, participants demonstrate improvements in task performance, reflecting 

learning. As a cognitive enhancement paradigm, 3D-MOT has demonstrated efficacy in improving 

attention, working memory and information processing speed in healthy adults. Following 

training, functional brain changes as measured by qEEG have also been shown.292  

 

Coming back to the framework presented by Clow7, one of the central themes to closing 

the loop is shortening the feedback time. With the 8 seconds between the beginning and end of a 

3D-MOT trial, the feedback delay is already relatively short. The question of how to provide even 

faster feedback is both a relevant one, and one that, if answered, would suggest the potential 

significance of such a paradigm in contexts where feedback is much slower (for example, 

traditional academia).  

 

As noted above, closed loop neurofeedback systems have been developed utilising robustly 

established qEEG markers. In these studies, it has been shown that adding even a relatively 

negligible delay of 250ms to feedback disrupts the learning process.459 The proposal here is to use 

a simple, fast, precise, relevant and potentially universally applicable, EEG-based marker for real-

time workload and performance: PAF.397, 419-421, 446-448 With this marker, 3D-MOT task 

performance is modulated to provide immediate feedback during the task. This can be compared 

with the traditional learning paradigm (the semi-active control group), as well as a fully active 

sham-neurofeedback control group.476  
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Methods  

 

Prior to beginning the research project, all aspects of the study were approved by the ethics board 

(Comité d’éthique de la recherché en santé; CERES) of the Université de Montréal.  

 

Subject recruitment 

Participants for the study were 40 university-aged students from the Greater Montreal Area.  

Thirty subjects were recruited for the active portion of this project, while 10 were invited to 

participate in a non-active control group. No discrimination was made regarding gender; the age-

range was restricted to 18-30 years to control for differential cognitive and MOT capacities through 

the lifespan.477 Exclusion criteria included any self-reported marked deficits in vision that could 

not be appropriately corrected with standard eyewear. Participants were asked to wear their 

corrective lenses during the task. Further, any individual with a diagnosis of a clinical disorder (for 

example attention deficit/hyperactivity disorder, epilepsy, or depression), whether or not they were 

medicated, were offered training but were excluded from analysis. None of the participants 

declared any such condition. Finally, none of the subjects displayed a fast-alpha, or slow-alpha 

variant, which could have impacted the precision of PAF-based feedback.  

 

Materials/Apparatus 

The 3D-MOT task was custom-coded lab-based version of the commercially available 

NeuroTracker.478 The EEG recording and neurofeedback software used, BioGraph Infiniti (version 

6.0)479, was also custom-coded for integration with the 3D-MOT paradigm. The 3D-MOT sessions 

were performed in the C.A.V.E. (Cave Automatic Virtual Environment).480 The C.A.V.E is a 10 

foot by 10 foot by 10 foot enclosure onto which is projected the 3D-MOT task. The MOT 

environment consists of a large cube measuring approximately 1.5 meters in length, width, and 

height, while targets measure 10 cm diameter. The participant is seated at a distance of 1.5 meters 

from the screen and is given a fixation point located in the center of the cube. With this setup, the 

3D-MOT task utilises a visual field of approximately 45 degrees. The use of a cube as the 

environment allows for horizontal and vertical movement of both targets and distractors to remain 

roughly equivalent. Speed is measured in meters per second (m/s); each trial begins with an initial 
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start speed of 0.3. The 3-D aspect of the MOT task is achieved using stereoscopic projection and 

active shutter lenses synchronized to 120Hz. Above, in the dedicated 3D-MOT section, Figure 2 

presents a breakdown of a 3D-MOT trial.  

 

Experiment design 

Following a block-randomization procedure subjects were divided into four groups. 

Groups matched for age, gender, and level of education. Three were active groups and one a non-

active control. All active groups underwent 10 sessions of 3D-MOT training, along with an initial 

and final baseline assessment session. Twelve 3D-MOT sessions, in total, were performed for the 

three active groups (NT, NFB, NFBs), while only the two sessions were completed for the non-

active control (CON). During training sessions, the 3D-MOT task was manipulated for two of the 

three groups (NFB, NFBs), details are below.  

 

The first group, coded as NT, engaged in standard 3D-MOT training, while their brain 

activity was passively read. QEEG activity was recorded from two targeted sites, Pz and Fz 

according to the International 10-20 EEG system, referenced to linked ears and grounded at Cz.481 

The rationale for these specific electrode site choices is explained in the literature review section 

above; in brief because of the role of the posterior medial cortex (Pz) in visual information 

processing specific to the 3D-MOT task321, and the anterior medial cortex (Fz) for its contribution 

to numerous cognitive functions (attention, working memory) and being directly related to 

cognitive load.283 

 

The second group, NFB, engaged in 3D-MOT training with hybrid neurofeedback. The 

modulation of the task was target recall, driven by PAF measured over the midline parietal cortex 

(10-20 electrode site Pz).482 Prior to each series of trials, a 1-minute baseline was taken, and PAF 

average calculated. A PAF threshold was then calculated as 95% of this baseline level (for example 

if the PAF = 10Hz, the threshold = 9.5Hz). Target recall was a subtle and gradual change in hue 

(up to a maximum of 25% saturation over .5 seconds) applied to target spheres. This would allow 

the participant to re-acquire the identity of targets. The colour change was triggered whenever the 

PAF dropped below threshold between seconds 2 and 6 of the movement phase of a trial. There 

was no feedback given during the first two and final two seconds of each trial. Target recall was 
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discontinued immediately once the PAF returned above threshold or after a maximum of .5 

seconds. Finally, every instance of target recall was followed by 1.5 seconds of ‘dead time’ during 

which no additional feedback could be given. As such, a maximum of 1 total second (12.5%) of 

feedback could be given over the 8 seconds of the movement phase, per trial. 

 

The third and final group, NFBs underwent training in a “sham” neurofeedback paradigm. 

The NFBs group received the same instructions and information as the NFB group, however target 

recall was not dependent on their real-time brain activity. Instead, while told they were receiving 

feedback based on their brain activity, each subject was paired with a participant in the NFB group, 

and the color-change they observed was based on the pre-recorded EEG of their pair. This means 

that the feedback variables across groups are constant: the quantity and precise timing of target 

recall is identical for both groups, however the NFBs group received non-contingent or sham target 

recall. The study respected a single-blind design; the experimenters were aware of who received 

real and sham recall but the participants themselves were not.  

 

Finally, the CON group was a non-active control and underwent no training, only 

performing the initial and final assessment sessions, over an equivalent lapse of time as in other 

groups.  

 

A 3D-MOT training session begins with a questionnaire evaluating level of fatigue, recent 

sleep, and other potentially relevant variables to control for aberrant qEEG and performance 

results. Following standard procedures and while the questionnaire was being completed, subjects 

were prepared with NuPrep gel and Ten-20 paste483, with EEG sensors placed at Pz & Fz according 

to the 10-20 international system481, a linked-ears reference was used and the ground electrode 

placed at Cz. Impedances were kept below 5kOhm and within 1kOhm of one another. 

Approximately 15 minutes were allotted for the questionnaire and installation of EEG equipment. 

 

The session was broken down into three identical series. A series begins with a 60-second 

baseline during which the subjects’ eyes were opened and focused on a dot in the middle of the 

3D-cube. Following the baseline measure, training trials begin.  
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A single 3D-MOT trial can be broken down into the five sections seen in figure 2 in the 

chapter above. To summarize, in the pre-trial phase, (a) the targets and distractors all appear 

homogenously in yellow for 2 seconds, before (b) the target spheres are identified in red with a 

white halo, for 2 seconds. Before beginning movement, homogeneity is restored, and all spheres 

return to yellow for 1 second. Movement then begins (b), each sphere is displaced at a uniform 

speed inside the cube along random, a linear trajectory. If any sphere encounters an obstacle, either 

a wall of the cube or another sphere, they bounce off the obstacle and continue along their new 

linear trajectory. The movement phase lasts 8 seconds. At the end of the trial (d), movement ceases 

and the subject must verbally state their responses. Once responses are validated, feedback (e) is 

given, with the correct spheres identified in red for 2 seconds.  

 

If a subject correctly identifies all four target spheres, the speed of movement increases for 

the subsequent trial. If all four target spheres are not identified, the speed of movement decreases 

for the subsequent trial. The changes in speed are variable and follow an adaptive staircase. The 

design of the adaptive staircase is such that larger variations (up to 100%) occur in initial trials (to 

more quickly reach the appropriate speed) and smaller variations (as low as 10%) in later trials (to 

maintain the zone of proximal development). For each trial, the speed and number of correct targets 

identified is recorded. At the end of 20 trials, a threshold speed score is displayed for subjects and 

recorded in a database. Each session consisting of 3 series, over a single session 3 baselines and 

60 trials occur and 3 speed thresholds are given. A session’s threshold score is the average of the 

thresholds of the 3 series. The amount of time spent training in each session was approximately 30 

minutes. Sessions were performed between 9am and 5pm on non-consecutive days. Each subject 

performed a total of 10 training sessions, twice weekly over 5 weeks. 

 

The initial and final testing sessions were conducted the week before the first training 

session and the week following the final training session, with the standard version of the 3D-

MOT paradigm. No brain activity was recorded during testing sessions, nor was any target recall 

provided, regardless of group.  

 

 



 68 

Experiment 1: objectives and hypotheses 

The first experiment sets out to establish the efficacy and efficiency of the NFB paradigm. 

Session thresholds are the primary outcome measure.  

 

It was expected that the NFB would outperform both other groups, and a repeated-measures 

ANOVA of the first versus final testing session was run to examine differences over time. The NT 

group was expected to improve at the task, as has been previously observed.291, 311, 357 It was 

uncertain in which way the non-contingent feedback would impact learning and performance in 

the NFBs group.  

 

With regard to the NFBs group, the non-contingent feedback could, in simply helping 

subjects identify target spheres after having lost one, make the task easier, resulting in higher speed 

thresholds than in the NT group. Should this be the case, the final session test score should be 

lower, as the feedback has been removed. Instead, if the non-contingent feedback disrupts learning, 

creating competing, distracting information leading to interference, overall performance could be 

worse than in the NT group. This would be further reflected by an increase in results for the final 

session, with the interfering component removed.  

 

Another question to address is the performance of the NFB group in the final assessment 

session. If their performance at the task is contingent on feedback, performance should score lower 

than for their final training session in which feedback was provided. Should performance remain 

stable, it could be concluded that the NFB effect achieves transfer back out into the pure version 

of the task. A univariate ANOVA was performed on final test scores to examine these contrasts.  

 

Experiment 2: objectives and hypotheses 

The second experiment examines real-time brain activity prior to (baseline) and during 

(trials) the 3D-MOT task. Brain activity as observed by the two active EEG sensors at Pz and Fz 

are of interest. The results of this study are broken down into three main sections: baseline, trial 

(result, speed), and finally the contrast from baseline-to-task.  
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In the baseline comparisons, it is the state of preparation that is being measured.484 The 

condition of baseline is static throughout the training paradigm and across groups. Any differences 

observed in a MANOVA between groups at the first training session should establish equalities 

between groups. A repeated-measures ANOVA for the first and final baseline was run to compare 

baseline changes over time between groups. Any differences that develop over time could indicate 

changes related to training, both the general effect of the 3D-MOT paradigm, as well as specific 

between-group differences. This will answer the question of whether preparation is enhanced by 

3D-MOT training. Should this be the case, two main findings should be observed: PAF should be 

faster, and alpha amplitude higher.397 Perhaps preparation is also enhanced for the NFB group, 

above and beyond the NT group. Both of these changes can be indicative of learning, and 

potentially indicate a level of transfer. As for the NFBs group, preparation could be disrupted, or 

could otherwise remain similar to what is seen in the NT group. These hypotheses will be further 

verified by running a MANOVA on the average of baseline scores for all sessions to address the 

question of whether the overall state of preparation is significantly different between groups over 

all sessions.  

 

In the task comparisons, performance is being observed. Trials can be classified in two 

ways: based on result or speed.  

 

For result, the division is simple and binary; correct or incorrect. It is expected that a 

repeated-measures ANOVA will indicate signs of increased cognitive load for incorrect responses, 

primarily shown in qEEG by a slowing of PAF397 and an increase in frontal-midline theta.396 As 

both groups will, regardless of differences in task performance measured by speed thresholds, have 

a roughly equivalent number of correct and incorrect responses due to the adaptive staircase 

design, between-group differences are not expected.  

 

For speed, the relationship is also fairly simple: as speed increases, trial difficulty increases. 

As an adaptive staircase was used to control speed changes, a wide variety of speeds exist. Trial 

speeds were thus separated into three bins: slow (< .44 m/s), medium (.45 m/s to .6 m/s), and fast 

(> .61 m/s) for analysis. The expected result of a 3x3 repeated-measures ANOVA is similar to that 

explained above, with an increase in task difficulty (trial speed) comes an increase in cognitive 
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load, manifested by a slowing of PAF397 and a higher theta amplitude over the medial frontal 

cortex.396 Between groups, it will be interesting to examine the amount of cognitive load for 

medium and fast trials. Differences here could indicate how target modulation – be it contingent 

or non-contingent – impacts cognitive load during the more difficult trials.  

 

Decreasing cognitive load is not the objective. The idea is to optimize cognitive load by 

maintaining it, along with task difficulty, within the zone of proximal development. Exactly what 

differences may be observed are difficult to hypothesize. For the NT group, cognitive load should 

increase with task difficulty. For the NFB group, it is hoped that cognitive load will be similar for 

all trials, regardless of speed; this would indicate a balancing effect triggered by the neurofeedback 

intervention. Finally, non-contingent feedback could disrupt cognitive load at inappropriate times, 

leading to lesser or increased cognitive load not related to task difficulty.  

 

Finally, a repeated-measures ANOVA is run to observe changes from baseline condition 

to the task state. In this shift from preparation to performance, it is expected that alpha amplitude 

will decrease, PAF396 and anterior theta will increase397, and beta1 will increase485, all in line with 

previous research. Between group differences, in considering isolated baseline and task results, 

could yield differences in the shift between the state preparation and performance, perhaps once 

again optimal in the NFB group, ‘standard’ for the NT group, and disrupted in the NFBs group.  
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Abstract 

This paper provides the framework and supporting evidence for a highly efficient closed-loop 

paradigm that modifies a classic learning scenario using real-time brain activity in order to improve 

learning performance in a perceptual-cognitive training paradigm known as 3-dimensional 

multiple object tracking, or 3D-MOT. Results demonstrate that, over 10 sessions, when 

manipulating this novel task by using real-time brain signals, speed and degree of learning can be 

substantially improved compared with a classic learning system or an active sham-control group. 

Superior performance persists even once the feedback signal is removed, which suggests that the 

effects of enhanced training are consolidated and do not rely on continued feedback. This type of 

learning paradigm could contribute to overcoming one of the fundamental limitations of 

neurofeedback and other cognitive enhancement techniques, a lack of observable transfer effects, 

by utilizing a method that can be directly integrated into the context in which improved 

performance is sought.  
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Introduction 

 

Of the numerous domains in which neuroscience is being widely applied, learning and 

cognitive enhancement figure prominently in both scientific research and popular culture. While 

there is a burgeoning interest in these techniques and technologies, one major issue is still to be 

addressed. Evidence for transfer, the replication or application of an enhanced ability in a context 

other than that of the training paradigm, is largely lacking.[1]  

 

Cognitive enhancement paradigms typically target given function or set of cognitive 

abilities, train them in a given paradigm, and then use standardized tests and outcome measures to 

demonstrate cognitive enhancement and transfer. While cognitive enhancement appears attainable 

in a number of domains, evidence of transfer remains severely limited. [1] This novel research 

proposes integrating EEG-neurofeedback directly into an existing learning paradigm in order to 

demonstrate that it is possible to overcome the weak transfer effects observed in existing cognitive 

enhancement and neurofeedback literature[2] by applying enhancement directly into the target 

context.  

 

Banich and Compton define skill learning as “the acquisition—usually gradually and 

incrementally through repetition—of motor, perceptual, or cognitive operations or procedures that 

aid performance.”[3] Here, we are especially interested in the perceptual and cognitive operations. 

Since all learning is the result of neuroplasticity, an updated brain-based approach to learning, 

using all of the technological advancements of the past decades, is fundamentally needed.  

 

In developed parts of the world, a large part of skill learning comes from academic 

education. The developed world acknowledges some shortfalls of these systems, however, still 

tout them as the best.[4] Yet, from preschools to the most sophisticated institutions of higher 

learning, we are still essentially using trial and error learning.[5] The base formula for this system 

is: spend time and energy trying to learn something, and then apply a post-hoc test to see if learning 

has occurred; thus providing feedback. If learning has occurred, move on to the next subject. If it 

does not, repeat (hopefully with a variation based on experience from the failed trial) and test 
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again. This traditional type of learning paradigm is presented in Figure 1a. The so-called ‘solution’ 

of simple repetition, though, appears to fall short in academic contexts.[6]  

 

While we continue to proceed with trial and error learning, the manner in which we teach 

has at least somewhat evolved over time, in large part due to the great work of Jean Piaget, Leonard 

Vygotsky, Jerome Bruner and many others. Their work led to the fundamental tenant that drives 

our current learning systems: the zone of proximal development.[7] This involves maintaining the 

difficulty of a task within a certain degree of difficulty, or simply put: in order to maximize 

learning, a task should never be too hard or too easy.[7]  

 

Clow[8] articulates a framework for successful learning cycle: “successful learning 

analytics work as four linked steps: learners (1) generating data (2) that is used to produce 

metrics, analytics or visualisations (3). The key step is ‘closing the loop’ by feeding back this 

product to learners through one or more interventions (4).” The same author proposes improving 

learning by “speeding up or shortening the cycle so feedback happens more quickly”.[8] 

 

A brain-based approach aims to optimize a learning paradigm based on the leaner’s real-

time ability to learn by providing feedback based on the moment-to-moment changes in the brain. 

A real-time indicator of performance is provided, allowing consistent real-time feedback instead 

of waiting for a post-hoc test. What we are referring to is a closed-loop learning paradigm. In other 

words, take the information that a person is perceiving, processing, understanding and encoding 

into their brain in a given environment at a given moment in time, and feed it to the brain optimally, 

using the brain’s own performance to adjust the flow of information and the task as appropriate. 

Figure 1b provides a graphic representation of this paradigm. 
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Figure 1: Illustrations of traditional versus looped learning paradigms 

a) Trial-and-error paradigm 

 
b) Closed-loop learning paradigm 

 
a) In a traditional trial-and-error learning paradigm, the entirety of time 1 is spent learning. A separate 

instance, time 2, is dedicated to measuring the outcome of learning, and can either result in success or 

failure. The next step, time 3, is either dedicated to learning trial 2 (if the result of outcome measurement 

was success) or repeating trial 1 (ideally with an adjustment, and in the case of failure at time 2).  

b) In a closed-loop learning paradigm, time 1 is spent learning, but includes online error-detection based 

on brain activity and real-time adjustment, which modifies the manner in which learning occurs to ensure 

successful learning before moving onto trial 2. Arrows are bidirectional since learning and adjustment 

has an effect on the brain, which in turn drives the learning process and necessary adjustment.  
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To further illustrate this concept, let’s take an example in which learning can occur and 

simplify it. A significant amount of learning can involve reading, so let’s start there. First, you’d 

have to measure the neural activity in the part of the brain (Wernicke’s area) responsible for the 

reading task,[9] and provide the learning stimulus (the next word or sentence) to a person only when 

this area of the brain is functioning optimally and thus receptive to the information.  

 

While this is great in theory, it is an oversimplified idea that rests on a number of 

assumptions. First, we are assuming that Wernicke’s area is solely responsible for reading 

comprehension, which is not the case.[10] It also assumes that we can define and measure what the 

optimal functioning of this part of the brain is, and although this is theoretically possible, it is quite 

complex.[11] Finally, it assumes that the suggested manipulation is going to maintain the task within 

the zone of proximal development, and thus facilitate a task that is otherwise too difficult, and load 

a task that is otherwise too easy.  

 

With all of these assumptions, one would think that a rather complex framework for a 

closed-loop paradigm is needed, but thanks to technological advancements and mounting evidence 

from various domains of neuroscience, this type of paradigm is possible today.  

 

Dating back to the 1970s, brain-computer interfaces have been used to measure real-time 

brain activity and feed the signal back to the person[12] in order to modify brain function[13] and 

structure.[14] Called neurofeedback (NFB), this technique has been employed in order to diminish 

symptoms of various cognitive difficulties and disorders (ADHD[12], epilepsy[15], depression and 

anxiety[16] and others[17]), and enhance cognitive abilities (attention,[18] working memory,[17] music 

performance[19] and others[20]) in cognitively healthy individuals. It is typically applied as a 

conditioning procedure involving the modulation of visual (animations) and auditory stimuli 

(music).[16]  

 

One type of brain activity often targeted by neurofeedback protocols, alpha, is typically 

defined as neural oscillations at a speed between 8 to 12 or 13Hz.[21] Peak Alpha Frequency, or 

PAF, “corresponds to the discrete frequency with the highest magnitude within the alpha range”.[22] 

Although EEG measures cortical activity, in the case of the upper-band alpha activity examined 
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here, the source of this activity is primarily believed to be the thalamus and thalamo-cortical 

loops.[23]  

 

The thalamus is often referred to as a high-order relay station; an important router tasked 

with dispatching incoming information and coordinating relevant parts of the brain for more 

complex work.[24] Succinctly, the thalamus sends the relevant information to the cortex, the 

executor of the task. The cortex then responds to the thalamus indicating whether or not it has 

achieved the work it was asked to do, giving feedback on its performance. This back-and-forth 

circuitry between the thalamus and the cortex is referred to as a thalamo-cortical loop.[25] In adults, 

the speed of these thalamo-cortical loops is approximately 10Hz and varies faster and slower based 

on cognitive performance; hence the measure of the PAF.[26] A significant correlation between the 

speed of these oscillations and task performance has been shown: a faster PAF means better 

performance on a wide variety of tasks.[27]  

 

This leads to the idea that while the thalamus can be interpreted as the “router” of cortical 

activity, the PAF is then the speed at which the “router” is able to dispatch relevant signals 

throughout the brain and receive a response back. By this understanding, a faster PAF means that 

the thalamus (router) is dispatching information to the cortex (effector), and providing a return 

signal (feedback), more efficiently. One could even choose to think of it as another case of trial 

and error; the thalamus sends a task to the cortex (trial) and the cortex communicates back the 

result (success or error). PAF then, in this paradigm, serves to indicate an indirect measure of 

learning success or failure by signalling proper workload (success; faster PAF) or inefficient 

functioning (error; slower PAF). Essentially then, the result is a measure of trial-and-error learning 

in near real-time based on an objective, quantifiable brain measure.  

 

Subset of neurofeedback protocols have specifically targeted the higher frequencies of the 

alpha band or set out to increase the dominant or peak alpha frequency. Notably used to enhance 

processing speed and executive function in healthy elderly populations,[28] memory in aging 

populations with mild cognitive impairment,[29] recovery from spatial neglect in stroke patients[30], 

but also in healthy individuals for the enhancement of cognitive performance,[31] this type of 
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neurofeedback has also been demonstrated to augment abilities in a mental rotation task,[32] short 

term memory,[33] and working memory.[34] 

 

In these “classic” paradigms, the target parameters provide feedback by modulating a 

neutral, salient stimulus, and conditioning is driven by the basic principles of 

reward/punishnment.[2] This is a major difference with the approach described herein. Here, we 

propose the use of neurofeedback within a specific, applied learning paradigm to create a closed-

loop learning system that uses the brain’s real-time activity to manipulate a specific task in order 

to enhance and optimize learning.  

 

Other types of neurofeedback paradigms have been proposed, often by simultaneously 

combining classic neurofeedback with a cognitive task (for example, see Hosseini and 

colleagues[35]) while others have proposed creating neurofeedback-driven video-games to make 

training more enjoyable.[36] One very limited pilot study integrated a neurofeedback-modulated 

variable into a “shooter” style video game, and demonstrated changes in the peak alpha frequency 

in the three subjects trained.[37] While this latter work is closest to the proposed paradigm, a distinct 

difference in this work is that neurofeedback was integrated into a pre-existing learning paradigm 

(3D-MOT; see Method below) that has been applied in various contexts, with measurable transfer 

effects. In the famework of the learning model set out by Clow[8], this significant difference makes 

the currently proposed paradigm distinct, in that it is an entirely closed-loop learning system.  

 

There are a few steps required to set up a closed-loop system. Specifically, one must (1) 

identify the task, (2) identify the relevant brain regions and networks involved, (3) define what the 

optimal functioning of these regions and network is and (4) define and validate the manipulation 

of the task that will enhance learning.  

 

That is exactly what we have set out to do: demonstrate that in the case of a novel learning 

paradigm, by targeting brain functioning even with relatively low specificity, a closed-loop system 

enhances learning when compared with a traditional paradigm, an active-sham control group and 

a non-active control group.  

 



 78 

 

Method 

 

1.1 The Task 

For the purposes of this investigation, in order to respect a typical learning paradigm, a 

trial-and-error task was chosen. The task used here is a perceptual cognitive paradigm known as 

3-dimensional multiple object tracking, or 3D-MOT.[38-41] The 3D-MOT task involves tracking 

multiple target spheres amongst distractor spheres through 3-dimensional cube. Four targets are 

used as research has shown that most people, notably healthy adults, can generally track four 

elements in such a context.[38] 

 

Parsons and colleagues[41] provide the following breakdown of a 3D-MOT trial: “During 

the first phase of each trial, all 8 spheres appear in yellow and are stationary. Next, the 4 target 

spheres that the trainee must track appear in red for 2 seconds, before switching back to yellow. 

The spheres begin movement and tracking then occurs over a period of 8 seconds. All 8 spheres 

move along a linear path through the cube; should any sphere encounter an obstacle (either a wall 

or another sphere) it bounces off that obstacle and continues along its new linear trajectory. At the 

end of this phase, each sphere is identified with a number and the trainee is asked to verbally state 

their responses”.[41] 

 

The 3D-MOT task lends itself well to this research, as it follows the same standard “trial 

and error” approach as traditional learning paradigms. If all 4 targets are correctly identified the 

speed of the subsequent trial (the task difficulty) increases. If an incorrect response is given, the 

speed of the subsequent trial decreases, decreasing task difficulty. The speed changes are based on 

an adaptive staircase with wider initial variances followed by progressively smaller changes. This 

ensures that the learner quickly enters their zone of proximal development. At the end of a series 

of 20 trials, a final speed threshold score is given which reflects the maximum speed at which a 

subject’s performance is adequate (identification of all 4 correct targets). A subject’s session score 

comprises the average threshold score of 3 series of 20 trials.  
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3D-MOT training has been demonstrated to enhance attention, working memory and visual 

information processing speed in healthy participants[41], attention in those with 

neurodevelopmental deficits[42], on-field performance in athletes[43], and memory[44] and biological 

motion processing in healthy aging participants.[45]  

 

1.2 Neural correlates  

Being a visuospatial attentive tracking task, the neural network colloquially known as the 

where stream of visual processing is heavily involved.[46] The dorsal (where) stream is a complex 

visual network involved in locating and tracking objects through space, as opposed to the ventral 

(what) stream responsible for object identification.[47] A number of cerebral regions are involved 

in the where stream, most of them located around the dorsal posterior cortex.[48] A critical point, 

the precuneus (which corresponds to 10-20 location Pz)[48], is easily measured using 

electroencephalographic (EEG) sensors placed on the scalp. EEG sensors passively measure the 

brain’s electric activity.[27] Due to its non-invasiveness, ease of use, low cost and temporal 

specificity, EEG was selected for the purposes of this study.  

 

1.3 Optimal functioning 

Thus far, progress into designing a closed-loop paradigm has been relatively simple. When 

it comes to defining the optimal functioning of the brain during the 3D-MOT task, or more 

specifically of the critical parts of the brain involved in the task (referenced by the electrode site 

Pz above), the precuneus and medial parietal cortex, there are a considerable number of variables 

to consider. These include the specifics of the task, the neural networks involved, and the 

individual performing the task.  

 

Optimal functioning within a learning paradigm requires a targeted workload that falls 

within or slightly above the domain of current competence[7]; thus defining and measuring 

workload is essential. Workload can be defined as “the amount of mental resources that are used 

to execute a specific task, also known as working memory load.”[49] This model of workload, 

developed and utilized by Gerjets et al.,[50] among others, has been applied in a multitude of 

learning tasks with and without a brain-computer interface (BCI).[51] 
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Many EEG markers for workload have been proposed, from the relatively simple (for 

example: frequency band amplitude measures[52] and ERPs[53]) to the complex (for example: 

adaptive deep-learning models[54]). For the purposes of this study, a specific element of EEG 

activity, a relatively general measure of cognitive performance known as Peak Alpha Frequency 

(PAF) was selected as the target variable. The relationship between PAF and cognitive 

performance extends back to the late 1930s and early 1940s, when Knott[55] and Hadley[56] reported 

changes in the dominant alpha rhythm using only visual (“eyeball”) inspection. More advanced 

technologies as early as the 1980s allowed for more precise power spectral analyses to be 

performed by others, confirming the relevance of PAF to workload and performance.[57]  

 

1.4 The manipulation 

The final step is determining the way in which the learning task will be manipulated. In the 

case of 3D-MOT, since the goal is to track the 4 targets amidst the 4 distractors, the manipulation 

was designed to recall the identity of the targets. During the movement phase of the trial, target 

recall occurred: a subtle red hue (gradual change over .5 seconds to a maximum of 25% saturation) 

was applied to the four target spheres if non-optimal brain functioning (a slow PAF) over the 

precuneus was observed.  

 

 

2.1 Subjects 

The research project was approved by the Université de Montréal ethics committee for 

health research (Comité d’éthique de la recherche en santé; CERES). All recommended ethics 

procedures and guidelines were followed, and informed consent obtained from all study 

participants. Four groups (n=40) took part in this study. All groups were matched for age (mean = 

22.89 years, SD = 2.95; range = 19 to 29 years) and total years of post-secondary education (mean 

= 2.38 years, SD = 1.01, range = 1 to 5 years). Specific demographic information for each group 

is detailed in Table 1. All participants were free of any diagnosed cognitive or emotional deficits 

and psychoactive medication. The first two groups are presented in Parsons et al[41] as a part of a 

study investigating the improvements in cognitive function of standard 3D-MOT training. They 

are the NT group (n=10) that underwent standard 3D-MOT training, and the CON group (n=10) 

that was a non-active control. In addition to those groups, this study added a NT-NFB group (active 
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neurofeedback group; n=10) and a NT-NFBs group (sham neurofeedback group; n=10). All 

subjects were randomly assigned to groups following a block randomization procedure, and all 

subjects were trained over the same general timeframe (approximately 6 months).  

 

Table 1: Group breakdown demographics 

Group Description n Age (years) SD YPSE SD 

NT Standard learning experimental 10 23.54 2.56 2.5 0.97 

NT-NFB NFB-assisted learning experimental 10 21.90 2.99 2.2 1.03 

NT-NFBs Sham-assisted learning control 10 23.10 3.48 2.4 1.17 

CON Non-active control 10 23.02 2.78 2.4 0.84 

Group composition and demographic information 

YPSE: years of post-secondary education 

 

The NT, NT-NFB and NT-NFBs groups all performed 10 training sessions of 3D-MOT, 

with 2 training sessions a week over a period of 5 weeks. Each session lasted approximately 45 

minutes. The CON group was a non-active control and thus underwent no training. All groups also 

conducted an initial testing session and a final testing session of the standard, un-manipulated 3D-

MOT task.  

 

The 3D-MOT task took place in a virtual 3D cube with each side measuring 1.5 meters and 

projected onto a square screen with sides measuring 2.4 meters. Target and distractor spheres each 

measured 10 cm in diameter. The speed is measured in meters per second (m/s); each trial began 

with an initial start speed of 0.3 m/s. Figure 2 presents a breakdown of a 3D-MOT trial. 
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Figure 2: Breakdown of a 3D-MOT trial  

 
A. Presentation: all spheres appear 

B. Identification: target spheres are identified in red 

C. Movement: spheres move through space following a linear trajectory 

D. Response: participant attempts to identify targets 

E. Feedback: correct targets are revealed 

 

Participants in the NT-NFB group underwent 3D-MOT training with a manipulation of the 

task based on real-time EEG-based brain activity. As discussed above, the sole information 

provided to the subject via neurofeedback-based modulation was the target recall. Specifically, 

the PAF measured over the midline parietal cortex (10-20 electrode site Pz[48]) was used to 

modulate the targets, making them slightly heterogenous. Pz was chosen as the site for training as 

it is heavily involved in visuospatial tasks[47], as well as proposed as a part of the neurofeedback 

“control network”, potentially in part responsible for the acquisition of neural autoregulation.[58] 

Fz was passively recorded for further offline analysis.  

 

Prior to each series of trials, a 1-minute baseline was taken, and a PAF threshold was then 

set as 95% of the baseline level (for example if PAF = 10Hz, PAF threshold = 9.5Hz). This measure 

ensured consideration of the individual and contextual variability inherent in EEG measures. 

Target recall was based on real-time EEG activity and would occur whenever the PAF dropped 

below threshold, between seconds 2 and 6 of the movement phase of a trial (see Figure 2, image 

C). Target recall was a subtle red hue (gradual change over .5 seconds to a maximum of 25% 

saturation) applied to the four target spheres. No target recall occurred during the first two and 

final two seconds of each trial. Further, target recall was discontinued immediately once the PAF 

returned above threshold, or after a maximum of .5 seconds. Finally, every instance of target recall 

was followed by 1.5 seconds of ‘dead time’ during which no additional feedback could be given. 
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Thus, a maximum of 1 total second of feedback time could be given per trial, accounting for 12.5% 

of the 8-second trial.  

 

The NT-NFBs group was an active control group. The NT-NFBs group underwent the 

same training as the NT-NFB group, however target recall was not dependent on their brain 

activity. Instead, while each subject in the NT-NFBs group were told they were receiving feedback 

based on their brain activity, in reality each subject was paired with a participant in the NT-NFB 

group, and the color-change they observed was based on the pre-recorded EEG of their pair. The 

study respected a single-blind design; the experimenters were aware of who received real and sham 

recall but the participants themselves were not. As such, the task, including amount and timing of 

target recall was identical for both NT-NFB and NT-NFBs groups, with the only differing variable 

being that the NT-NFB group received brain-based target recall, while the NT-NFBs group 

received non-contingent or sham target recall.  

 

All subjects were given identical instructions for the task itself including a brief 

demonstration of 3D-MOT trial in order to educate them on how to perform this task. NT-NFB 

and NT-NFBs groups were also told that the target spheres would turn slightly red when an 

inefficient brain activity was detected. 

 

 

2.2 Materials 

A ProComp Infiniti encoder manufactured by Thought Technology Limited[59] was used to 

acquire 2-channel EEG data from active sites Pz & Fz[48], referenced to linked ears, with the ground 

at Cz. Application of electrodes was done by first lightly abrading the skin using NuPrep gel, then 

affixing the electrode to the ear or scalp using Ten20 conductive paste. Impedance for all electrodes 

was held below 5 kOhm, and within 1 kOhm of one another.  

 

Thought Technology Limited’s BioGraph Infiniti software version 6.0[59] was used, with a 

customized interface allowing for communication with the 3D-MOT software program. The EEG 

signal was sampled at 256Hz, with a high-pass (0.5Hz) and low-pass filter (50Hz). PAF was 

calculated by isolating the discrete frequency producing dominant power with a 1-second sliding-
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window FFT of EEG activity between 8 and 13Hz. Real-time PAF was thus consistently a discrete 

frequency; either 8, 9, 10, 11, 12 or 13. The running average of PAF over a given trial, series or 

session could be any decimal value between 8 and 13Hz.  

 

The 3D-MOT task was custom-coded for the purposes of this project, built from a lab 

version of the commercially available NeuroTracker (CogniSens Inc.).[60] The 3D-MOT sessions 

were performed in the C.A.V.E. (Cave Automatic Virtual Environment).[61] The C.A.V.E is a 10 

foot by 10 foot by 10 foot enclosure onto which is projected the 3D-MOT task. The MOT 

environment consists of a large cube measuring approximately 1.5 meters in length, width, and 

height, while targets measure 10 cm diameter. The participant is seated at a distance of 1.5 meters 

from the screen and is given a fixation point located in the center of the cube. The 3D-MOT task 

thus utilises a visual field of approximately 45 degrees. The use of a cube as the environment 

allows for horizontal and vertical movement of both targets and distractors to remain roughly 

equivalent. The 3-D aspect of the MOT task is achieved using stereoscopic projection and active 

shutter lenses synchronized to 120Hz.  

 

 

Results 

 

The session scores and logarithmic learning curves of each group are presented below in 

Figure 3. In the figure, the graph above shows the raw scores while the graph below shows scores 

based on a normalized baseline (session score - baseline score). A repeated-measures ANOVA of 

initial and final session scores demonstrated an effect of group (F=20.317, p=<.001, partial Eta 

squared = .629). As can be easily observed, the NT-NFB group performed better than the NT-

NFBs and NT groups, whose results are similar. Finally, as expected, the non-active CON group 

demonstrated the least amount of learning. In terms of the learning curves, as can clearly be seen 

in Figure 3, the NT-NFB group demonstrates a steeper slope and this better learning than all other 

groups, and this effect is even more evident when observing the normalized learning curves.   
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Figure 3: 3D-MOT Geometrical Speed Threshold Means on a log scale 

 

 
Above: Error bars represent standard error and are only presented for Initial and Final sessions in 

order to maintain image clarity. Standard error for training trials varied between .03 and .05 for the 

NT group, .02 and .04 for the NT-NFB group, and .04 and .06 for the NT-NFBs group. Lines 

represent the log regression and the R2 corresponds to the amount of variance explained by the fit. 

(RSS = residual sum of squares, TSS = total sum of squares) 

Below: Normalized learning curves calculated by taking each individual session score and 

subtracting the baseline (initial session) score.  
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In Table 2, the results of a univariate ANOVA on final test scores demonstrate that at final testing, 

the NT-NFB group significantly outperformed all other groups, while the NT and NT-NFBs 

groups performed significantly better than the CON group. Table 2 also gives us an idea of the 

power of the various learning paradigms; the NT-NFB paradigm significantly outperformed all 

others with effect sizes in the medium to large range. Meanwhile, no significant difference was 

observed between the classic paradigm (NT) and the sham paradigm (NT-NFBs). Both of these 

latter paradigms outperformed the non-active control group, with the classic paradigm and sham 

paradigms presenting a large and medium effect size, respectively. Between-group comparisons 

of the NT and NT-NFBs are non-significant, and future research could examine this possibility in 

a larger study.  

Table 2: Final testing 3D-MOT session threshold score comparison 

 
Group Comparator Significance (p) Effect size 

Cohen’s d (r) 

NT-NFB 
vs. NT .044 0.9484 (.4284) 
vs. NT-NFBs .004 1.2742 (.5373) 
vs. CON <.001 2.3015 (.7548) 

NT vs. NT-NFBs NS -- 
vs. CON .003 1.2583 (.5325) 

NT-NFBs vs. CON .032 0.7317 (.3435) 
Y values represent mean speed of the final testing session in metres per second.  
Cohen's d = (M2 - M1) ⁄ SDpooled (M = mean, SD = standard deviation) 
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Discussion 

 

As can be seen from the results section above, the NT-NFB group out-performed all other 

groups and demonstrated a significantly better learning curve. This could be because the closed-

loop learning paradigm provides assistance (target recall) when the learner needs it most, thus 

keeping the person within the optimal zone of development on a more consistent basis than when 

using a standard trial-and-error approach (in this case, an adaptive staircase) alone.  

 

This is supported by observations of the NT group: while adaptive staircases based on 

behavioural performance work and significant learning is observed, a system that integrates real-

time cognitive performance into the learning paradigm yields superior results. If the task is simply 

made easier, such as was the case for the NT-NFBs group who received help at the task (target 

recall) at times when it wasn’t needed, the learner does not perform any better than with the 

standard task. It may even be possible that the differences in effect sizes between NT and NT-

NFBs groups, which are larger for the former, indicate that non-contingent feedback – irrelevant 

help – is disruptive to the learning process.  

 

Further, even once target recall was removed from the task at the time of final testing, the 

NT-NFB group continues to perform at levels well above the other groups. The results of the NT-

NFB group did not decrease even though they went back to the classic task and were no longer 

receiving target recall. This should be interpreted as a confirmation that there is a true acquisition 

of what was learned. This is an important point: if there were no transfer to classic applications, a 

closed-loop learning system would be of limited value because a person would always have to find 

themselves within a closed-loop context to perform at their full potential. This is not the case, as 

the NT-NFB group demonstrates that their learned abilities transfer back out into a traditional 

context.  

 

This addresses a significant weakness in existing cognitive enhancement literature[1] as 

well as in some classic neurofeedback applications.[2] By integrating a brain-based cognitive 

enhancement technique into a given learning paradigm, the highly-efficient closed-loop learning 
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paradigm described by Clow[8] can be achieved, side-stepping the need to achieve more distant 

transfer.  

 

If we extrapolate, instead of applying neurofeedback in an experimental setting and 

attempting to achieve transfer, we can imagine designing specific in-classroom neurofeedback 

protocols for the “live” enhancement of cognitive functions effected by neurodevelopmental 

disorders such as ADHD[13], learning disorders,[62] autism spectrum disorders,[63] as well as 

personal/professional protocols for emotional regulation[16] and for peak performance.[18-20, 28-34] 

Married with today’s technology, one can even begin to imagine the various forms in which this 

could take shape: an adaptive augmented reality classroom, the teacher able to modify their lesson 

based on the real-time brain-states of their student; a book that adapts how it presents information 

to its reader based on their real-time information processing, comprehension, memory encoding 

and reasoning; and a virtual reality environment that pushes behavioural and emotional regulation 

capacities to the maximum, without the risk of ever pushing beyond a tolerable level. Indeed, some 

of these biofeedback devices exist, most notably capitalizing on heart rate signals in order to 

manage stress[64] and for personal emergency response systems worn during exercise.[65]   

 

 

 

Conclusion 

 

This study demonstrates that a closed-loop learning paradigm that incorporates cerebral 

performance (PAF) as well as cognitive performance (workload) optimizes a person’s ability to 

learn within the framework of a novel task (3D-MOT). There is still much work to be done before 

this type of learning system can be implemented on a broader scale.   

 

First and foremost, the results of this study need to be replicated on a larger scale within 

the context of the 3D-MOT paradigm. Ideally, a larger number of subjects should be trained in 

order to validate and enhance statistical measures. Moreover, transfer measures such as structural 

and/or functional brain scans; cognitive performance tests and outcome measures should be 

utilized to examine the potential for cognitive enhancement beyond the task at hand.  
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Next, a closed-loop learning paradigm should be tested within the context of other tasks. 

Other measures of workload could be used, various electrode sites targeted for their involvement 

in a given task, and the same type of paradigm could theoretically be done using more precise 

brain-imaging techniques such as real-time functional magnetic resonance imaging (rt-fMRI), 

yielding deeper insights into task-related brain functioning.[66]  

 

This study should be considered a proof of concept; a demonstration that it is possible to 

use brain activity to improve how the brain learns, by consistently presenting it with information 

within the zone of proximal development. While the immediate impact of this one study may be 

limited, there are far reaching implications: the possible real-world applications of a closed-loop 

learning paradigm are considerable, research supports PAF as a task-independent measure 

appropriate to multiple paradigms[53], and the potential gains in learning outcomes across a wide 

variety of domains and applications are immense.  
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Abstract 

In a novel, neurofeedback-assisted cognitive-enhancement learning paradigm (3-dimentional 

multiple object tracking), the use of real-time brain activity (peak alpha frequency measured over 

the posterior parietal cortex) can be used to improve learning and performance. This study 

examines how these effects occur, exploring the neural correlates of preparedness (baseline) and 

performance (task trials) across trial results (correct/incorrect) and task difficulty 

(slow/medium/fast speeds). Cognitive preparedness, performance and load are measured using 

well-established relationships between real-time quantified brain activity as measured by 

quantitative electroencephalography. It is shown that the addition of neurofeedback-based task 

assistance based on peak alpha frequency is appropriate to task conditions and manages to 

influence cognitive load, keeping the subject in the zone of proximal development more often, 

facilitating learning and improving performance.  
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Introduction 

The domain of cognitive enhancement is a burgeoning field spanning psychoactive drugs, 

dietary supplements, cognitive training, and brain stimulation. Research supporting the use of these 

methods is at times scarce, at other times heavily flawed, and even when a significant body of 

research does exist, there are a lack of significant benefits in outcome measures, showing the limits 

of transfer.[1] 

 

A further important issue is not often addressed: within learning paradigms, how can 

performance be optimized and learning improved?  

 

In a previous work, the authors demonstrated that by integrating EEG-based neurofeedback into a 

cognitive enhancement paradigm, 3-dimentional multiple object tracking (3D-MOT), degree and 

speed of learning can be improved compared to traditional learning and sham-neurofeedback.[2] A 

relatively unique application of neurofeedback, the specific mechanisms of this type of hybrid 

intervention are not understood. In this exploratory paper, we will examine the neural correlates 

that indicate improved cognitive preparation and performance across groups and conditions, in 

turn seeking to understand the mechanisms of enhancing learning within a perceptual-cognitive 

training paradigm.  

 

Quantitative electroencephalography (qEEG) 

Quantitative electroencephalography, or qEEG, is a measure of electrical neural activity 

via the electroencephalogram (EEG) which quantifies subsets of this activity to observe a contrast, 

a functional neural correlate, between conditions or groups.[3] EEG is often used in this type of 

research because of its ease of use, low-cost, high temporal precision, and non-invasiveness. 

QEEG is also known to be a reliable neuroimaging tool.[4]  

 

The typical qEEG bandwidths subject to examination are delta, theta, alpha, beta, and 

gamma, defined in terms of speed, or cycles per second (hertz, Hz). Each of these bandwidths is 

said to reflect a given state or represent a given function, however the definition of qEEG 

frequency bandwidths is variable; not only speed, but morphology can be used to define a given 

brainwave.[5] The simplified states and functions associated with these frequency bands are, in 
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reality, thought to define a variety of complex, dynamic, interdependent states and functions that 

can also vary based on their topographical location and source.[6]  

 

For the purposes of this study, qEEG bandwidths are decomposed as follows: delta (1 to 4Hz), 

theta (4 to 8Hz), alpha (8 to 13Hz), beta1 (13 to 18Hz), beta2 (18 to 22Hz), beta3 (22 to 30Hz) 

and finally gamma (30 to 50Hz). The functional correlates of qEEG are typically well understood 

as follows, and a simplified summary is found in Table 1.  

 

Delta (1-4Hz), exhibits a positive correlation with vigilance, and appears to be a non-

specific measure indirectly related to task performance and cognitive load.[7, 8] 

 

Theta (4-8Hz) brainwaves have strong relationship with cognitive tasks and 

performance.[9] They can also represent certain emotional states and fatigue.[10] Some research 

points to a specific role for anterior-midline theta and working memory.[11] During a task, theta 

amplitudes tend to decrease from baseline, with the exception being the frontal medial cortex, 

where an increase in theta is often seen. These changes are thought to reflect a shift from an internal 

attentional locus to an external stimulus as well as being related to thalamocortical inhibitory 

activity.[9] 

 

Alpha (8-12Hz), like theta, exhibits dynamic variations in both amplitude and speed in the 

context of cognitive paradigms. This activity is once again highly relevant to this study. During 

cognitive activation, it is well known that posterior alpha activity is suppressed, replaced by faster 

beta brainwaves. This phenomenon was described in the very first EEG literature by Berger[12] and 

has been validated countless times since.[9] Pre-task alpha amplitude is positively correlated with 

task performance.[9] A suppression of alpha activity is also known to be related to directed 

attention.[13, 14] 

 

Beta (13-30Hz) activity can be segregated into at least two distinct sub-bands. For reasons 

that will become apparent, these two sub-bands are defined as beta1 (13-18Hz) and beta3 (22-

30Hz). This leaves a buffer zone – beta2 (18-22Hz) – between beta1 and beta3, to account for 

individual differences and appropriately segregate the “normal, moderately activated, healthy 
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oscillation network” of beta1 from beta3, the “stressful; poorly-attentional; anxiety-related; and 

energy-consuming, high beta (22-30Hz) activated network”.[15]  

 

Gamma (30-50Hz) activity is generally involved in associative learning[16, 17] and is known 

to increase in amplitude during cognitive tasks.[18] Gamma also displays region-specific 

relationship to perceptual information processing[19], feature-binding[20], attention[21], working 

memory[22], and successful learning.[23]  

  

Peak alpha frequency (PAF) is defined as the dominant discrete frequency within the alpha 

band. This measure has been shown to be highly related to cognitive preparedness[24] and cognitive 

performance[25]; a faster PAF being a correlate of improved performance both before and during a 

task. Finally, it has been established that PAF decreases with an increased cognitive load.[26]  

 

Table 1: EEG bandwidth definitions and associated neural correlates 

Activity Definition Correlate 

Delta 1-4Hz Vigilance[7, 8] 

Theta 4-8Hz Cognitive load[9], emotional states, fatigue[10] 

Alpha 8-13Hz Cognitive preparedness[9], attention[13, 14] 

Beta1 13-18Hz Cognitive[7, 15] and emotional processing[14] 

Beta2 18-22Hz Buffer zone 

Beta3 22-30Hz Stress, poor attention, increased energy consumption[15] 

Gamma 30-50Hz Indicative of engaged networks[23], learning[16, 17] 

PAF 8-13Hz Cognitive preparedness[24], performance[9, 25] and load[26] 

 

Neurofeedback 

Neurofeedback is typically defined as an operant-conditioning paradigm with the goal of 

modifying brain activity.[27] For a review of traditional neurofeedback designs, methods and 

applications, the authors suggest the recent work of Marzbani and colleagues.[28] In traditional 

neurofeedback, protocols are applied to either reward (increase) or inhibit (decrease) specific 

brainwaves with the goal of having a specific cognitive, behavioural, emotional, or other effect.  
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Some classic neurofeedback literature further supports a specific mechanism relevant to 

the paradigm at hand: accelerating PAF.[29] Within a traditional neurofeedback paradigm, the 

increase of PAF has been shown to improve cognitive performance.[30] Beyond EEG-

neurofeedback, repetitive transcranial magnetic stimulation (rTMS) has been used to increase PAF 

and subsequently improve cognitive performance[31], more robustly demonstrating the functional 

relationship between these variables.  

 

3-dimensional multiple object tracking (3D-MOT) 

The task utilized in this study is known as 3-dimentional multiple object tracking, or 3D-

MOT. A multiple object tracking (MOT) task is one in which a participant must attend to 2 or 

more given stimuli within a group of identical distractors, through various manipulations of the 

stimuli (for example: movement, occlusion, appearance changes).[32] The MOT task was first 

proposed by Pylyshyn and Storm[32] in order to study multifocal attention and other features of 

visual information processing. For a thorough review of the use of MOT in the study of visual 

attention and information processing, the work of Meyerhoff and colleagues[33] is appropriate. The 

specificities of the 3D-MOT task used in the current study are described in the Method section 

below.  

 

As a cognitive enhancement tool, 3D-MOT training has been shown to increase attention, 

working memory and visual information processing speed in healthy participants[34], attention in 

those with a neurodevelopmental condition[35], improvements in on-field performance for soccer 

players[36], as well as enhancements in memory[37] and the perception of biological motion in 

healthy, aging adults.[38] 

 

QEEG in MOT 

A portion of the EEG neuroimaging literature related to MOT uses event-related potentials 

(ERPs), and this use of EEG is not readily relevant to review in the context of qEEG. An example 

of this work can be found in Doran and Hoffman[39] who examine the role of attention in the MOT 

task, or Drew and colleagues[40] who investigate the impact of the various MOT variables (speed 

and number of distractors) on task difficulty. 
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In terms of qEEG literature, little insight is available. One study reports an increase of beta 

power from the baseline to task condition seen generally across the cortex. Authors suggest that 

the right frontal cortex may be the most appropriate site for measuring cognitive load.[42] This last 

study is difficult to interpret namely because an eyes-closed baseline is used as comparator against 

the task condition. Prior qEEG research has shown a difference in eyes-opened versus eyes-closed 

baselines[42], meaning that the differences observed in this study could simply be the result of a 

contrast between the eyes opened and eyes closed state. A doctoral dissertation on the topic of 

MOT shared similar results; an increase in beta/theta ratio during training over the bilateral frontal 

and occipital cortices.[43]  

 

Alpha activity is found to appear in tonic bursts over the bilateral inferior parietal cortex 

during a multiple object processing task, appearing more frequently when at “capacity limits” 

(defined by number of targets, in this case approximately 4).[44]  

 

VanRullun[45] also notes a relationship between theta oscillations and attentional 

fluctuations within an object tracking and identification paradigm. VanRullun[45] reports that 

although Holcombe & Chen’s[46] multiple object tracking findings do not include qEEG, they are 

potentially relatable. In a multiple object tracking paradigm, these authors discovered a slowing of 

attention sampling from 7, to 4 and finally to 2.6Hz when tracking one, two and three objects 

respectively.[46] Attentional sampling of this type has been correlated with theta activity 

elsewhere.[47] Interestingly, a master’s thesis used a MOT task as an outcome measure to 

demonstrate improved visual attention following 10 sessions of neurofeedback theta coherence 

training[48], further suggesting a strong link between theta and MOT.  

 

Finally, a study by Bland and colleagues[49] highlights the role of gamma coherence in 

mediating interhemispheric integration and communication during MOT.  

 

3D-MOT & NFB hybrid 

A review of the findings of Parsons and Faubert[2] is warranted. In this study, it was shown 

that the NFB group demonstrated a significantly better performance – learning ability – on the 3D-

MOT task over time. This performance was maintained even once the neurofeedback component 
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was removed. No significant differences were observed in terms of task performance between the 

NFBs and NT groups.[2] In figure 2, the normalised learning curves adapted from Parsons and 

Faubert[2] are presented. For the initial (point 1 on the X-axis) and final evaluation session (point 

12) the task-based modulation was absent for all groups.  

 

Figure 2: normalised learning curves in the 3D-MOT with neurofeedback paradigm 

  
Results adapted from Parsons & Faubert[2]  
Left: normalised logarithmic learning curves based on geometrical means; each session’s average speed 
threshold subtracted by the first testing session baseline. The X-axis refers to session number. 1 is the 
first testing session (standard 3D-MOT), 2 to 11 are the 10 training sessions with subjects assigned to 
different groups and training conditions (NT, NFB or NFBs), and 12 is a final testing session (standard 
3D-MOT).  
Right: final speed thresholds for the three training groups. 

 

 

Method 

Subjects 

The subjects in this study are first presented in our earlier-referenced publication.[2] Using 

a block randomization procedure, a total of 30 subjects were assigned to one of three groups, 

standard 3D-MOT training (NT, n=10), 3D-MOT with hybrid neurofeedback (NFB, n=10) and 

3D-MOT with sham-neurofeedback (NFBs, n=10). In the referenced study, there is also a non-

active control group which is not presented here as they did not complete a 3D-MOT training 

program.  

 

Groups were equivalent in age (mean = 22.89 years, SD = 2.95, range = 19-29) and in years 

of post-secondary education (mean = 2.38, SD = 1.01, range = 1 to 5 years), and were trained over 

the same general timeframe (approximately 6 months). Subjects in the current study are all in an 

age-range in which qEEG measures are relatively developmentally constant.[50] None of the 
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subjects exhibited either the slow alpha variant or the fast alpha variant[51], which would have had 

an impact on results.  

 

Materials 

The 3D-MOT task used in this study was a custom-coded lab version of the commercially 

available NeuroTracker (CogniSens Inc.).[52] A 3D-MOT trial takes place in a large virtual cube 

with sides measuring 1.5 meters projected onto a 2.4-meter screen. The subject is seated at a 

distance of 1.5 meters from the screen, giving a visual field of approximately 45 degrees for the 

task. Targets and distractors are identical spheres measuring 10 centimeters in diameter. A single 

3D-MOT trial can be broken down into the five sections seen in figure 1. In the pre-trial phase, (a) 

the targets and distractors all appear homogenously in yellow for 2 seconds, before (b) the target 

spheres are identified in red with a white halo, for 2 seconds. Before beginning the trial, 

homogeneity is restored and all spheres return to yellow for 1 second prior to (c) movement inside 

the cube along random, a linear trajectory. If any sphere encounters an obstacle, either a wall of 

the cube or another sphere, they bounce off the obstacle and continue on their new linear trajectory. 

The movement phase lasts 8 seconds. At the end of the trial (d), movement ceases and the subject 

must state their responses (hypothesized target spheres) verbally, while the experimenter tags each 

response with a red halo. Once responses are validated, feedback (e) is given, with the correct 

spheres identified in red for 2 seconds. If a correct response is given, the speed of the next trial is 

increased. If an incorrect response is given, the speed of the subsequent trial is decreased. Initial 

speed was consistently 0.3 meters/second, and changes in speed were defined by an adaptive-

staircase algorithm utilising larger variances (up to 100%) for initial trials and smaller increments 

(as small as 10%) for later trials. 

 

Figure 1: visual representation of a 3D-MOT trial 

 

 

A 3D-MOT training session consists of 3 series of 20 trials, each preceded by a 60-second 

resting state baseline; as such, in a given session, 3 baselines are recorded, and 60 trials are 
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performed. Along with electrode setup, a full session takes approximately 45 minutes from start 

to finish. Over the 10 total training sessions, each subject performed 30 baselines and 600 trials.  

 

Two additional assessment sessions were performed, one prior to and the other following 

training, in order to establish initial and final baseline performance in the unmodified 3D-MOT 

task. No qEEG activity was measured during these sessions, and no results pertaining to these 

sessions are presented here.  

 

During each baseline and trial, using a ProComp Infiniti encoder manufactured by Thought 

Technology[53], EEG activity was recorded from two active sites. The sites selected were the 

medial parietal and medial frontal cortices, positioned at Pz and Fz respectively, according to the 

international 10-20 system of electrode placements.[54] A linked ears reference was used, and the 

ground electrode was placed at Cz. Electrodes were applied to the scalp and earlobes using Ten20 

paste after lightly abrading the skin using NuPrep gel.[55] Impedances were kept below 5kOhm and 

within 1kOhm of one another.  

 

The midline parietal cortex (Pz) was chosen as the active site for training due to research 

demonstrating its specific role in attentional load in a multiple object tracking task.[56] This same 

site is also heavily involved in visuospatial tasks[57] and is proposed as a relevant hub in the 

neurofeedback control network, responsible for the acquisition of neural autoregulation.[58] 

 

The frontal medial cortex is a second appropriate site for measurement with regard to the 

MOT task[59] and is also commonly used in cognitive training paradigms with a qEEG 

component.[9-11]  

 

A custom interface was built within the BioGraph Infiniti software (version 6.0) in order 

to provide either contingent or non-contingent feedback within the 3D-MOT paradigm to the active 

and control groups respectively. More information on between-group specificities is below. The 

EEG signal was sampled at 256 Hz, with a high-pass (0.5 Hz) and low-pass filter (50 Hz).  

 



 104 

PAF was calculated by isolating the discrete frequency producing dominant power with a 

1-s sliding-window FFT of EEG activity between 8 and 13 Hz. Real-time PAF was thus 

consistently a discrete frequency; either 8, 9, 10, 11, 12 or 13. The running average of PAF over a 

given trial, series or session could be any decimal value between 8 and 13 Hz. 

 

Training Paradigms 

The NT group performed a standard, unmodified version of the 3D-MOT task. The 

procedure for this task is described above, and a visual representation of the task can be found in 

figure 1. For the task itself, all subjects regardless of group were given identical instructions, 

including a brief demonstration of a 3D-MOT trial.  

 

In the case of the NFB group, the task was modified based on real-time brain activity, 

specifically the measure of PAF at Pz. In this paradigm, as explained in Parsons and Faubert[2] 

“during the movement phase of the trial, target recall occurred: a subtle red hue (gradual change 

over .5 seconds to a maximum of 25% saturation) was applied to the four target spheres if non-

optimal brain functioning (a slow PAF) over the precuneus was observed.” 

 

As mentioned above, before beginning each series of 20 trials, a 1-minute baseline was 

recorded. Baselines were taken at the beginning of each series in order to account for the individual 

and contextual variability inherent with EEG measures, for example due to fatigue accrued over a 

session. Before each series, the PAF threshold was set at 95% of the baseline average for the 

subsequent 20 trials (for example if PAF = 10Hz, PAF threshold = 9.5Hz).  

 

The PAF threshold was the trigger for target recall. If real-time PAF dropped below the 

threshold, target recall would begin. Target recall could only occur within a four-second window, 

between seconds 2 and 6 of the 8 second movement phase of a 3D-MOT trial; no target recall 

occurred during the first and final two seconds of the trial. Target recall was immediately 

discontinued in one of two scenarios: if the PAF moved above threshold, or after a maximum of 

.5 seconds. Regardless of the reason, once target recall was discontinued, no additional feedback 

could be given for a ‘dead time’ of 1.5 seconds. Combining all these factors, a maximum of 1 

second of feedback could be given per trial, which represents 12.5% of trial length.  
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As an active-control group, the NFBs subjects were given the same instructions as the NFB 

group, meaning they believed that the target recall they experienced was based on their real-time 

brain activity. This was not the case. Instead, each subject in the NFBs group was paired with a 

subject in the NFB group, and a playback of pre-recorded brain activity was used. This means that 

both NFB and NFBs groups received identical target recall, both in timing and amount.  

 

The 3D-MOT-neurofeedback hybrid paradigm differs significantly from traditional 

neurofeedback in the sense in that it provides no “reward” stimulus, but rather modulates task 

difficulty by triggering a task-integrated modulation meant to facilitate performance when the 

brain needs it most (when cognitive load is high).  

 

Why choose PAF over anterior-midline theta? 

In the introduction, two distinct and specific, relevant mechanisms were identified in 

relation to the paradigm at hand. The first is PAF, the variable chosen to drive the neurofeedback 

modulation in the given paradigm, as explained above. Second is frontal-midline theta.  

 

PAF is generally considered a reliable indicator of cognitive preparedness[24] and 

performance[9, 25], and further decreases with an increase in cognitive load[26], making it highly 

relevant to this study. It is also directly related to visual perceptive processes.[47] During a task, 

when cognitive load is highest and performance is lowest, PAF is also lowest. By triggering target 

modulation at this low-PAF moment in time, the task becomes easier. As cognitive load lessens 

and performance increases, PAF accelerates, and the feedback is discontinued.  

 

Another reason why PAF was chosen has less to do with PAF and more to do with the 

described theta waves. While theta increases over the anterior medial cortex in relation to working 

memory and cognitive load[9], theta amplitude also generally increases with fatigue, stress, and 

other state-based variables[10] that are exceedingly difficult to account for within a one-size-fits-all 

protocol. Another relevant reason is the simple absence of literature demonstrating beneficial 

effects of increasing anterior-midline theta activity in healthy adults.[60]  
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Statistical method 

Where appropriate a multivariate analysis of variance (MANOVA) or repeated measures 

ANOVA are run for each section, and results presented below. The relatively small sample size of 

groups (n=10) is somewhat compensated by the number of baselines (3) and trials (60) recorded 

for each participant. This means that the initial n for each given condition is quite large; total 

baseline n=900, total trial n=18000. To account for multiple observations within this large global 

number, for each statistical test condition (baseline, task, result, speed) a single average is 

calculated for each subject and this value then used to perform statistical tests (see Table 2 below). 

In that regard, the statistical n for each group in each condition is consistently 10. Due to multiple 

tests, significance is set at p = .05 and a Bonferroni correction applied. Where applicable, a Levene 

test had to first demonstrate equal variances across groups for specific measures before pursuing 

analysis. Where sphericity is violated, the Greenhouse-Geisser correction is used.  

 

Within the large sample, multiple baselines and trials had to be removed from analysis due 

to EEG artifacts, namely eye blinks, eye movements, and muscle tension. If a baseline was more 

than 25% (15 seconds) of artifact, it was removed from analysis; final baseline n = 802 (89.1% 

retained). When a trial contained an artifact, it was removed completely from the sample; final 

trial n = 14790 (82.1% retained). Baseline artifact removal and trial exclusion were performed by 

the first author who was blind to subject and condition. Exclusions were roughly equivalent across 

subjects and were more common in the NT and NFBs groups which did not rely on actual brain-

based feedback. No one subject had more than 30% of their baseline or trial sample removed 

(baseline range: 0% to 20%, trial range: 5.3% to 28.7%).  

 

The results of this study are decomposed into three main sections. First, baselines. In the 

second section, trial data will be decomposed in two ways. First, an examination of all trials across 

groups, followed by an analysis is run based on response: correct or incorrect. Next, and still 

pertaining strictly to the task condition, is an analysis based on target speed. Speed is divided into 

three bins: slow, medium, and fast. Speed bins are defined as follows: slow (< .44 m/s), medium 

(> .44 m/s, < .6 m/s), and fast (> .61 m/s). Third and finally, an examination of the dynamics from 

baseline-to-task conditions is relevant. For each condition, the qEEG measures defined above are 
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presented for both active electrodes utilized in all groups, Pz over the medial parietal cortex, and 

Fz over the frontal medial cortex.[54]  

 

Results 

A master table is provided for each group, containing all average results across test 

conditions, in Table 2.  

 

Table 2:  

a) Master results for NT group 

 
 

 

 

 

 

 

 

 

 

Baseline Task Correct Incorrect Slow Medium Fast
Total n 280 4389 2254 2135 1680 1748 961
Test n 10 10 10 10 10 10 10
PAF 9.74 (.52) 9.80 (.34) 9.81 (.33) 9.80 (.33) 9.82 (.32) 9.81 (.33) 9.78 (.35)
Delta 8.85 (.93) 9.39 (1.18) 9.28 (.99) 9.40 (1.03) 9.28 (1.13) 9.38 (.98) 9.42 (1.04)
Theta 9.17 (2.58) 7.51 (1.24) 7.47 (.96) 7.54 (1.01) 7.33 (.87) 7.52 (.99) 7.51 (1.11)
Alpha 11.93 (5.55) 6.68 (1.69) 6.65 (1.29) 6.71 (1.29) 6.49 (1.20) 6.72 (1.32) 6.77 (1.35)
Beta1 5.52 (.94) 4.19 (.45) 4.17 (.40) 4.22 (.39) 4.11 (.40) 4.22 (.42) 4.25 (.38)
Beta2 4.29 (.81) 3.20 (.36) 3.20 (.33) 3.21 (.34) 3.15 (.29) 3.21 (.34) 3.21 (.31)
Beta3 4.00 (.64) 3.59 (.60) 3.59 (.57) 3.60 (.60) 3.58 (.50) 3.58 (.57) 3.59 (.59)
Gamma 3.98 (.64) 4.17 (1.14) 4.16 (1.10) 4.19 (1.17) 4.06 (.85) 4.15 (1.10) 4.19 (1.17)
PAF 9.52 (.45) 9.66 (.47) 9.66 (.45) 9.66 (.46) 9.65 (.47) 9.66 (.46) 9.66 (.49)
Delta 8.51 (1.58) 9.05 (1.74) 9.01 (1.59) 9.07 (1.60) 9.20 (1.81) 8.97 (1.57) 9.26 (1.66)
Theta 8.01 (1.85) 8.24 (2.81) 8.13 (1.75) 8.32 (1.93) 7.86 (1.50) 8.25 (1.84) 8.48 (1.99)
Alpha 8.24 (3.52) 6.74 (1.90) 6.68 (1.86) 6.76 (1.87) 6.62 (1.72) 6.74 (1.91) 6.89 (1.98)
Beta1 4.42 (1.00) 4.09 (.60) 4.07 (.52) 4.13 (.51) 3.96 (.49) 4.12 (.53) 4.22 (.60)
Beta2 3.46 (.90) 3.12 (.48) 3.12 (.45) 3.13 (.44) 3.06 (.43) 3.12 (.43) 3.14 (.45)
Beta3 3.66 (.86) 3.60 (.79) 3.59 (.72) 3.62 (.77) 3.55 (.64) 3.58 (.73) 3.64 (.75)
Gamma 3.62 (.71) 3.94 (1.33) 3.92 (1.25) 3.99 (1.35) 3.80 (.99) 3.90 (1.24) 3.99 (1.34)

Pz

Fz

NT
Averages (SD) Result (SD) Speed (SD)
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b) master results for NFB group 

 
c) master results for NFBs group 

 
Note: PAF values are expressed in hertz (Hz), frequency band values in microvolts (µV). Values in 

parentheses represent standard deviation. 

 

Baseline Task Correct Incorrect Slow Medium Fast
Total n 288 5752 2945 2807 1295 2551 1906
Test n 10 10 10 10 10 10 10
PAF 9.64 (.52) 9.68 (.19) 9.69 (.18) 9.67 (.19) 9.73 (.22) 9.68 (.19) 9.65 (.18)
Delta 8.29 (1.19) 8.61 (1.23) 8.61 (1.22) 8.60 (1.26) 8.55 (1.15) 8.58 (1.24) 8.63 (1.11)
Theta 9.23 (2.45) 7.72 (2.37) 7.65 (2.30) 7.82 (2.50) 7.33 (2.17) 7.72 (2.35) 7.75 (2.40)
Alpha 12.93 (3.00) 6.93 (1.39) 6.90 (1.42) 6.96 (1.40) 6.67 (1.46) 6.95 (1.36) 6.91 (1.40)
Beta1 5.45 (1.68) 4.05 (.96) 4.05 (.96) 4.06 (.97) 3.99 (.94) 4.05 (.95) 4.03 (.98)
Beta2 3.75 (1.11) 2.82 (.69) 2.82 (.69) 2.82 (.70) 2.86 (.68) 2.81 (.69) 2.80 (.68)
Beta3 3.55 (.96) 3.09 (.76) 3.10 (.77) 3.09 (.78) 3.14 (.76) 3.09 (.77) 3.07 (.77)
Gamma 3.48 (1.04) 3.43 (.85) 3.44 (.86) 3.42 (84) 3.51 (.87) 3.41 (.86) 3.41 (.82)
PAF 9.50 (.46) 9.60 (.36) 9.61 (.37) 9.59 (.37) 9.66 (.30) 9.61 (.36) 9.60 (.37)
Delta 8.00 (1.22) 8.78 ( 1.36) 8.77 (1.36) 8.80 (1.42) 8.75 (1.36) 8.74 (1.39) 8.75 (1.32)
Theta 8.50 (2.03) 9.28 (2.95) 9.21 (3.03) 9.56 (3.41) 8.46 (2.68) 9.46 (3.30) 9.49 (3.33)
Alpha 9.85 (2.92) 7.29 (1.78) 7.25 (1.74) 7.33 (1.85) 6.99 (1.69) 7.33 (1.75) 7.37 (1.99)
Beta1 4.82 (1.55) 4.35 (1.19) 4.33 (1.17) 4.37 (1.22) 4.11 (1.01) 4.36 (1.21) 4.34 (1.22)
Beta2 3.63 (1.09) 3.08 (.81) 3.08 (.80) 3.08 (.81) 3.08 (.82) 3.07 (.80) 3.08 (.80)
Beta3 3.64 (1.22) 3.44 (1.06) 3.45 (1.07) 3.42 (1.06) 3.44 (1.08) 3.42 (1.04) 3.40 (1.03)
Gamma 3.54 (1.25) 3.50 (1.17) 3.51 (1.17) 3.48 (1.15) 3.53 (1.21) 3.48 (1.16) 3.48 (1.13)

Pz

Fz

NFB
Averages Result Speed

Baseline Task Correct Incorrect Slow Medium Fast
Total n 234 4649 2338 2311 1818 1689 1142
Test n 10 10 10 10 10 10 10
PAF 9.64 (.31) 9.56 (.18) 9.55 (.18) 9.57 (.18) 9.57 (.15) 9.54 (.19) 9.60 (.21)
Delta 8.71 (1.21) 9.33 (.34) 9.30 (.45) 9.36 (.19) 9.19 (.52) 9.21 (.30) 9.37 (.38)
Theta 8.96 (3.49) 8.50 (1.94) 8.49 (2.02) 8.52 (1.87) 8.57 (2.09) 8.31 (1.75) 8.17 (1.45)
Alpha 10.18 (4.64) 6.06 (1.15) 5.98 (1.13) 6.10 (1.17) 5.90 (1.01) 6.00 (1.15) 6.08 (1.23)
Beta1 4.94 (1.64) 3.90 (.70) 3.89 (.72) 3.91 (.69) 3.92 (.73) 3.88 (.76) 3.81 (.70)
Beta2 3.89 (1.26) 3.02 (.64) 3.01 (.65) 3.03 (.64) 3.02 (.68) 3.01 (.69) 3.00 (.73)
Beta3 3.82 (.94) 3.50 (.60) 3.49 (.62) 3.49 (.60) 3.53 (.61) 3.46 (.62) 3.42 (.67)
Gamma 4.24 (1.02) 4.10 (.56) 4.08 (.58) 4.10 (.59) 4.10 (.54) 4.05 (.56) 4.00 (.61)
PAF 9.56 (.35) 9.51 (.31) 9.51 (.31) 9.49 (.30) 9.56 (.31) 9.51 (.33) 9.50 (.31)
Delta 7.92 (1.60) 9.39 (1.37) 9.38 (1.39) 9.42 (1.41) 9.34 (1.31) 9.28 (1.43) 9.47 (1.51)
Theta 8.07 (3.38) 9.03 (2.84) 9.02 (3.50) 9.07 (3.80) 8.83 (3.34) 8.86 (3.24) 9.07 (3.74)
Alpha 7.86 (2.55) 5.92 (1.51) 5.91 (1.49) 6.00 (1.57) 5.90 (1.48) 5.88 (1.48) 6.00 (1.55)
Beta1 4.22 (1.68) 3.65 (.99) 3.65 (.99) 3.66 (.97) 3.65 (.98) 3.63 (.97) 3.68 (.97)
Beta2 3.33 (1.29) 2.83 (.86) 2.83 (.85) 2.85 (.86) 2.83 (.85) 2.82 (.85) 2.86 (.87)
Beta3 3.47 (1.05) 3.32 (.79) 3.31 (.78) 3.32 (.77) 3.37 (.79) 3.27 (.73) 3.39 (.87)
Gamma 3.83 (.95) 3.75 (.68) 3.77 (.68) 3.78 (.71) 3.84 (.68) 3.73 (.65) 3.81 (.74)

Pz

Fz

Result Speed
NFBs

Averages
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1. Baselines 

1st session baseline 

In examining the results of the 1st session’s baseline measures, a multivariate analysis of 

variance (MANOVA) yielded no significant differences between groups for all measures.  

 

10th session baseline 

A 3x2 repeated measures analysis of variance (ANOVA) comparing the first and final 

baseline measures yields no significant main effect of group. It does, however, yield a significant 

main effect for time (Wilks’ Lambda = .210, F = 2.825, p = .037, h2p = .790). Significant 

differences of within-subject contrasts over time are observed for: Pz PAF (p = .002, h2p = .292), 

Pz theta (p = .050, h2p = .135), Pz alpha (p = .035, h2p = .155), Fz PAF (p = .020, h2p = .184), Fz 

alpha (p < 0.001, h2p = .369), Fz beta1 (p = .009, h2p = .230). Fz theta also trends toward 

significance (p = .071, h2p = .116).  

 

For the group*time comparison, there is no significant main effect, but a trend toward 

significance (Wilks’ Lambda = .093, F = 1.714, p = .088, h2p = .696). On within-subject contrasts 

only Fz PAF trends toward significance (F = 2.844, p = .076, h2p .174).  

 

Table 3 resumes the findings for baseline comparisons, with the group averages for 1st 

session baseline, 10th session baseline, and the observed change (D) between the two.  
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Table 3:  

 
Note: PAF values are expressed in hertz (Hz), frequency band values in microvolts (µV). Values in 

parentheses represent standard deviation.  

With regard to the D columns, all values are significant for time (p < .05), except: 

- Values in italics are trending toward significance for time (p. <.10) 

- Values in bold are significant for time, and trend toward significance for group*time (p. 

<.10) 

 

Average across all baselines 

When all baselines across all sessions are averaged, a MANOVA reveals significant 

differences in baseline scores across groups, with a main effect (Wilks’ Lambda = .020, F = 4.503, 

p < .001, h2p = .857). No significant differences were found on any within-subject contrasts, or 

pairwise comparisons.   

 

2. Trials 

Across an average of all trials, a MANOVA yields no main effect for group (Wilks’ 

Lambda = .115, F = 1.462, p = .170, h2p = .661), and no significant differences across groups on 

any individual measures.  

 

 

 

S1 S10 D S1 S10 D S1 S10 D
n 10 10 10 10 10 10
PAF 9.86 (.42) 9.66 (.51) -0.20 9.74 (.40) 9.55 (.56) -0.19 9.78 (.40) 9.65 (.37) -0.13
Delta 9.09 (1.79) 8.58 (1.28) 9.47 (2.11) 8.80 (1.24) 9.49 (.95) 8.91 (.93)
Theta 8.57 (1.66) 9.46 (3.73) 0.89 8.78 (1.91) 10.19 (2.66) 1.41 9.12 (3.27) 9.37 (3.58) 0.25
Alpha 11.08 (4.35) 12.31 (6.81) 1.23 11.99 (2.55) 13.93 (3.08) 1.94 10.97 (4.72) 10.97 (4.69) 0.00
Beta1 5.29 (.82) 5.77 (1.46) 5.58 (1.79) 5.71 (1.73) 5.34 (1.70) 4.94 (1.56)
Beta2 4.36 (.75) 4.45 (1.33) 4.13 (1.67) 3.89 (.94) 4.30 (1.68) 3.95 (107)
Beta3 3.92 (.75) 4.10 (1.08) 3.94 (1.41) 3.70 (.91) 4.07 (1.34) 4.00 (.85)
Gamma 3.74 (.64) 4.05 (.94) 4.02 (1.56) 3.51 (1.08) 4.46 (1.42) 4.41 (.97)
PAF 9.60 (.35) 9.44 (.44) -0.16 9.57 (.40) 9.43 (.47) -0.14 9.50 (.36) 9.54 (.36) 0.04
Delta 8.47 (1.65) 8.40 (1.64) 8.41 (1.95) 8.55 (1.66) 8.09 (1.41) 7.87 (2.46)
Theta 7.84 (1.74) 8.20 (2.29) 0.36 8.02 (1.81) 9.58 (2.63) 1.56 8.13 (3.13) 8.33 (3.62) 0.20
Alpha 7.68 (2.41) 8.65 (4.84) 0.97 8.46 (1.97) 11.83 (3.91) 3.37 7.05 (1.97) 8.51 (3.40) 1.46
Beta1 4.20 (.69) 4.56 (1.48) 0.36 4.57 (1.21) 5.41 (2.10) 0.84 3.92 (1.38) 4.48 (2.29) 0.56
Beta2 3.59 (.97) 3.52 (1.30) 3.65 (1.13) 3.93 (1.30) 3.18 (1.35) 3.41 (1.58)
Beta3 3.68 (1.11) 3.78 (1.23) 3.73 (1.29) 3.83 (1.31) 3.36 (1.20) 3.54 (1.29)
Gamma 3.59 (.79) 3.62 (1.02) 3.78 (1.37) 3.65 (1.38) 3.67 (1.19) 3.79 (1.19)

Pz

Fz

Baseline
NFBsNT NFB
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2.1 Trial result 

There is, however, a significant effect for trial result. Using a 3x2 repeated measures 

ANOVA, the correct versus incorrect trials demonstrate a main effect for result (Wilks’ Lambda 

= .213, F = 2.766, p = .040, h2p = .787), and no significant result for result*group.  

 

When further examining the differences in trial result, there are univariate differences in 

correct and incorrect responses are significant for Pz theta (F = 5.505, p = .027, h2p = .169), Pz 

alpha (F = 36.175, p < .001, h2p = .573), Pz beta1 (F = 11.892, p = .002, h2p = .306), Fz theta (F = 

13.113, p < .001, h2p = .327), Fz alpha (F = 8.749, p = .006, h2p = .245), Fz beta1 (F = 8.079, p = 

.008, h2p = .230). Interestingly, Fz PAF trends toward significance (F = 3.535, p = .071, h2p = 

.116), while Pz PAF does not (F = .017, p = .898, h2p = .001).  

 

2.2 Trial speed 

A 3x3 repeated measures ANOVA examining groups and speed of trials (speed bins for 

slow, medium and fast as described above) reveals main effects across group (Wilks’ Lambda = 

.065, F = 2.181, p = .016, h2p = .744), speed (Wilks’ Lambda = .173, F = 3.425, p < .001, h2p = 

.584) and group*speed (Wilks’ Lambda = .091, F = 2.175, p < .001, h2p = .466).  

 

Regarding between-subject effects in the group comparison, no individual measure reaches 

significance, and the same is true for pairwise comparisons.  

 

Within-subjects univariate comparisons for the speed condition show significant 

differences for Pz alpha (F = 14.905, p < .001, h2p = .356), Fz theta (F = 11.447, p < .001, h2p 

.253), Fz alpha (F = 9.138, p < .001, h2p = .253), and Fz beta1 (F = 12.334, p < .001, h2p = .314). 

Two trends are particularly worth noting: Fz PAF (F = 2.921, p = .062, h2p = .098) and Pz PAF (F 

= 2.346, p = .105, h2p = .080). Other trends are observed for Pz theta (F = 2.877, p = .065, h2p = 

.096), Pz beta3 (F = 3.109, p = .053, h2p = .103), and Fz delta (F = 2.596, p = .084, h2p = .088).  

 

Pairwise comparisons for the speed condition reveal significant differences between the 

slow and medium speed bins on the following measures: Pz theta (p = .022), Pz alpha (p < .001), 
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Fz theta (p < .013), Fz alpha (p = .016), Fz beta 1 (p = .006), with a trend observed for Pz beta1 (p 

= .071). There are also significant differences between slow and fast speed bins for: Pz alpha (p = 

.003) , Fz theta (p < .001) , Fz alpha (p = .006), and Fz beta 1 (p = .002). 

A significant trend for this comparison is also observed for Pz delta (p = .079). No significant 

differences exist between medium and fast speed bins. Trends include Fz delta (p = .059), Fz beta3 

(p = .092), and Fz gamma (p = .066).  

 

As for within-subjects univariate comparisons for the speed*group condition, Pz PAF is 

significant (F = 2.748, p = .037, h2p = .169), as is Pz theta (F = 2.961, p = .028, h2p = .180), Pz 

beta1 (F = 5.912, p < .001, h2p = .305), Pz beta2 (F = 2.639, p = .044, h2p = .163), and Fz beta1 (F 

= 3.010, p = .026, h2p = .182). Trends are observed for Pz gamma (F = 2.200, p = .081, h2p = .140), 

Fz theta (F = 2.431, p = .059, h2p = .153), and Fz gamma (F = 2.026, p = .104, h2p = .130).  

 

Pairwise comparisons for groups at each individual speed level yields a few significant 

results. First, in the slow condition, Pz PAF is significantly different between NFB and NFBs 

groups (p = <.001) and between NT and NFBs groups (p = .042). A trend is observed between 

NFB and NT groups (p = .099). Fz PAF is also significantly different between NT and NFB groups 

(p = .024) and between NFB and NFBs groups (p = .006). Pz delta is different between NFB and 

NFBs groups (p = .034). Next, in the medium condition, Pz PAF trends toward significant in the 

NT vs NFBs comparison (p = .058). Finally, no differences are found in the fast condition. 

 

3. Baseline-to-task 

A first comparison to examine changes based on condition, from the baseline state to the 

task state, was run with a 3x2 repeated measures ANOVA. No significant main effect is found for 

group. Main effects exist for condition (Wilks’ Lambda = .060, F = 11.764, p < .001, h2p = .940) 

and group*condition (Wilks’ Lamdba = .034, F = 3.310, p = .002, h2p = .815).  

 

Within-subjects univariate tests reveal significant differences between conditions for Pz 

delta (F = 11.180, p = .002, h2p .293), Pz theta (F = 5.321, p = .029, h2p = .165), Pz alpha (F = 

61.092, p < .001, h2p = .694), Pz beta 1 (F = 23.508, p < .001, h2p = .676), Pz beta 2 (F = 74.095, 

p < .001 , h2p = .733), Pz beta 3 (F = 17.093, p < .001 , h2p = .388), Fz delta (F = 45.548, p < .001, 
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h2p = .628), Fz theta (F = 12.859, p = .001, h2p = .323), Fz alpha (F = 57.592, p < .001, h2p = .578), 

Fz beta1 (F = 14.204, p < .001 , h2p = .345), Fz beta2 (F = 25.452, p < .001, h2p = .485), and finally 

Fz beta3 shows a trend toward significance (F = 4.069, p = .054, h2p = .131). No significant 

univariate differences are observed for group*condition.  

 

Discussion 

While several comparisons reach significance, to focus on the likely underlying mechanisms of 

the hybrid-neurofeedback paradigm, special attention will be given to PAF and anterior midline 

theta. Other significant findings will be presented only briefly.  

 

1. Baselines 

Baseline measures, while still meeting the strict definition of ‘resting-state’, are different 

in that they are recorded immediately prior to an anticipated cognitive task. This has quantifiable 

effect on qEEG activity. [61] We can thus functionally define our pre-trial baseline as reflecting a 

state of preparedness. 

 

The first session baseline measures do not differ significantly across groups; all groups are 

essentially similar in terms of preparedness for their first session.  

 

As a result of training, all groups appear to have functional brain changes from the first to final 

session in the preparedness state (table 3, above). This indicates that the brain has adapted and 

prepares differently prior to the 3D-MOT task as a result of training.  

 

In comparing the first and final baseline sessions across groups, there is a trend toward significance 

in the group*time condition. There may be specific functional changes between groups in baselines 

following training that exist between groups, and Fz PAF appears to be one potential factor driving 

this trend.  

 

For the NT and NFB groups, Fz PAF slows, while the NFBs group is subject to a slight increase 

in anterior PAF. Pz PAF shows a similar trend for all groups, slowing over time. The slowing of 

PAF over time is somewhat unexpected if one considers the definition of baseline PAF as a good 
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indicator of preparedness[24] , and a predictor of subsequent performance.[25] One would logically 

expect, if performance was better (as it was in all groups, predominantly in the NFB group)[2],  

that the baseline value of PAF for all groups would be faster, and hypothetically fastest in the 

NFB group. This is inconsistent with observed results.  

 

Instead, it is possible that the slowing of baseline PAF indicates that the brain solicits less 

resources in the ‘prepared’ state to perform the same task at a higher level of proficiency. All 

groups improve in task performance and PAF slows for all groups. Those who perform better may 

be, during baseline, less stressed and physiologically aroused, and this is consistent with 

observations that PAF decreases in a state of relaxed wakefulness.[62]  

 

While the revised hypothesis regarding PAF fits the observed results, few studies examine 

this specific question, most report on inter-individual state-and-trait differences in PAF across 

different performance levels at one time point.[9, 24-25] n the studies that do provide evidence of 

PAF changes following cognitive enhancement interventions (for example: neurofeedback, 

transcranial direct current stimulation), the populations observed are not healthy adults and are 

thus not appropriate for comparison here as they are all shown to have slower-than-average PAF; 

the elderly[63], those with mild cognitive impairment[64], children with autism spectrum disorder.[65]  

 

Upon closer inspection, this finding isn’t in contrast with traditional neurofeedback 

literature of ‘up-training’ PAF.[29, 30] Of both the neurofeedback studies in clinical populations 

mentioned directly above[63, 64], the first detected only a change in anterior PAF (in spite of training 

posterior PAF). This led authors to conclude that anterior PAF is more malleable than posterior 

PAF.[63] In the second, only changes in alpha amplitude are observed, not in PAF.[64] Two more 

studies examined the effects of amplitude training on the upper alpha band (defined as PAF + 2Hz) 

in healthy subjects, both failing to show a significant change in PAF over time.[66, 67] 

 

Posterior theta power also increased at baseline for all groups from first to final baseline. 

This increase in posterior theta could be related to cognitive load, by way of the synchronisation 

of anterior and posterior theta activity, found with increased task demands.[9] Explicit learning 

requires memory, and theta neurofeedback has been shown to accelerate memory consolidation.[68] 
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An increase in theta here could have a relationship to neuroplastic mechanisms responsible for the 

consolidation of learning.[69, 70]  

 

Meanwhile, anterior midline theta also increased, but only demonstrated a trend toward 

significance. Theta power has a strong relationship with attention, working memory and executive 

functions [9, 11], as well as behavioural measures like reaction time[71] and response inhibition[72], it 

is no surprise to find baseline increases in anterior midline theta in the context of Parsons et al.[34] 

who demonstrate improvements in attention, working memory and visual information processing 

speed following 3D-MOT training.  

 

Both posterior and anterior alpha amplitude are larger during the final baseline. This 

increase in amplitude is consistent with the established relationship between baseline alpha 

amplitude and subsequent task performance.[9, 30] In a resting state, alpha brainwaves are typically 

low in amplitude over the anterior parts of the brain relative to the posterior. [73], In a pre-task 

baseline state, a large frontal medial alpha amplitude when comparing a true resting-state baseline 

to a pre-task resting-state baseline, has been found.[61] The larger alpha amplitude shown here 

could indicate better task-preparedness. 

 

Anterior beta1 also increased across all groups, a finding potentially also explained by an 

efficient increase in task preparedness, as an increase in baseline beta1 is associated with 

vigilance.[74] 

 

Finally, a significant difference is observed between groups when all baselines are 

averaged. This shows that, following training, all groups differ in their state of preparedness, 

however the lack of significance on any individual measure in the group*time comparison 

highlights the complexities of these changes.  

 

2. Trials 

Our functional definition of the baseline state is preparedness, and the task state is logically a 

measure of performance. A difference in task performance at was shown in our prior work.[2] To 



 116 

quickly review, the learning curve and performance of the NFB group was significantly better 

than both NT and NFBs groups, who were similar.  

 

Groups do not appear to differ in terms of brain function during the task. When looking at 

brain activity averaged over all trials, no main effect for group is found, and no difference on any 

individual measure is noted.  

 

2.1 Trial result 

Across groups, there is a difference observed in brain activity for correct and incorrect 

responses. Specifically, changes in theta, alpha and beta1 are seen over both the parietal and frontal 

cortices, while a trend in PAF is also seen, it is only observed over frontal sites. This is also of 

note because the feedback in the NFB intervention was driven by parietal PAF. A summary of 

these changes is presented in Table 4.  

 

Table 4: Specific differences in brain activity for correct and incorrect responses 

   
Note: PAF is measured in hertz (Hz), frequency band values in microvolts (µV) 

All provided symbols indicate significant (p. <.05) differences in response (correct and incorrect) 

across all groups, “+” is the larger value and “-” the smaller.  

 

For incorrect trials, at both electrode sites, the amplitudes of theta, alpha and beta1 are 

larger. In the case of theta, the increase in amplitude could be directly related to cognitive load.[9] 

The increase in theta could also be a result of stress, fatigue[10] or inattention.[75] The increase in 

Result
Group NT NFB NFBs NT NFB NFBs

Pz PAF
Delta
Theta - - - + + +
Alpha - - - + + +
Beta1 - - - + + +
Beta2
Beta3
Gamma

Fz PAF
Delta
Theta - - - + + +
Alpha - - - + + +
Beta1 - - - + + +
Beta2
Beta3
Gamma

Correct Incorrect
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alpha amplitude for incorrect responses also suggests the possibility of increased cognitive load 

and inattention.[9, 11, 13] Next, the increase in beta1 for incorrect trials could also be related to 

increased cognitive load, suggesting that these trials are more demanding, placing a heavier load 

on information processing.[7] Finally, the slowing trend of anterior PAF for incorrect responses is 

also consistent with an increase in cognitive load.[26] 

 

Groups do not appear to differ from one another based on task result, meaning that same 

differences are seen across all groups. This demonstrates that the NFB intervention is not simply 

facilitating success at the task.  

 

2.2 Trial speed 

Speeds on the 3D-MOT task vary following the adaptive staircase described in the Method 

section above. The number of correct and incorrect responses remains relatively stable across 

every subject, series, session, and group. The speed at which the correct responses are given does 

not. This allows for the calculation of a speed threshold for each session, which is the best indicator 

of task performance when number of targets and movement variables are held constant.[32] As we 

demonstrated in Parsons and Faubert[2], the NFB group achieved significantly higher speed 

thresholds than both other groups. In the section that follows, we will attempt to answer the 

question of how, in terms of functional brain activity, the NFB intervention facilitates this.   

 

Not only does the brain generally respond differently to task demands based on speed, but 

there are between-group functional differences based on speed. These findings are summarized in 

table 5. 
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Table 5: differences in qEEG measures based on trial speed 

 
Note: PAF is measured in hertz (Hz), frequency band values in microvolts (µV)  

5a (left): Differences for all groups based on trial speed:  

- Values in bold are significant (p. < .05) 

- Values in italics are trending toward significance (p. <.11) 

- *Significant differences from slow in pairwise comparisons 

5b (right): Significant differences for speed*group 

- Values in bold are significant (p. < .05) 

- Values in italics are trending toward significance (p. <.15) 

- * Significant differences from NT in pairwise comparisons 

- ⍿ Significant differences from NFB in pairwise comparisons 

 

First in table 5a, the general effects of speed on functional brain imaging. The grand mean 

for all trials is provided as reference.  

 

Posterior and anterior PAF behave as one would expect. As speed increases, trial difficulty 

increases, increasing cognitive load, decreasing performance, and slowing PAF. Regardless of 

group, increases in speed translate functionally to subject being pushed to the upper end of their 

zone of proximal development, and in this condition, performance suffers.[76] The same correlation 

is seen for anterior midline theta amplitude, anterior and posterior alpha, and anterior beta1, and 

all of these changes are consistent with this interpretation of increased cognitive load, and 

decreased performance.[7, 9, 13, 14] 

5a Target Task Slow Med. Fast 5b

Group ALL ALL ALL ALL NT NFB NFBs NT NFB NFBs NT NFB NFBs

PAF 9.68 9.71 9.68 9.68 9.82 9.73* 9.57*⍿ 9.81 9.68 9.54* 9.78 9.65 9.60
Delta

Theta 7.75 7.68 7.85* 7.81 7.33 7.33 8.57 7.52 7.72 8.31 7.51 7.75 8.17
Alpha 6.49 6.35 6.56* 6.77*
Beta1 4.11 3.99 3.92 4.22 4.05 3.88 4.25 4.03 3.81
Beta2 3.15 2.86 3.02 3.21 2.81 3.01 3.21 2.80 3.00
Beta3 3.38 3.41 3.37 3.36
Gamma
PAF 9.59 9.62 9.59 9.58
Delta 9.09 9.10 9.00 9.16
Theta 8.61 8.38 8.86* 9.01* 7.86 8.46 8.83 8.25 9.46 8.86 8.48 9.49 9.07
Alpha 6.64 6.50 6.65* 6.75* 6.62 6.99 5.90 6.74 7.33 5.88 6.89 7.37 6.00
Beta1 4.01 3.91 4.04* 4.08* 3.96 4.11 3.65 4.12 4.36 3.63 4.22 4.34 3.68
Beta2
Beta3
Gamma

Pz

Fz

Slow Medium Fast
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One observation is somewhat inconsistent with this interpretation, at first glance. A 

decrease in posterior beta3, an activity supposedly related to stress[15], is seen as speed increases. 

One would expect a positive correlation between these two variables; however, research also 

points to a decrease in beta (wide-band; 13.5-32Hz) with an increase in difficulty for a visual 

scanning task.[77] Specifically, over the posterior cortex, an increase in beta3 is said to be 

specifically related to an “excessive activation of the posterior region of the brain, indicating that 

the subject is thinking a lot about the past, analyzing, criticizing or judging”[78], which is unrelated 

to the stress of increased cognitive load. Beta3 has also been associated with hypervigilance [79] – 

focusing one’s attention too narrowly – and a decrease in beta3 over Pz could potentially be 

interpreted as an ‘opening’ of attention, with resources being allocated to a broader space and 

number of targets. At higher speeds in the 3D-MOT task, not only do spheres cover a larger 

distance, but they also interact more with obstacles (other spheres, the walls of the cube). If a 

subject is unsure of a target following an interaction between a target and distractor sphere, they 

may split attention between both items. The increase in alpha with faster speeds – related to 

attentional breadth[80] and MOT capacity limits [44] – also supports this hypothesis.  

 

Significant differences between groups at different speeds also exist. Findings are shown 

in table 5b. Pz PAF is significantly lower in the NFBs group than in both other groups for slow 

trials. Pz PAF for the NFBs group is also significantly lower than the NT group in the medium-

speed condition. At low speed, the task is at its easiest, and a lower PAF could indicate a higher 

cognitive load[26], and lower performance[25], seemingly caused by the non-contingent target 

modulation. Simply put, the sham feedback is making the task too easy at the wrong time and does 

not provide help when the subject would benefit from it, potentially disrupting learning.  

 

The NT group and NFB group also differ significantly at low speeds. One might expect 

PAF to be highest in the NFB group if the intervention is facilitating performance; with all things 

being equal, this should be the case. That said, there is a methodological limitation worth 

addressing here. The speed thresholds obtained by the NFB group were significantly higher than 

those for both other groups, meaning that especially in later sessions, the NFB group spent less 

time in slow trials. The values that yield each comparison measure are thus potentially, for the 
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NFB group, skewed toward early sessions when learning is only beginning to occur, and when 

cognitive load is higher even at slow speeds for all groups.  

 

Theta amplitude increases as speed increases for NT and NFB groups, consistent with the 

idea that an increase in theta also indicates higher cognitive load. However, in the NFBs group, 

posterior theta decreases, and anterior theta is relatively high even at low speeds. This suggests 

that for the NFBs group cognitive load is not consistent with task difficulty, a possible sign of the 

interfering effect of non-contingent feedback. As for the NFB group, anterior-midline theta 

increases very little from the medium to fast condition, supporting the idea that the NFB 

intervention leads to a better management of cognitive load.  

 

The last significant, relevant finding further confirms these observations. Beta1, 

representative of efficient cognitive functioning[7], is consistently of the largest amplitude in the 

NFB group, followed by the NT group, trailed by the NFBs group. The NFB intervention appears 

to assist in efficient cognitive functioning, the NT intervention already having demonstrated 

similar effects[41], and the NFBs paradigm being a hindrance to performance.  

 

3. Baseline-to-task 

The changes observed from baseline to task are generally consistent with the established 

literature regarding qEEG and MOT, and these findings further contribute to this limited body of 

data. Table 6 contains the baseline-to-task differences in scores for each group.  
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Table 6: significant baseline-to-task amplitude changes across frequency bands 

 
Note: PAF values are expressed in hertz (Hz), frequency band values in microvolts (µV) 

 

An increase in delta power is observed from baseline to task over both the anterior and 

posterior cortex, for all groups, consistent with the idea that delta is related to overall vigilance 

and is not a discriminant factor when assessing cognitive performance or cognitive load.[7] 

 

A decrease in theta is seen over the posterior cortex, while an increase is observed 

anteriorly. This finding is consistent with the notion that the recruitment of attentional resources 

decreases posterior theta[9], while demands on working memory increase anterior-midline theta.[11] 

 

A large decrease in alpha is seen over the parietal site, and a lesser but still significant 

decrease in alpha is seen over the frontal lead. This is possibly one of the most robustly 

demonstrated shifts in qEEG from baseline-to-task, and it is no surprise this finding is replicated 

here. A large amplitude in the alpha band during preparation leads to better performance. Alpha 

amplitude in the task condition is inversely correlated to performance.[9, 80] 

 

Beta amplitude, regardless of sub-band, decreases over both parietal and frontal cortices. 

This runs somewhat contrary to earlier findings[41], however as mentioned, an eyes-closed baseline 

Target
Comparator
Group NT NFB NFBs
PAF
Delta 0.54 0.32 0.62
Theta -1.66 -1.51 -0.46
Alpha -5.25 -6.00 -4.12
Beta1 -1.33 -1.4 -1.03
Beta2 -1.09 -0.93 -0.87
Beta3 -0.41 -0.46 -0.32
Gamma
PAF
Delta 0.54 0.78 1.47
Theta 0.23 0.78 0.96
Alpha -1.5 -2.56 -1.94
Beta1 -0.33 -0.47 -0.57
Beta2 -0.42 -0.55 -0.5
Beta3
Gamma

Fz

Task
Baseline

Pz
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was used in the previous study, potentially confounding results. This could come as a surprise as 

beta power is typically associated with cognitive processing, but some experimental paradigms 

have also shown that a decrease in beta power is consistent with the automatization of a cognitive 

task.[81] As each subject completed a total of 600 trials of the task, this is a potentially applicable 

interpretation of the finding.  

 

Finally, and of specific interest, the group*condition comparison demonstrates a main 

effect. Once again, it is exempt from specific significant changes, indicating a complex, 

multivariate shift. In other terms, this means there are potentially non-specific group differences 

in functional brain dynamics from preparation-to-performance as measured by qEEG. 

 

 

Conclusion 

In this novel neurofeedback-assisted cognitive enhancement learning paradigm, the use of 

PAF as a target variable in this type of hybrid neurofeedback paradigm is supported, not only by 

the existing literature, but by the previously reported demonstration of improved task performance 
[2] further validated herein by the results of real-time functional brain imaging. 

 

The findings presented above are consistent with the previous work on qEEG in the context 

of MOT. Previous work has shown alpha increases as tracking capacity limits are reached in terms 

of number[44], here we show that the relationship is also true for speed. A link between theta 

amplitude and visual attention with the MOT task has been shown before[45], and is demonstrated 

again here.  

 

Novel main findings from this study include:  

1. All groups have an equivalent baseline in both domains of preparedness (qEEG measures). 

Although task performance improves differentially across all groups over time; the 

functional neural correlates of the preparedness state remain homogenous across groups.  

2. In the performance state (brain activity as measured with qEEG) all groups perform the 

task in a similar manner. 
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3. Despite this similarity in overall brain function during the 3D-MOT task, as shown in with 

Parsons & Faubert[2] task performance is better for the NFB group. This suggests that with 

similar brain function, cognitive capacities improve.  

4. There are measurable, functional neural correlates between correct and incorrect responses, 

indicative of higher cognitive load in the case of incorrect responses. 

5. Results indicate that as speed increases, cognitive load increases, but the NFB intervention 

creates a plateau at faster speeds. This could be a mechanism by which learning is 

enhanced.  

6. In the shift from preparation-to-performance, there is a non-specific difference in brain 

activity between all groups, potentially demonstrating, relative to the standard NT 

paradigm, enhancement in the NFB paradigm and an impairment in the NFBs paradigm. 

 

The goal of the neurofeedback intervention was to introduce neurofeedback-based task 

modulation within an existing learning paradigm to enhance learning and improve performance. 

Our previous work demonstrated that is possible, even within an efficient context utilizing an 

adaptive staircase to keep a subject within the zone of proximal development.[2] The desired impact 

of the neurofeedback component was to maintain cognitive load within a given trial in near real-

time to promote better preparation, performance, and learning. This method appears to have been 

successful, and the results provided above provide some insight into the mechanisms responsible.  
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Discussion 

 

Experimental objectives 

 

The purpose of this doctoral thesis is to demonstrate the possibility of integrating 

neurofeedback into existing learning paradigms in order to improve performance and enhance 

learning.  

 

Experiment 1 

The first experiment’s main objective was to determine the efficacy of the NFB 

intervention in enhancing performance and learning in the 3D-MOT task. As can be seen in the 

peer-reviewed article above, the paradigm is successful. With a medium-to-large effect size 

between final test scores, the NFB group outperforms all other groups at the 3D-MOT task, 

indicative of a more efficient learning process. Not only does the learning curve show a greater 

improvement, but this enhancement is also maintained during the final testing session, in which 

no additional feedback is given. This is indicative of a consolidation of this learning process; one 

can infer a certain level of near transfer.  

 

As expected, the NT group improved in performance at the 3D-MOT task, similarly to 

what has been previously established.291, 311, 357  

 

The non-contingent feedback provided to the NFBs led to results similar to the NT group. 

It was uncertain in which way the non-contingent feedback would impact learning and 

performance in the NFBs group. One possible conclusion is that non contingent feedback, similar 

to the sham paradigm proposed by controlled studies in neurofeedback, does not disrupt the 

underlying learning process and does not improve it. That said, while the difference is not 

statistically significant, both the NFB and NT groups continue to show improvement from their 

final training session to final testing session. The NFBs group, meanwhile, shows a slight decrease 

in performance in this final assessment session, potentially indicative of a certain level of 

dependence on target recall to maintain the same level of performance. While the difference could 



 132 

be due to another factor or simply a result of inherent variability is still a question needing to be 

addressed. Further changes in performance with subsequent training, long-term follow ups and 

replication with a larger n are all worthwhile subjects for future work. A dedicated section below 

outlines suggestions for future research.  

 

Experiment 2 

The second experiment’s purpose was to examine real-time brain activity during the states 

of preparation (baseline) and performance (trials) within the 3D-MOT task. As presented in the 

submitted article above, the results of this study are broken down into three main sections: baseline, 

trial (result, speed), and finally baseline-to-task. There are six main findings outlined in this paper.  

 

First, before addressing performance findings, consider the first and final session baselines. 

Results of the first training session demonstrate that all groups are in an equivalent baseline state 

when they begin their training program. The brain’s initial state of preparation is homogenous, 

which is logical given that no specific between-group training has occurred. This is further 

mirrored by the results of the first study above showing no significant difference in task 

performance in this same session. There is a thus a singular baseline starting point for all groups 

in terms of brain-based measures and task performance. Changes over time in baseline qEEG 

measures are similar across groups, meaning that while the brain’s state of preparation evolves 

with training, it does so in a similar manner regardless of the applied 3D-MOT intervention. There 

is also a singular end point baseline state of preparation defined by qEEG for all groups.  

 

The second conclusion reached is that all groups perform the 3D-MOT task in the same 

manner as defined by functional brain activity. The amount of cognitive load averaged over all 

trials remains the same, and no significant difference in the overall performance state, as defined 

by brain activity averaged over all trials, is noted between groups. 

 

Third, and despite this first and second assertion, task performance is superior in the NFB 

group as shown in study 1. What this appears to suggest is that the manipulation of the task based 

on real-time brain activity optimizes performance and improves the learning process by 
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modulating task difficulty, and not by directly impacting functional brain activity on a global scale 

within the 3D-MOT task.  

 

Fourth, as expected, there are significant functional brain differences that are consistent 

across all groups for correct versus incorrect responses. The brain shows an increased cognitive 

load and a larger draw on attentional resources during incorrect responses.  

 

The fifth finding is a confirmation that as task difficulty increases, as measured by the 

speed of 3D-MOT trials, cognitive load also increases. Interestingly, there is a potential plateau 

effect observed in the NFB group, suggesting a similar cognitive load for medium and fast trials. 

Perhaps, this is because the intervention potentiates trial efficiency by easing cognitive load using 

target recall at an appropriate time. Once again, this appears to be in line with the improvement in 

task performance demonstrated in the first experiment and explains why the non-contingent 

feedback does not have this effect.  

 

Sixth and finally, there is a significant, non-specific difference observed in the baseline-to-

task comparison, meaning in the brain’s dynamic shift from a state of preparation to performance. 

The changes are demonstrated by a main effect, but not by specific effects on individual measures 

of brain activity. This finding suggests that the shift is a multifactored and complex one. Due to 

the improved performance in the NFB group established in the first publication, one can infer that 

the changes observed are beneficial (enhancement) for the NFB group, are ‘neutral’ (status quo 

for a 3D-MOT task) for the NT group, and – because a significant difference is observed between 

the NT and NFBs group in terms of brain activity – are potentially an impairment for the NFBs 

group. This final element of impairment is difficult to establish statistically, since the NFBs and 

NT groups show similar task performance. The decrease in threshold speed for the NFBs group 

during the final testing session is in opposition of the increase demonstrated by both other groups. 

While this finding does not reach statistical significance, it indicates a future element to be studied. 

Below is a dedicated section outlining how this type of research could be performed to further 

examine these observations and hypotheses.  
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Limitations and suggestions for further research 

 

Small sample size 

 

The largest limitation in this study is the n of subjects and limited statistical power. With a 

small number of subjects spread across four groups, the findings of both experiments nonetheless 

permitted a demonstration of the superiority of the 3D-MOT with neurofeedback integration in 

task performance, and gave insight into the cerebral mechanisms implicated in this enhancement.  

 

Another limitation related to n is regarding the number of qEEG measures that apply to 

most studies. The choice was made herein not to solely focus on the activities of highest relevance, 

alpha, theta and PAF, but also to include the standard frequency bands subjected to analysis. 

Relative power calculations could have also been added, and brain activity could have been 

decomposed as far as 1Hz bins to tease out specific changes regarding dominant frequencies in 

bands other than alpha (for example in the delta and theta bands, which appear relevant to visual 

information processing486). While a high number of trials were run, results were averaged to a 

singular value per condition for each subject to control for the problem of multiple observations, 

however this comes at the expense of within-subject variability.  

 

While the use of PAF within this and potentially other contexts is supported, the amplitude 

heterogeneity often seen in the alpha band and the limited variability of PAF, combined with the 

small number of subjects, made it difficult to demonstrate statistically significant PAF-specific 

changes.  

 

As mentioned in the second article presented above, several qEEG findings nonetheless 

reach significance, and others could in a future study with a larger n and with more sophisticated 

and complete statistical methods (for example, using multilevel modelling with factors for group, 

session, speed, and result).487 In terms of qEEG findings, the results of the second study can be 

utilized to focus more specifically on a select number of dependent variables: namely PAF and 

anterior midline theta. This limited focus will further increase statistical power.  
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Interpreting observed changes in PAF 

 
As in many of the classic neurofeedback studies cited in the second study above, baseline 

PAF was not subject to large resting-state changes following training.439, 446 In fact, despite 

improved task performance in all groups, baseline PAF slowed over time across groups in 5 out of 

6 comparisons, with anterior PAF for the NFBs group being the only acceleration observed, and 

that change did not reach statistical significance.  

 

A baseline conditions measures the state of preparedness. The slowing of PAF in this 

context, superficially, runs counter to the initial hypothesis of a faster baseline PAF being related 

to and predictive of better subsequent task performance. There are, however, multiple mediator 

variables that could influence resting-state PAF.  

 

First, as mentioned, the state in which participants were measured during baseline measures 

cannot be considered true testing-state but is more reflective of an anticipatory pre-task state. Prior 

research has shown the differences in these two states.484 Next, physiological stress and emotional 

states also influence qEEG measures and could have a significant impact on PAF.488 Higher task 

performance could translate to lower subjective and objective feelings of stress, which could have 

a slowing effect on baseline PAF. Subjects were not aware of others’ performance, however there 

were two sources of comparison for subjects: a consistent first trial speed and their own prior 

performance. Relative increases in speed were thus a known factor to participants, which could 

impact the level of physiological and emotional stress, in turn impacting PAF. Adaptive first trial 

speeds and hiding speed measures from study participants could, in future research, control for 

this effect.  

 

A simple way of confirming the predictive value of PAF in the baseline state of 

preparedness in a 3D-MOT paradigm would be to run a simple correlation analysis comparing 

baseline PAF in a task-naïve population before first exposure to the 3D-MOT paradigm. As the 

subjects in this study performed a testing session prior to their training sessions which did not 

include a qEEG recording, this analysis cannot be performed here.  
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In task conditions, PAF behaves as expected: negatively correlated to task difficulty. Task-

based modulation based on the slowing of PAF was shown to improve task performance above 

and beyond the normal learning paradigm and the sham-control group. However, research 

demonstrates that task-based EEG parameters shift based on automation of a cognitive task.489 

Thus any change in PAF become more complex to interpret than anticipated. In the presented 

study, the PAF feedback threshold was adjusted for each series based on the baseline measurement 

taken immediately before the task. This methodology follows standard procedures for classic 

neurofeedback applications and seemed appropriate here to control for individual state-based 

variables such as level of stress, time of day, and fatigue. The use of a consistently-variable 

(autothreshold) could also be tested, as this could further provide precise and specific feedback 

related to maintenance of the zone of proximal development. This threshold could change from 

trial-to-trial or in real-time based on PAF or other qEEG measures including, for example, anterior 

midline theta (related to stress286, fatigue284 and cognitive load283) with the purpose of providing 

even more relevant feedback.  

 

Another potentially interesting manner in which one could examine the causal mechanisms 

of this hybrid paradigm would be to include a classic neurofeedback intervention with the purpose 

of increasing PAF or upper alpha frequencies. Improvements noted in this group, above and 

beyond a non-active control group or alternative-protocol neurofeedback group (for example, 

rewarding beta frequencies to enhance attention)444, would further strengthen a specific PAF-based 

effect.  

 

Population 

 

Another potential limit to observing changes in PAF extends into another study limitation: 

the population under investigation. In a healthy population, resting-state PAF is relatively stable451, 

unlike in clinical populations in which a slowing (or, rarely, an acceleration) of PAF is observed.419, 

424-426 This stability of PAF, especially in young adults in which qEEG measures are relatively 

constant and fixed382, could also contribute to the findings discussed above, and could also explain 

why other training paradigms targeting PAF do not demonstrate increases in PAF following 

training.116, 450, 451, 453  
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In populations demonstrating a slowing of PAF; those with a TBI419, the elderly424, and 

those with a neurodegenerative condition425, or alternatively with an accelerated PAF; as in the 

case of post-traumatic stress426, it would be worthwhile to examine the effects of this type of NFB-

hybrid training paradigm on PAF. As has been seen in some of these contexts, a normalisation of 

PAF is possible following successful rehabilitation.419, 422 

 

Cognitive enhancement 

 

This examination also triggers a connected question relevant to the current paradigm and 

extended examinations: does enhanced learning within this type of paradigm lead to enhanced 

cognitive function, including more complete and distant transfer?  

 

It has been previously established that 3D-MOT training increases cognitive functioning 

in attentional, working memory and information processing domains292, and that some of these 

effects can also be observed in clinical populations with neurodevelopmental deficits293, and aging 

populations.296 Transfer to athletic performance294 and biological motion processing296 has also 

been shown.  

 

The current study did not include measures of cognitive enhancement following training. 

Hypothetically, with greater performance in the 3D-MOT task, improvements in cognitive 

functions could also be quantitatively larger. Future studies should attempt to determine the 

cognitive effects of NFB augmented training, which can be compared to two active control groups 

– standard 3D-MOT training and sham-NFB training – as well as to a classic neurofeedback 

training group. As mentioned above, the neurofeedback group could also help establish a better 

causal understanding of the role of PAF in the general cognitive abilities underlying 3D-MOT: 

attention, working memory, information processing and executive functions.  

 

In future replication studies, these measures could be included in order to first confirm the 

findings of the previous studies cited above, while considering the criticisms brought forward by 

Vater and colleagues297: the use of pre-registered studies, inclusion of ecologically valid transfer 
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measures, and consistent methodological and statistical practices. The limits of the Parsons et al.292 

study should also be considered to improve study design: the inclusion of tests not subject to a 

ceiling effect, near and far transfer measures, and ecologically relevant outcome measures (for 

example: academic results).  

 
 

Additional suggestions for future research 

 
The examined paradigm of an NFB-hybird learning paradigm is quite new and has not been 

adequately studied. While the studies presented herein are a start, there is a dire need for replication 

and further validation. By approaching this novel paradigm from a holistic perspective, there are 

several additional suggestions that can be made regarding future research.  

 

In terms of 3D-MOT specific variations, the type of feedback could be varied. For example, 

instead of colour modulation, another trigger could be used. Targets could be marked with a 

symbol, could selectively slow in movement speed, or could become more prominent than 

distractors (a translucence of fade could be applied to these objects). A combination of these 

modifiers could be used; provided there is a break in homogeneity between targets and distractors, 

the fundamental principles of this learning paradigm are theoretically respected.  

 

The type of brain activity used to trigger feedback could also be modulated. The argument 

for utilizing posterior midline PAF is presented herein, but it would be worthwhile to compare 

PAF-based modulation with anterior midline theta-based feedback. The results of the second study 

and previous MOT findings also point toward alpha amplitude as a potential target feedback 

variable.490 Finally, instead of using a singular variable as a feedback trigger, a combination of 

PAF, alpha amplitude and anterior midline theta could lead to more precise feedback and better 

results.  

 

Threshold settings could also be modified to enhance the sensitivity of feedback. The 

purpose of thresholding is to provide relevant feedback, to ‘help when appropriate’, and there are 

potentially manners in which this process can be improved. The 95%-of-baseline threshold setting 

was based on the typically observed inter-individual variability of PAF396, 451 as well as subjective 
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experience. It is possible that using a higher or lower value relative to baseline PAF as a threshold 

might lead to further improvements in learning. It is possible that a more static PAF threshold, 

based on an initial resting-state qEEG might lead to optimal learning results. This type of threshold 

setting would not consider day-to-day changes but would instead require a consistency in brain 

activity despite external, contextual variables such as fatigue. Finally, an adaptive PAF threshold 

that changes in real-time based on brain activity (PAF and/or other measures such as anterior 

midline theta and alpha amplitude) and/or task performance, and/or task demands (higher speeds, 

higher frequency of encounters between target objects and distractors) might yield even better 

results.  

 

The same can be said for the decisions regarding duration and timing of feedback provided. 

In classic neurofeedback designs, contingent positive feedback is provided 60 to 80% of the time, 

contingent negative feedback for the remainder (20 to 40%). In this type of hybrid paradigm, this 

amount of contingent positive feedback would to be ‘too much’, and the 3D-MOT task would 

become ‘too easy’. Success would become dependent on feedback and removing it would lead to 

a drop in performance. The lower limit of contingent negative feedback (which is closer to the 

feedback mechanism within this paradigm) is, at face value, a more suitable proportion.  

 

Empirically, there was little scientific data available on which this method could be 

established. Ultimately, the decisions regarding the timing of feedback were made following 

logical thinking in the context of the paradigm: by not providing feedback in the first and last two 

seconds of each trial, subjects were required to retain a minimum focus at the beginning and end 

of the trial. By disallowing feedback after each instance of target recall or after a fixed maximum 

amount of time (.5 seconds), and by having a window of ‘dead time’ in which no feedback could 

be given (1.5 seconds), cognitive demands were enforced. This method provided a maximum of 

12.5% feedback and did not allow for the subject to simply rely on continuous feedback to 

accomplish a positive result in the task, which would be ‘too easy’, meaning the subject was not 

in their zone of proximal development, nor ‘too hard’ which would lead to a result similar to that 

observed in the NT group. Future studies could attempt variations on this schedule to optimize 

feedback and resultant learning. 

 



 140 

In examining MOT literature, while there does not appear to be a ceiling effect for speed306, 

311, there is often a plateau that is observed in task performance; improvements become 

quantitively smaller over time. The current study did not train participants over a great enough 

number of sessions for this ‘soft ceiling’ effect to be observed. It would be worthwhile to introduce 

NFB-based modulation at this point in the learning curve to establish whether the hybrid learning 

paradigm pushes this soft ceiling higher than traditional learning. Inversely, for those initially 

trained in the hybrid paradigm, a return to the traditional 3D-MOT learning context could lead to 

another period of learning, due to higher cognitive demands and non-reliance on the assistance 

related to target modulation. This within-subject design of learning effects could yield further 

insight into the exact mechanisms and limits of improved learning provided by the NFB hybrid 

design. By adding a cognitive battery prior to training, at the point of the condition reversal, and 

again following completion of training, the exact cognitive capacities targeted by each paradigm 

could be teased out. It would stand to reason that the NFB hybrid task eases the load on working 

memory (as the target recall allows this function to ‘reset’) and perhaps places greater demands on 

selective attention (as the target recall requires distinguishing targets from distractors with a subtle 

cue).  

 

 A small effect of the condition shift is seen in the first study presented above: the NFB 

group (similarly to the NT group) shows superior performance in their final testing session, despite 

no feedback being provided. While adequately sufficient to demonstrate a consolidation of 

learning, the longevity of this consolidation should be tested over a greater lapse of time, as should 

the effects of continued training.  

 

Different populations also demonstrate different learning abilities in the 3D-MOT task. 

Professional athletes are better than amateurs, whom are in turn better than college students.357 

Perhaps the use of a hybrid NFB paradigm would allow amateur athletes to surpass a limitation, 

to learn and perform at the same level as a professional; the impact on their level of athletic 

achievement would be an important outcome measure to consider. The same could be possible for 

aging populations, who perform at a lower level than younger adults, but appear to learn at a similar 

rate.477 More, it is possible that those with neurodevelopmental conditions293 benefit from a NFB 

hybrid paradigm and can be trained perform at a level similar to their peers. What consequence 
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this will have on outcome measures for these populations is of primary interest and could 

demonstrate the clinical utility of these combined tools.  

 
 

General discussion 

 

A broad goal of cognitive enhancement is to enrich one’s personal, academic, and 

professional life. Currently explored methods to bolster cognitive, emotional, and behavioural 

functions are as numerous as they are plagued by limitations including cost, side effects, ethical 

concerns, lack of transfer, and outright ineffectiveness.20  

 

Neurofeedback 

The current study proposes integrating neurofeedback directly into learning contexts to 

improve preparation and performance. This warrants a closer examination of the criticisms cited 

above. The major flaw identified in many neurofeedback research studies is small sample size. 

This is indeed a problem that needs to be addressed, however it is a more complex issue to address 

than to simply say: ‘make experimental groups bigger’. In the meta-analysis cited above457, the 

vast majority (73%) of the 30 neurofeedback studies retained averaged between 30 and 40 sessions 

per subject. Typical sessions last approximately one hour and must be performed with a competent 

experimenter (more on this below). Increasing sample size means increasing study cost, which 

requires significant and much-needed funding.  

 

The costs associated with neurofeedback training are variable, but, in the United States, in 

the private sector, are priced between $4000 USD and $10000 USD.491 Still, recent research has 

begun including cost-benefit analysis; for example, in the case of a recent study into neurofeedback 

for post-traumatic stress-disorder, authors found that “cost-per-quality-adjusted life-year was 

approximately $15,600 [USD], indicating acceptable cost-utility”.492 To put this in context, it 

should be compared this with the pharmaceutical industry, who claim that the development of a 

new drug costs an average of $2.6 billion USD.493 Even with the higher end estimate of private 

costs, a neurofeedback study following the proposed design (64 subjects per group)457 comes 

nowhere near this figure. The direct costs of medication to families, even when medication is 
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covered by insurance is not insignificant; studies have shown that in the case of ADHD for 

example, that costs can vary from 1500€494 to upwards of $5000 USD.495 In spite of better long-

term cost-effectiveness, funding for neurofeedback studies is difficult to obtain.496  

 

Placebo 

The ‘neurofeedback as applied placebo’ argument also needs to be addressed. As should 

be done in any discussion regarding placebo, a working definition first needs to be provided. This 

may seem to be a given, however beyond vague references to “therapist quality and treatment 

satisfaction”438 some authors do not provide such a keystone.  

 

A recent expert panel defines placebo (and its counterpart, nocebo) as “the beneficial or 

adverse effects that occur in clinical or laboratory medical contexts, respectively, after 

administration of an inert treatment or as part of active treatments, due to mechanisms such as 

expectancies of the patient”.497 Interestingly, this definition includes all elements not related to the 

active ingredient, which would classify almost all psychotherapy practices as placebo. While this 

definition may suit clinical trials, it is not appropriate for psychotherapeutic study. Instead, the 

definition that should apply in these types of clinical settings (i.e.: in contexts not strictly and solely 

related to pharmaceuticals) is provided by Finiss, Miller and Benedetti: “a placebo is seen as an 

inert substance or procedure and the placebo effect (or response) is something that follows 

administration of a placebo”.498 

 

The distinction here is that there are several non-specific effects that are among those that 

exert an influence in the neurofeedback paradigm, placebo being one of them. The others include 

the therapeutic relationship, the required investment (cost and time spent training), the 

sophisticated nature of the intervention, the use of positive reinforcement, and the use of cognitive 

and metacognitive strategies.499  

 

There are critics of neurofeedback who seek to establish placebo as the only active 

mechanism of classic neurofeedback500, even if these same authors concede that the technique is 

an acceptable clinical tool.438 There are, however, numerous examples demonstrating how this 

argument is fallacious.  
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First, the first cited example of clinical neurofeedback involved cats, exposure to a noxious 

substance (monomethylhydrazine) and resistance to seizures. There is no conceivable reasonable 

placebo explanation: this would imply that cats had the expectation that upregulating their 

sensorimotor activity would somehow protect them against seizures induced by exposure to this 

substance. Thibault and Raz438 attempt to demonstrate how animals can respond to placebo effects, 

however the study cited contains methods not comparable to the Sterman study.4, 5 These authors 

also fail to account for the fact that a human placebo effect could be at play, neglecting to mention 

that in their cited work, “seizure monitoring was based on owner observations”.501 They further 

selectively report statistics, claiming that “28 of 34 epileptic dogs responded to placebo 

treatment”438, while the original study only classifies 8 dogs as significant placebo responders.501 

The authors of this meta-analysis openly conclude that “the placebo response can be because of 

effects on the animal, but more importantly may be a result of expectations of the pet owner 

regarding treatment”. 501 Dr. Sterman himself was unaware of the association between SMR 

training and resistance to seizures, effectively blinding himself to this possible effect. 4, 5 

 

Results of the early feline study were later replicated in the rhesus monkey.502 These studies 

are among others from very early neurofeedback literature that demonstrates that the specific 

effects of neurofeedback cannot solely originate from placebo. In both cases, specific 

physiological changes were observed.4, 503 Further, Fetz504 demonstrated, in 1969, that macaque 

monkeys could be conditioned to increase the firing rate of individual neurons by 50 to 500 percent 

above baseline rates. Recent research has shown that volitional control of the brain through 

neurofeedback is possible in the primary visual cortex of macaque monkeys using EEG, MEG and 

fMRI.505  

 

Of course, in the context of neurofeedback, placebo effects exist. In fact, in every 

psychosocial interaction, placebo effects exist. Long before the misguided ‘neurofeedback is 

applied placebo’ arguments presented above, Corydon Hammond, a clinical researcher, published 

an article entitled “Placebos and neurofeedback: a case for facilitating and maximizing placebo 

response in neurofeedback treatments”.499 In this work, published in an arguably biased pro-

neurofeedback journal (the Journal of Neurotherapy), he set out to discuss the “the value, 
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limitations, and ethical problems associated with placebo-controlled research in the field of 

neurofeedback”, established that “placebo effects are an active ingredient in all therapeutic 

modalities”, and finally concludes that “rather than being a negative to be controlled, however, 

clinicians can view placebo responses as actually representing a resource to be encouraged and 

maximized”.499 The contributions of a placebo effect to any therapeutic field are not new, and it is 

generally accepted that the ethical use of placebo effects in clinical practice is encouraged.506 

 

The methodology applied in the studies above include an active sham-NFB group, partially 

address the question of a potential placebo effect. Alas, the study was single-blind: subjects did 

not know whether they were in the active NFB or sham NFB group; researchers, however, did. 

Researcher bias should have been minimized; contrary to traditional neurofeedback procedures 

which require therapeutic guidance during training, researchers were limited in their interactions 

with subjects: they had subjects fill out a questionnaire while placing electrodes on the scalp and 

earlobes, and during the task entered answers on a keyboard. The expectation of improvement 

across all groups with task modulation should be relatively equal, and even if the NFBs group had 

had a higher level of expectation that the NT group, their task performance was not better. This 

should demonstrate in the current context that placebo effects are not at solely responsible for 

improved performance. Further, the specific physiological effects demonstrated in study 2 should 

also point to specific factors instead of a general, non-specific effect attributable to placebo and 

other non-specific measures.  

 

Fundamental errors in neurofeedback application 

 Research into neurofeedback is becoming more and more commonplace.438 The need for 

appropriate research methods is imperative, and unfortunately many studies demonstrate 

contradictory results due to methodological flaws. The most common are briefly presented below, 

for a more comprehensive review, the work of Sherlin et al.507 is recommended.  

 

The ‘gold standard’ of neurofeedback research is typically considered to involve a sham-

control group (for an example, see Schönenberg  and colleagues508). However, there is a major 

issue with sham-controlled studies. First, consider that a traditional neurofeedback cohort will 

receive 80% contingent reinforcement; 80% of a trial a subject is in the required state, and they 
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receive positive reinforcement (a video/music starts playing). In that same cohort, the remaining 

20% of the time is spend receiving contingent non-reinforcement (not in the target state, no 

reward). In a sham group, by definition, all things between groups (NFB and sham) are equal, 

except the specificity of the feedback. So, sham subjects too are in the target state 80% of the time. 

They too receive 80% positive reinforcement. The difference is they will receive a portion of non-

contingent reinforcement; part of the time they are not in the target state, they will receive 

feedback. However, because of the high rate of positive reinforcement used in this methodology, 

the most non-contingent reinforcement (reward at an inappropriate time) that can be received is 

20% (because the other 80% of the time they are in the target state). Even in this ‘ideal’ scenario, 

this means that a sham subject is receiving 60% contingent reinforcement (considered the 

minimum effective amount), and 20% contingent non-reinforcement. The 60% contingent 

reinforcement in a sham group is sufficient to encourage learning, while the 20% contingent non-

reinforcement protects against extinction (see the paragraph on the conditioning schedule below). 

Finally, also important to consider: non-contingent reinforcement has been shown as an effective 

method for decreasing aberrant behaviours in those with neurodevelopmental disorders.509 

Ultimately, the sham group is undergoing a different, still efficacious therapeutic procedure. The 

‘gold standard’ in neurofeedback is thus far from being an adequate placebo, as it is anything but 

an “inert substance or procedure”.498 For more problems with the sham procedure, the work of 

Piggot and colleagues510 can be consulted. In the current study, the sham-NFB procedure did not 

suffer the same problems, as feedback was only provided 12.5% of the time.  

 

 Autothresholding is a technique that modifies the parameters of a neurofeedback paradigm 

in real-time or with a fixed lag time, to consistently ensure that a given amount of feedback (usually 

80%) is provided to subjects. The purpose is to maintain consistency across study participants, 

however there are serious pitfalls to this method. If subject A applies an appropriate cognitive 

strategy, for example to decrease theta amplitude, the threshold will follow suit, lowering and 

requiring the subject to increase the intensity and/or duration of this state to continue receiving 

feedback. In this case, an autothreshold works. However, subject B applies an inappropriate 

strategy, leading to an increase in theta amplitude. In this case, the threshold will increase, 

maintaining the same level of positive reinforcement despite the inappropriate strategy and 

concurrent brain activity. The discordant results do not lead to a modification of the success rate 
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and subject B will be conditioned in the opposite direction of subject A.507 The current study did 

not use an autothreshold, and this methodological flaw was avoided.  

 

 Inadequate therapists can also hinder neurofeedback results. While being an obvious 

source of placebo, one of the fundamental tenets of EEG, qEEG, and thus neurofeedback, is that 

while this functional brain measure is largely state-independent (hence its high test-retest 

reliability), variations in the EEG are also state-dependent.511 The therapist’s role is to encourage 

a modulation of the subject’s state in order to trigger operant conditioning and potentially 

volitional control of brain activity. Some misguided attempts at controlling for experimenter bias 

in neurofeedback studies lead to methods devoid of this therapeutic guidance, for example “no 

explicit instructions were given to the participants on how to self-regulate brain activity to achieve 

desired rewards”.512 Without proper instruction and behavioural feedback, it is difficult to imagine 

how volitional control can be achieved. The proposed methodology in the research presented in 

this thesis side-steps the therapist by modulating the task directly, no mental strategies are needed 

beyond those required to perform the task.  

 

 Not varying the conditioning schedule can also lead to extinction, a well-known pitfall of 

conditioning procedures. Contingent non-reinforcement513 (not providing feedback despite the 

target variables being met) should occur during the final stages of neurofeedback training to protect 

against extinction following the cessation of training. Outcome measures could be adversely 

affected by the extinction of desired states and associated brain activity. With the feedback method 

presented above, the limitations imposed on feedback – notably the ‘dead time’ following feedback 

– led to a discontinuous reinforcement schedule, appropriate to protecting against this 

phenomenon.514  

 

Outcome measures and lack of transfer are also potentially failures of adequate 

neurofeedback methodology. As much as possible, once again due to the partially state-dependent 

nature of the EEG and qEEG, the context of training should resemble the context in which the 

target behaviour is desired. Near transfer is far easier to achieve than far transfer; some authors go 

as far as saying that in the context of cognitive training “the lack of generalization of skills acquired 

by training is thus an invariant of human cognition”.515 If that is the case, neurofeedback should 
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be conducted while performing tasks that mimic everyday situations; our ADHD child should thus 

perform neurofeedback while doing his schoolwork, in a dynamic environment that resembles a 

classroom if not directly in the classroom. The proposed method presented in this thesis suggests 

side-stepping the requirements of laborious transfer by integrating a neurofeedback component 

directly into learning contexts.  

 

The hybrid approach 

Of the existing cognitive enhancement techniques, neurofeedback has not only 

demonstrated a significant amount of efficacy on its own, but it also has the potential to integrate 

itself into a traditional learning paradigm in order to close the loop and provide real-time feedback.  

As mentioned above, this method allows for the remediation of a number of the methodological 

weaknesses present in current neurofeedback techniques.  

 

The cost of EEG equipment is relatively low compared to other neuroimaging techniques, 

making it an accessible choice. Its temporal precision allows for near real-time feedback. The 

pertinence and precision of feedback has been demonstrated in numerous experiments involving 

qEEG, task performance and cognitive load. Traditional qEEG and neurofeedback studies have 

established a robust measure of preparedness and performance for both clinical and healthy 

populations: PAF.  

 

By combining these strengths, a hybrid learning paradigm was designed: 3D-MOT with 

neurofeedback. Even though the feedback latency in the 3D-MOT task is inherently already fast, 

measured in seconds, the above results confirm that by using PAF to shorten feedback time, while 

providing pertinent and context-relevant information, learning can be improved.  

 

As the 3D-MOT task is said to be ecologically valid, highly relevant to real-world capacities340, 

implicated in visual information processing317, 318, attention298, 317, 331, inhibition303, 304, 307, short-

term and working memory343, as well as executive functions294, 311, 318, 352, the relevance of these 

results to other cognitive domains and applications is significant. Prior work has shown 

improvements in these domains in healthy adults292, those with neurodevelopmental deficits293, 

athletes294, and aging populations.295, 296  
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Future directions 

 

Real-life example 

Of the domains in which performance enhancement can be applied, the most universally 

homogenous and generalizable example is likely academia, and in that regard, it is often used as 

an example within this thesis. By no means is this to suggest that the framework presented is 

limited to this domain, directly or indirectly. Academic success, mental health, and professional 

achievement are, on top of being intimately interdependent, highly predictive of many future 

measures including socio-economic status516, well-being517 and quality of life.518 

 

Presently, like in many domains, traditional academia has a feedback problem: latency is 

too long. The proposed solution is to close the loop: provide faster, more precise, and more relevant 

feedback.7 In spite of some criticism, there are already applications of this technology in 

classrooms in China. Neurofeedback-based devices are worn by students, and their real-time brain 

state is monitored by their teacher. The use of neurofeedback in this way is heavily criticized (and 

potentially politicized), however some relevant neuroscientific criticisms do arise. One major 

scientific flaw identified is the lack of established evidence regarding a valid brain measure on 

which to drive feedback. “There is no consensus among scientists on brain electrical patterns that 

match optimal attention levels for learning” say critics.519 Still, this hasn’t stopped similar 

commercial systems from being developed and marketed to the general public.472, 520 

 

One potential answer  

PAF appears to be a potential pattern of interest to the problem posed above of there being 

no singular brain pattern with consensus. In the specific case of this paradigm, it is an accepted, 

accurate measure of cognitive load421, and this remains true across a variety of tasks.521 Prior 

research has shown that PAF is a strong correlate of performance, both as a predictor (baseline)419 

and real-time (task) measure across a number of cognitive performance contexts.397, 420 This work 

has not only corroborated these findings but also demonstrated that context-based feedback based 

on real-time posterior PAF can improve performance and enhance learning in a visual perceptual-
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cognitive paradigm. These findings should still be interpreted with caution, as highlighted by the 

results of the second study presented above: a slowing of baseline PAF is observed with improved 

performance. 

 

In the future, it is fully expected that other variables will be discovered to complement or 

replace PAF as a measure of cognitive load as well as the other elements of sub-optimal 

functioning it appears to represent. Even if ultimately included in a complex, multivariate 

algorithm, PAF has the potential to be applied to a large number of domains, and it has already 

seized the interest of researchers and clinicians alike.  

 

Going beyond academia 

As mentioned above, future quality of life and well-being is partially dependent on 

academic achievement.516 But even in one’s day-to-day professional life, while sitting at a screen, 

working in a field, or driving a big-rig, an integrated neurofeedback paradigm could be utilized to 

optimize work and rest times, and protect against fatigue and stress.  

 

In terms of cognitive functions, PAF is related to attention, memory421, language skills522, 

working memory523, as well as information processing.524 PAF is related to physical fatigue525 and 

physical pain.526 PAF could also intervene in clinical conditions including ADHD527, ASD528, 

depression454, post-traumatic stress disorder426, traumatic brain injury419, first-episode 

psychosis529, mild cognitive impairment453, and neurodegenerative diseases such as Alzheimer’s425 

and Parkinson’s.530  

 

Some applications are already making their way through feasibility trials and preliminary 

results are encouraging. Among the existing systems one can find a neurofeedback-driven pair of 

glasses to wear during academic work520, there are virtual environments driven by neurofeedback 

exist for populations with ASD468 and ADHD469, BCI-assisted exoskeletons in development470, 

entertaining videogames as potential therapeutic tools thanks to integrated neurofeedback471, and 

a growing list consumer targeted neurofeedback games.472 
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What feedback? 

In outlining all the above domains to which integrated PAF-based neurofeedback could be 

applied, it does beg the question of what feedback is appropriate. One of the most complex and 

variable factors will be the type of feedback provided, and regarding contextual modulation a vast 

amount of validation work will be needed.  

 

As has been discussed, the goal of finding the effective balance between stimuli appropriate 

for operant conditioning (simple) while still being subjectively entertaining, enjoyable, and 

motivating (complex) is a daunting one.462 In addressing feedback concerns, still following the 

framework of Clow7 and the fundamentals of neurofeedback,459 the speed of feedback should 

remain as short as possible, and thanks to the near real-time precision of qEEG, this should remain 

attainable across applications.  

 

Some potential solutions include information processing paradigms that could be modified 

to only advance when PAF is above a given threshold, or to return to previous information if 

cognitive load was too high at the moment of presentation. Imagine reading a book that advances 

only as quickly as you are able to, automatically slowing down and taking you back over the 

sections that you need to review, because during reading an inefficient information processing, 

comprehension, or encoding function is detected. In the same vein, your computer at work could 

trigger a rest reminder when you’re stressed, inattentive or fatigued. A typed email or report for 

work could automatically highlight the sections written when suboptimal language, organisation, 

or reasoning capacities are present. Coupled with autonomous driving technology, a vehicle could 

avert an accident due to inattention or distracted driving, and even bring itself to a safe stop if the 

driver were to become drowsy, fall asleep, or have an epileptic episode. 

 

While these examples are but a few potential applications, defining the type of contextual 

modulation is also an issue that will need to be addressed. In certain conditions, feedback could 

become a distractor, diverting attention, and causing interference.531 In real-world examples that 

exist to date, other than those taking place within a virtual environment, feedback is often provided 

by a computer, smartphone, or smartwatch, and this is a potential issue with existing products 

which do not offer seamless integration. With the advent of augmented reality, for example Google 
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Glass532, a wider breadth of applications and more personalized solutions are quickly becoming 

possible, and more work in these areas is warranted.  

 

Perhaps overt feedback cues are not even necessary. It is curious and potentially worth 

noting that, subjectively and based solely on unsolicited observational reports, many subjects in 

the NFB and NFBs groups did not report noticing a colour-change on the majority of 3D-MOT 

trials. Based on the data regarding PAF, the slowing of PAF average seen from baseline-to-task 

can be used as a confirmation of feedback being given to each participant in these groups on a 

majority of trials.  

 

Why was the feedback helpful if it was most often imperceptible? The gradual nature of 

the colour change could be responsible for this observation. Perhaps once targets regained 

sufficient heterogeneity to be identified, PAF accelerated, discontinuing the feedback. This could 

happen below the conscious attentional threshold.533 This finding isn’t at all surprising when one 

considers the description of the dorsal visual stream provided by Norman323, heavily implicated in 

the 3D-MOT task321, as being related to low-level consciousness. It is difficult to study this 

phenomenon with post-hoc subjective measures, which is why no such result is presented here. A 

future study, however, could utilise subjective measures married with objective data: the timing of 

PAF-changes combined with self-reported measures of real-time performance, or the impact of 

PAF on evoked potentials which could be useful in identifying the re-acquisition of a lost target.  

 

The feedback provided was also relatively scarce in comparison to traditional 

neurofeedback paradigms. In the Method section, the parameters permitting feedback are 

explained, and the final calculation yields a maximum of 12.5% of feedback per trial. This is quite 

a small amount, compared to the traditional neurofeedback paradigm in which rewards are 

traditionally given for 60 to 80% of each trial.  

 

Taken as a whole, this suggests that effective feedback can be provided in infrequent and 

subtle ways that ensure that not only are others oblivious to these cues, but even the subject 

themselves can be barely aware that an intervention is taking place. The passive and non-invasive 
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nature of this type of paradigm is also to be considered in its development and subsequent 

assessment.  
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Conclusion 

 

The goal of enhancing one’s cognition, emotion and behaviour is inherent to humanity. As 

a population, we spend billions of dollars every year in this pursuit. Current research, however, 

shows very severe limitations in outcome, especially with regard to transfer.20 Here, it has been 

shown that by integrating neurofeedback into a representative, traditional learning paradigm, by 

shortening feedback latency, brain-based preparation and performance are optimized, and learning 

subsequently improved.  

 

As Dresler20, one of the leaders in the field of cognitive enhancement, states:  

“The human mind is not a monolithic entity, but consists of a broad variety of cognitive functions. 

Not surprisingly, no single cognitive enhancer augments every cognitive function. Instead, most 

cognitive enhancers have specific profiles regarding their efficacy for different cognitive 

domains… Different cognitive tasks require different optimal levels of receptor activation… Some 

interventions might even enhance one but impair another cognitive domain… This implies that 

enhancement may have to be tuned to the task at hand, in order to focus on the currently most 

important cognitive demands.”20 

 

In other words: side-step transfer, the potential side-effects, and the time-consuming 

training programs of cognitive-enhancement-past, by focusing on state, trait, and context-

dependent training. Apply the cognitive enhancer, neurofeedback, directly into the context, and 

with appropriate (fast, precise, and relevant) feedback, performance can be improved.  

 

While this result supports other promising trends hoping to attain the same ultimate result, 

further development of hybrid-systems is needed, with the support of adequately controlled 

research. Potential domains of application for such systems include clinical populations with 

cognitive, emotional or behavioural disorders, as well as in optimizing performance in healthy 

individuals.  
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