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Abstract  

Understanding the mechanisms and brain processes that neural networks perform in order 

to achieve cognition has always been one of the main questions in psychology and 

neuroscience. Neural oscillations are thought to be the fundamental mechanism enabling 

coordinated activity during normal brain functioning. As such, they are involved in 

cognitive processes such as attention, memory, perception and decision-making.  The 

ongoing research in animals and human participants indicates that frequencies in the theta 

(4 - 7 Hz) and gamma (>30Hz) range, as well as their cross-frequency coupling, may 

coordinate communication between brain regions involved in memory processes. 

Recently developed models incorporate these findings and suggests a link between the 

coupling of slow and fast neural oscillations (theta and gamma, respectively) and working 

memory performance. Gamma cycles are thought to represent single items in memory, 

while the speed of theta brainwave determines the number of gamma cycles that can be 

nested inside a theta cycle. According to this, theta oscillations with slower frequencies 

(longer cycles) should lead to larger memory capacity. Some recent studies have 

attempted to modulate working memory capacity in the human by entraining theta 

oscillations. In this study, we test this hypothesis using binaural beats stimuli at 4 Hz and 

7 Hz to entrain/synchronize the endogenous theta frequency in the brain, while 

participants perform a visual working memory task. 

 

Resumen  

La comprensión de los mecanismos y procesos cerebrales que realizan las redes 

neuronales para lograr la cognición siempre ha sido una de las preguntas principales en 

psicología y neurociencia. Se cree que las oscilaciones neuronales son el mecanismo 

fundamental que permite una actividad coordinada durante el funcionamiento normal del 

cerebro. Como tales, están involucradas en procesos cognitivos como la atención, la 

memoria, la percepción y la toma de decisiones. La investigación en curso en animales y 

participantes humanos indica que las frecuencias en el rango theta (4 - 7 Hz) y gamma  

(>30Hz), así como su acoplamiento de frecuencia cruzada, pueden coordinar la 

comunicación entre las regiones del cerebro involucradas en los procesos de memoria. 

Los modelos desarrollados recientemente incorporan estos hallazgos y sugieren un 

vínculo entre el acoplamiento de oscilaciones neuronales lentas y rápidas (theta y gamma, 

respectivamente) y el rendimiento de la memoria de trabajo. Se cree que los ciclos gamma 

representan elementos individuales en la memoria, mientras que la velocidad de la onda 

cerebral theta determina el número de ciclos gamma que se pueden anidar dentro de un 

ciclo theta. De acuerdo con esto, las oscilaciones theta con frecuencias más lentas (ciclos 

más largos) deberían llevar a una mayor capacidad de memoria. Algunos estudios 

recientes han intentado modular la capacidad de la memoria  
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de trabajo en humanos mediante la incorporación de oscilaciones theta. En este estudio, 

probamos esta hipótesis utilizando estímulos binaurales a 4 Hz y 7 Hz para sincronizar la 

frecuencia theta endógena en el cerebro, mientras que los participantes realizan una tarea 

de memoria de trabajo visual. 

 

Resum 

Comprendre els mecanismes processos cerebrals que les xarxes neuronals realitzen per 

aconseguir la cognició ha estat sempre una de les preguntes principals en psicologia i 

neurociència. Es creu que les oscil·lacions neuronals són el mecanisme fonamental que 

permet activitat coordinada durant el funcionament normal del cervell. Com a tals, estan 

implicades en processos cognitius com l’atenció, la memòria, la percepció i la presa de 

decisions. La investigació en curs sobre animals i participants humans indiquen que les 

freqüències  en el rang de theta (4 - 7 Hz) i gamma (> 30Hz), així com el seu acoblament 

de freqüència creuada, poden coordinar la comunicació entre les regions del cervell 

implicades en els processos de memòria. Els models desenvolupats recentment 

incorporen aquestes troballes i suggereixen un vincle entre l'acoblament de les 

oscil·lacions neuronals lentes i ràpides (theta i gamma, respectivament) i el rendiment de 

la memòria de treball. Es creu que els cicles gamma representen elements individuals a 

la memòria, mentre que la velocitat de l’ona cerebral theta determina el nombre de cicles 

gamma que es poden niar dins d’un cicle theta. Segons això, les oscil·lacions theta amb 

freqüències més lentes (cicles més llargs) haurien de portar a una major capacitat de 

memòria. Alguns estudis recents han intentat modular la capacitat de memòria de treball 

en l’ésser humà mitjançant l’arrossegament de les oscil·lacions theta. En aquest estudi, 

provem aquesta hipòtesi utilitzant estímuls binaurals de 4 Hz i 7 Hz per sincronitzar la 

freqüència theta endògena al cervell, mentre que els participants realitzen una tasca de 

memòria de treball visual. 
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Prologue 

The world in which we live is changing very quickly in a few years, technology, data 

science, algorithms and computers have changed the way we work, live and behave in 

society.  

We currently have a huge amount of information available, and a multitude of tools that 

have allowed us to improve our knowledge in all fields, whether art and humanities, 

sciences, health sciences, social and legal sciences, engineering or architecture.  

Since my childhood, and even now, I have always had a tendency to observe and 

understand everything that surrounds me, and to learn things from many different fields. 

That is why, despite being an audiovisual systems engineering student, I decided to direct 

this end-of-degree project in the field of neuroscience.  

I consider this field very interesting, as it studies the processes that the human brain 

realizes in order to give rise to the conscience, which has brought us to the point where 

we are now, through thousands of years of history. Although the field of neuroscience is 

very complex and requires many years of study, I see this work as an opportunity to enter 

this field and apply the knowledge learned in the career and throughout my life with a 

great purpose, contributing with my small grain of sand to the human brain research. 

 

 

 

 

 

 

 

 

 



xii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

Contents 

1.1.1 Brain oscillations classification ........................................................... 4 

1.3.1. Working memory ............................................................................... 8 

1.3.2. Theta-Gamma coupling theory .......................................................... 9 

2.2.1. Binaural Beats Generation .............................................................. 14 

2.2.2. Procedure and task ......................................................................... 15 



xiv 

2.3.1. Subject exclusion criteria and Reality checks .................................. 19 

2.3.2. Prediction ........................................................................................ 19 

2.3.3. Data normalization .......................................................................... 20 

2.3.4. Statistical analysis ........................................................................... 21 
 

 

 

 

 



xv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 

List of Figures  

 

Figure 1: Action potential scheme. .................................................................................. 3 

Figure 2: Example of EEG recording. ............................................................................. 4 

Figure 3: The five frequency bands of EEG signal. ........................................................ 6 

Figure 4: Entrainment of neural oscillations. .................................................................. 7 

Figure 5: Example of Theta-Gamma coupling theory. .................................................... 9 

Figure 6: Application of binaural beats. ........................................................................ 11 

Figure 7: CBC Lab, Universitat Pompeu Fabra ............................................................ 13 

Figure 8: Schematic illustration of a single trial, with event durations ......................... 16 

Figure 9: Experiment setup ........................................................................................... 18 

Figure 10: Prediction of WM capacity against Entrainment Frequency condition ....... 20 

Figure 11: Individual Accuracy in each frequency condition. ...................................... 23 

Figure 12: Individual WM capacity (K) in each frequency condition. ......................... 23 

Figure 13: Scatter plot of Mean accuracy for all participants. ...................................... 25 

Figure 14: Accuracy for each loads and condition. ....................................................... 26 

Figure 15: Boxplot of normalized WM capacity (K) for each load and frequency 

condition. ................................................................................................................ 28 

Figure 16: Normalized K for all the participants included in the analysis. ................... 29 

Figure 17: Results for load-averaged normalized working memory capacity between 4 

and 7 Hz. ................................................................................................................. 30 

Figure 18: 4 Hz condition power analysis based on Wolinski effect size. .................... 48 

Figure 19: 7 Hz condition power analysis based on Wolinski effect size. .................... 49 

Figure 20: Effect size for 4 Hz and 7 Hz conditions (21 participants) .......................... 49 

Figure 21: Achieved power for 4Hz condition against 0 t-test ..................................... 50 

Figure 22: Achieved power for 7 Hz condition against 0 t-test .................................... 50 

Figure 23: Effect size for 4 Hz > 7 Hz .......................................................................... 51 

Figure 24: Achieved power for hypothesis analysis ..................................................... 51 

 

 



xvii 

 List of Tables  

 

Table 1: Acoustic stimuli generation properties. ........................................................... 15 

Table 2: Block tasks and durations for the experiment (block order is random) .......... 17 

Table 3: Mean accuracy in the change detection task for each participant ................... 24 

Table 4: normalized WM capacity (K) in 4Hz Frequency condition ............................ 27 

Table 5: normalized WM capacity (K) in 7Hz Frequency condition ............................ 27 

Table 6: WM task results for participants S01-S05 ....................................................... 57 

Table 7: WM task results for participants S06-S10 ....................................................... 58 

Table 8: WM task results for participants S11-S15 ....................................................... 59 

Table 9: WM task results for participants S16-S20 ....................................................... 60 

Table 10: WM task results for participants S21-S25 ..................................................... 61 

Table 11: WM task results for participants S26-S26 ..................................................... 62 

 

 

 

 

 

 

 

 

 

 



xviii 

 

 

 

 

 

 

 

 



 

1 

 INTRODUCTION 

This thesis belongs to the field of neuroscience. It is a research study based on a recent 

cognitive model (Theta-Gamma coupling theory) that relates the working memory 

performance with the coupling between two neuronal oscillations.  

These oscillations can be modulated by external stimuli through a method known as 

neural entrainment. There are some studies that have demonstrated this model entraining 

the theta oscillation at different frequency values with the use of tools such as transcranial 

alternating current stimulation (tACS), and they found results that could demonstrate this 

phenomenon. 

The objective of this work is to verify if though the acoustic stimulation known as 

binaural beats, we are able to find similar results and, in this case, be able to take them 

into account as a less invasive way of synchronizing neural oscillations for future 

investigations.  

In this section I am going to introduce the concepts of neural oscillations, brain 

oscillations classification, brainwave entrainment, working memory and the Theta-

Gamma coupling theory, and finally Binaural beats. 

At the end of this section, before getting into the methods, I am going to introduce in 

more detail the objective and hypothesis of this work. 

 Neural oscillations  

Neural oscillations arise from changes in electrical potential in populations of neurons, 

mostly caused by postsynaptic excitatory and inhibitory potentials (PSEPs and PSIPs) (S. 

J. Luck, 2014). Electrical changes in these neural populations can be described by 

frequency, amplitude and periodicity, which are the basic features for oscillatory signals 

(Cohen, 2019).   

Synchronization between different networks of spiking neurons is one of the mechanisms 

enabling the brain to perform large-scale integration. This integration refers to the 
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processes in which the nervous system coordinates the activity of its distant brain regions 

for information-processing activities, allowing coherent behavior and cognition. 

Concretely, this is done by forming dynamic links mediated by phase synchronization of 

temporal structures of neural signals.  

This large-scale integration normally involves reciprocal connections between distributed 

neuron networks (or neural assemblies) separated by long distances (Varela, Lachaux, 

Rodriguez, & Martinerie, 2001). 

According to this, neural oscillations are the fundamental mechanism for enabling 

coordinated activity during normal brain functioning. Therefore, finding the mechanisms 

and brain processes that neural oscillations perform in order to achieve cognition has 

always been one of the main questions in psychology and neuroscience. 

Over the past decades, scientists such as mathematicians and computational 

neuroscientists have studied some of these processes and they found relevant properties 

in relaxation oscillators1 and neural models based on them that might explain how the 

brain works to reach cognition. One of the main properties is the dependence of 

postsynaptic neurons on the presynaptic neural activation2 which enables the postsynaptic 

                                                 

1 Relaxation oscillators: Relaxation oscillators are non-linear electronic oscillator circuits that produce non 

sinusoidal periodic signals (e.g. triangle wave, or square waves) by alternating charges and discharges of 

energy. Concretely, it consists in a feedback loop (the outputs of the system are used as input) that contains 

a switching device (e.g. transistor, comparator, opamp...) that charges a capacitor or inductor through a 

resistance until it reaches the threshold level, in that case, it discharges it again. They are used to produce 

low frequency signals such as blinking lights or electronic beepers. Many dynamical systems in science 

(coupled chemical relations, networks of firing nerve cells or earthquakes) can be analyzed using its 

mathematical model.(Du & Swamy, 2010; Rudolf F. Graf, 1999). 

2
 Neural activation: When two neurons are connected, the information basically goes in one way (from the 

presynaptic cell to the postsynaptic cell), therefore, when one neuron fires (presynaptic) it can chemically 

activate the other neuron on which it synapses (postsynaptic). 
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cells to cross the spike threshold3 (around -50 mV) triggering the action potential and 

resetting the oscillator’s phase.   

Attaining and maintaining synchronization between two or more spike-coupled neurons 

(based in relaxation oscillators model), is possible with few cycles (e.g. one or two) 

through this mechanism (Fox, Jayaprakash, Wang, & Campbell, 2001; Somers & Kopell, 

1993). Moreover, global synchronization can be achieved with local coupling of 

relaxation oscillators networks (Terman & Wang, 1995). 

 

Figure 1: Action potential scheme. A neuron in resting state (below the spike threshold) receives 

stimulus When the stimulus is strong enough to reach the spike threshold, the neuron changes its 

state shifting its electrical charge (loosing negative charge and incrementing positive charge) in the 

depolarization process. After the cell has been depolarized, its membrane potential is retuned back 

to the resting potential state in the repolarization process, followed by a refractory period known as 

hyperpolarization, when the neuron is more negative than in the resting potential.  Image from 

(https://commons.wikimedia.org/wiki/File:Action_potential.svg)  

                                                 

3 Spike threshold: It is the voltage level that a membrane potential needs to be depolarized and initiate an 

action potential. 

https://commons.wikimedia.org/wiki/File:Action_potential.svg
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According to this, neuroscientists have argued that cognitive processes such as attention, 

memory, perception, decision-making, and even conscious awareness arise from the 

computations performed by synchronously active assemblies of neurons (Nunez, 2000).  

Electroencephalography (EEG), Magnetoencephalography (MEG) and other 

neuroimaging techniques (more invasive) could reflect the activity of these assemblies of 

synchronously oscillating neurons, which are related with the dynamics of cognitive 

performance. There is an increasing evidence for this relation, and a better theoretical 

understanding of these computational methods (Ward, 2003). 

1.1.1 Brain oscillations classification 

An electroencephalogram represents the electrical activity of the brain, recorded by 

placing several electrodes on the scalp (Figure 2). It is routinely used in clinical settings, 

as well as in cognitive psychology, neuroscience, cognitive science, neurolinguistics, and 

psychophysiological research.  Specifically, EEG is a non-invasive technique used to 

measure the local field potentials generated by large neural populations. It is used to 

evaluate the dynamics of brain functioning, and it reflects the integration of excitatory 

and inhibitory postsynaptic potentials of neurons in the cerebral cortex that fire with 

synchrony in several frequency ranges. 

 

Figure 2: Example of EEG recording. Taken from (Hanslmayr, Staudigl, & Fellner, 2012). 
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The most relevant to cognition oscillations are in low frequency range and they are 

classified into the following neural oscillatory bands: delta, theta, alpha, beta, and gamma. 

(Amo, de Santiago, Barea, López-Dorado, & Boquete, 2017; Lally et al., 2014): (See 

figure 3). 

 Delta. The amplitude of delta brainwave is between 100 and 200 µV, and they 

have a frequency range between 0.5 and 3 Hz. Most adults exhibit no activity in 

this oscillation in conscious state, but it can be recorded in deep sleep, 

unconsciousness or state of anesthesia.(Liu, Chiang, & Chu, 2013) 

 

 Theta.  Theta oscillations commonly occur in the parietal and temporal regions 

of the cerebral cortex. The electromagnetic waves of theta oscillations have 

amplitude lower than 30 µV and a frequency that can have values from 4 to 7 Hz. 

It is produced when people experience emotional pressure, interruptions of 

consciousness, or deep physical relaxation. Theta activity is also associated with 

inhibition of elicited responses (Liu et al., 2013). 

 

 Alpha. The source of alpha activity is located in the parietal and occipital lobes 

of the cerebral cortex. It is most commonly observed during states of 

consciousness and resting, especially with eyes closed. Its amplitude is between 

30 and 50 µV and has higher values on the dominant side of the brain. Alpha 

frequency range is between 8 and 13 Hz, but in most people it is around 10 Hz. It 

is also related to the inhibition control during attention. It disappears when people 

are thinking and blinking, the phenomenon known as alpha block (Liu et al., 

2013). 

 

 

 Beta. Beta activity mostly occurs in the frontal region of the cerebral cortex when 

people are alert, conscious, anxious or focus. This brainwave has low amplitude, 

between 5 and 20 µV and frequency in the range from 14 to 30 Hz. It is easier to 

record beta oscillations when people are receiving sensory stimulation from the 

environment or when people are engaged in mental activities (Liu et al., 2013). 
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 Gamma. Gamma oscillations have an amplitude between 5 and 10 µV and 

frequency higher than 30 Hz. They have been linked to cross-modal sensory 

processing (i.e., combination of at least 2 different senses, such as sight, hearing 

or touch), selective attention and cognition. In addition, Gamma has been shown 

to underlie matching of sounds, objects or tactile sensations in short-term 

memory. Finally, cognitive decline is speculated to be associated with a decrease 

in Gamma activity, especially when it is coupled to theta brain oscillations, 

although it is still lacking conclusive support from clinical data (Liu et al., 2013; 

Roohi-Azizi, Azimi, Heysieattalab, & Aamidfar, 2017). 

 

 

Figure 3: The five frequency bands of EEG signal. Gama band (>30 Hz), Beta band (14 to 30 

Hz), Alpha band (8 to 13 Hz), Theta band (4 to 7Hz) and Delta band (0.5 to 3 Hz). Taken from 

(Abo-Zahhad, Ahmed, & Abbas, 2015) 

According to (Uhlhaas & Singer, 2010) neural oscillations in the low (delta, theta and, 

alpha) and high (beta and gamma) frequency ranges establish precise temporal 

correlations between different neuronal responses distributed in different areas of the 

brain. Moreover, the high frequency oscillations establish synchronization with great 

precision in local cortical networks, whereas lower frequency oscillations are the ones 

that establish synchronization over longer distances. 



 

7 

 Brainwave Entrainment 

Brainwave entrainment, also known as neural entrainment or neural synchronization, is 

the capacity of large groups of neurons for synchronizing neural oscillatory activity with 

an external periodic (rhythmic) stimulus (Thut, Schyns, & Gross, 2011). External stimuli 

can be presented via sensory stimulation (such as visual, acoustic or tactile) or via 

magnetic or electrical stimulation (such as transcranial magnetic stimulation (TMS) or  

transcranial alternating current stimulation (tACS)) (Thut, Veniero, et al., 2011). The 

concept of physical entrainment was identified by the physicist Christiaan Huygens in 

1665 (Pantaleone, 2002) and posterior investigations have shown that electrical activity 

in neural ensembles may alter they response and adjust their frequency and phase to that 

of the external periodic stimuli (See figure 4) (Thut, Schyns, et al., 2011; Will & Berg, 

2007). 

 

Figure 4: Entrainment of neural oscillations. “(A) Stylized example of oscillatory entrainment 

by rhythmic auditory stimuli. The excitability of neural ensembles oscillates at various 

frequencies. The phases of ongoing oscillations are reset by the first stimulus. The second 

stimulus establishes a rhythm and oscillatory frequencies adjust such that phases become 

aligned to this rhythm. As a consequence of entrainment, neural ensembles are in a 

particular state of excitability when stimuli occur. Oscillations remain entrained for several 

cycles after the last stimulus before eventually ‘falling out of phase’ due to frequency 

changes. (B) Supragranular current source density trace recorded from a monkey showing 

entrainment of ongoing oscillations to rhythmic auditory stimuli. Blue vertical lines 

represent stimuli and red lines represent when stimuli would have occurred if stimulation 

had continued. Oscillatory phase remained entrained to the stimulation rhythm for several 
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cycles after the last stimulus.” Figure and description taken from (Calderone, Lakatos, 

Butler, & Castellanos, 2014). 

 Working memory and the Theta–Gamma coupling theory 

1.3.1. Working memory 

Working memory (WM) is the capacity to encode, retain and use small portions of 

information for a particular task (e.g., in case of a mental subtraction, one needs to 

remember two terms and perform mental operation with them). In other words, working 

memory is the system involved in online processing and organization of information for 

successful reasoning, comprehension and goal directed behavior while performing 

complex tasks (Baddeley, 2000). 

The capacity of storage (WM capacity) is the maximum number of items that can be 

simultaneously retained in working memory. It varies between individuals and tasks but, 

despite initial estimates of around 7 items (Miller, 1956), it has more recently been 

suggested to be around 3-4 items in visual working memory tasks (Cowan, 2000). 

During the last three decades, the role of brain oscillations in human memory has been a 

field of increasing interest. An increasing number of researchers have begun to investigate 

this oscillations in memory experiments, using both non-invasive, such as EEG/MEG, 

and invasive, such as intracranial EEG, techniques during encoding and maintenance of 

working memory (Nikolai Axmacher, Mormann, Fernández, Elger, & Fell, 2006; 

Hanslmayr & Staudigl, 2014; Nyhus & Curran, 2010). 

 

The first studies that investigated oscillations in working memory were focused on 

specific bandwidth brainwaves (e.g. theta) and simple parameters describing them, such 

as oscillatory amplitude (power). However, the increasing computational power offered 

researchers the possibility to investigate several frequency bands and more complex 

parameters. A number of experiments investigated the role of theta and gamma 

oscillations, using physiological methods in rodents (Chrobak & Buzsáki, 1998; Jacobs, 

2014; Sirota et al., 2008). More recently, the study of these oscillations in humans has 
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become a focus of cognitive neuroscience (N. Axmacher et al., 2010; Mormann et al., 

2005; Sauseng et al., 2009; Soltani et al., 2006; Voytek et al., 2010). 

1.3.2. Theta-Gamma coupling theory 

A recent cognitive neuroscience model, proposed (Lisman & Idart, 1995), has linked the 

coupling of slow and fast neural oscillations (Theta and Gamma, respectively) with 

memory performance. A growing number of findings suggests that this cross-frequency 

coupling coordinates communication between brain regions involved in memory 

processes (Lisman & Jensen, 2013).  

The frequency of theta oscillations seems to be more or less stable within individuals, but 

can vary between individuals in the range of 4 Hz to 7 Hz. It is thought that the length of 

the period of theta brainwaves (hence, their specific frequency) determines the number of 

Gamma cycles (>30 Hz) that are nested inside a theta cycle. Gamma cycles are thought 

to represent single items in working memory. In other words, the length of a theta cycle 

could determine the number of items that can be maintained during a memory task for 

later recall. In other words, the length of theta cycle could determine the capacity of 

working memory. 

 

Figure 5: Example of Theta-Gamma coupling theory. The individual theta wave (left) carries 

a gamma wave (red) with phase dependent amplitude. Each gamma cycle within one theta 

cycle represents one item in working memory. As you can see, in the hypothetical 7Hz 
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theta frequency the number of gamma cycles has decreased from 4 to 3, meanwhile in 

hypothetical 4Hz theta frequency the number of gamma cycles has increased from 4 to 5. 

Some recent studies (Vosskuhl, Huster, & Herrmann, 2015; Wolinski, Cooper, Sauseng, 

& Romei, 2018) used parietal transcranial alternating current stimulation (tACS) at 

slower and faster theta frequencies (4Hz and 7Hz, respectively) while participants were 

performing a visuospatial task. They targeted the parietal area of the frontoparietal WM 

network, a part of the brain relevant in visuospatial working memory tasks (Palva, Monto, 

Kulashekhar, & Palva, 2010). According to the results of Wolinski et al., WM capacity 

was enlarged when participants were exposed to slower theta frequency while their WM 

capacity was decreased when they were stimulated with a faster frequency tACS. A 

similar study conducted a few years earlier by (Jaušovec & Jaušovec, 2014) obtained 

similar behavioral and electrophysiological data, that showed a causal relationship 

between WM capacity and theta frequency brainwaves in the left parietal brain area by 

using sham/versus tACS stimulation in individually determined theta frequency of each 

participant (Jaušovec & Jaušovec, 2014). 

These findings support the theta-gamma model of working memory capacity (Lisman & 

Idart, 1995; Lisman & Jensen, 2013), suggesting that a slower theta frequency would nest 

more gamma cycles than faster theta frequencies, and would consequently result in higher 

or lower WM capacity.  

 Binaural Beats 

So far, the two studies that have attempted to modulate WM capacity via entraining have 

used electrical brain stimulation. However, one promising and definitely less invasive 

method of entrainment is physical stimulation through the senses, rather than directly in 

the brain. In this study, we addressed the idea of using binaural beats for entrainment 

(Becher et al., 2015). Binaural beats arise from the combination of two sinusoids/pure 

tones of slightly different frequency, presented separately to each ear, which generate, 

inside the auditory system of the listener, the perception of a third signal with frequency 

equal to the difference between the two original tones (Beauchene, Abaid, Moran, Diana, 

& Leonessa, 2017; Oster, 1973; Schwarz & Taylor, 2005). For example, listening to a 

pure tone with frequency 𝑓1 = 150 𝐻𝑧 in the left ear while to another pure tone with 
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frequency 𝑓2 = 160 𝐻𝑧  in the right ear, results in a perceived binaural beat with a 

frequency Δ𝑓 = |𝑓1 − 𝑓2| = 10 𝐻𝑧, which is the difference in frequency for the two 

signals presented (See Figure 6) ( Kasprzak, 2011) . 

Binaural beats have been shown to modulate the excitability of neural populations making 

them to fluctuate synchronously with the binaural beat frequency. Several studies have 

shown that entrainment with binaural beats can modify brain activity and even 

connectivity patterns between brain regions  (Bhattacharya, Pereda, & Ioannou, 2018; 

Brady & Stevens, 2000; Huang & Charyton, 2008; Karino et al., 2004, 2006; Lane, 

Kasian, Owens, & Marsh, 1998; Licklider, Webster, & Hedlun, 1950; Seifi Ala, Ahmadi-

Pajouh, & Nasrabadi, 2018). Although, it is necessary to mention that other studies have 

not been able to prove their effect (Goodin et al., 2012; López-Caballero & Escera, 2017; 

Stevens et al., 2003; Vernon, Peryer, Louch, & Shaw, 2014). 

 

Figure 6: Application of binaural beats. Taken from (Becher et al., 2015) 

 Objective 

In this study, we have used a visual working memory task and binaural beats at 4 Hz and 

7 Hz to entrain and modify the endogenous theta frequency in the brain, which has been 

linked to visual working memory performance via the Theta-Gamma theory, discussed 

above (Lisman & Idart, 1995; Lisman & Jensen, 2013). 

Specifically, participants will perform a change detection task similar to one used by 

(Steven J Luck & Vogel, 1997), and adopted by countless studies of WM thereafter. It 
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consists of briefly showing a set of squares of different colors, and after a short delay, 

displaying either the same set or a set with a change of color in one of the squares. 

Participants are asked to indicate whether there is any change between the first and the 

second set. One can calculate the memory capacity (index K, see calculation below) for 

participants across different set sizes (called loads, usually 4 to 6). (Rouder, Morey, 

Morey, & Cowan, 2011)  

 Hypothesis 

If Binaural Beats entrain relevant theta brain oscillations, responsible for memory 

maintenance, then entraining theta oscillations with slower frequencies (e.g., longer 

cycles) should improve memory capacity, whereas entraining theta with fast oscillations 

should decrease memory capacity. Therefore, the prediction is that working memory 

capacity will be larger when using 4Hz Binaural Beat entrainment compared to 7Hz 

Binaural Beat entrainment.  
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2. METHODS 

 Participants 

 

In order to observe an effect of the size observed in Wolinski et al, we calculate the 

statistical power and sample size needed in this study and it was determined to be 40 (with 

effect size large for the 4 Hz effect over the baseline and not so large for the 7 Hz. (see 

Annex 6.3 Power analysis). Unfortunately, the time limitation made us stop before having 

results of 40 participants. Consequently, 28 healthy adults (14 women) with average age 

of 23.36 years (SD = 3.92, range = 19-34) performed the experiment. The inclusion 

criteria for the participants was normal or corrected to normal vision, normal color vision, 

normal hearing. The study has been approved by the local research ethics committee and 

written informed consent was obtained from all participants before the data collection, in 

line with the Declaration of Helsinki (see Annexes: 6.1 Consentimiento informado and 

6.2 Protección de Datos). 

The study was realized in Center for Brain and Cognition (CBC) Neurosciences Lab 

(https://www.upf.edu/web/cbclab) from Universitat Pompeu Fabra (UPF).  

 

Figure 7: CBC Lab, Universitat Pompeu Fabra 

https://www.upf.edu/web/cbclab
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All the participants were recruited from a CBC database through e-mail (see Annex 6.4 

and 6.5). At the beginning of the experiment, each participant was given the documents 

mentioned above. After that, I explained them the instructions needed to perform the task 

(see Annex 6.5 Instructions for participants). 

 Experiment Design 

2.2.1. Binaural Beats Generation 

The binaural beat generation parameters were selected taking into account the best 

reported practice in order to produce entrainment, such as carrier frequency below 1 KHz 

(Kasprzak, 2011). Moreover, it has been shown that the efficacy of Binaural Beat 

entrainment is higher when using a carrier frequency in the range of 100 to 300 Hz 

(Draganova, Ross, Wollbrink, & Pantev, 2008; Ioannou, Pereda, Lindsen, & 

Bhattacharya, 2015; Pratt et al., 2009; Seifi Ala et al., 2018). According to this, we have 

selected carrier frequency of 220 Hz for the binaural beats, with an inter-aural frequency 

difference corresponding to the BB condition (4Hz or 7Hz). The sampling frequency used 

is 44100 Hz (Equation 1). 

𝐿(𝑡) = sin(2𝜋𝑓1𝑡)        ,         𝑅(𝑡) = sin(2𝜋𝑓2𝑡) 

 𝑤ℎ𝑒𝑟𝑒 𝑓1 = 220 , 𝑓2 = 220, 224 𝑜𝑟 227. 

Equation 1 

Binaural beats are believed to be more effective after some exposure time (Lane et al., 

1998), therefore, each binaural beat train had a duration of 8 min. In addition, BB were 

presented mixed with 10% of background pink noise (generated in Audacity) to reduce 

the nuisance of hearing the pure tones constantly (as is common practice in many recent 

BB studies, (Crespo, Recuero, Galvez, & Begoña, 2013; McConnell, Froeliger, Garland, 

Ives, & Sforzo, 2014; Seifi Ala et al., 2018). In our protocol, BB periods of 8 minutes 

were followed by 1 min pink noise periods to avoid habituation of brain responses to the 

rhythmic stimuli and therefore, prevent any carry-over effects from one block of 

observations to the next.  
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The protocol included a non-binaural beat (NBB) condition as control baseline, consisting 

of a pure tone of 220 Hz equal in both channels, left and right. The aim of the non-binaural 

beat (pure tone) is to establish a baseline without entrainment to compare respectively 

with the 4 Hz and 7 Hz binaural beats (BB4 and BB7). The NBB pure tone control will 

determine whether each of the BB conditions can produce a benefit, or a decrement, in 

overall performance over and above the mere presence of a pure tone. 

In the following table shows the signals in each stereo channel (L and R) for each one of 

the mentioned acoustic stimuli (Table 1). 

 

Sound 
Binaural Beat 4Hz Binaural Beat 7Hz Pure tone 

(BB4) (BB7) (NBB) 

Left 

signal 

90% 220 Hz Sine 90% 220 Hz Sine 90% 220 Hz Sine 

+10% Pink Noise + 10% Pink Noise + 10% Pink Noise 

Right 

signal 

90% 224 Hz Sine 90% 227 Hz Sine 90% 220 Hz Sine 

+ 10% Pink Noise + 10% Pink Noise + 10% Pink Noise 

Table 1: Acoustic stimuli generation properties. 

The volume in which the signals were presented was adjusted during the pilot recordings 

and kept constant in the experiment for all the participants. 

2.2.2. Procedure and task 

The experiment was divided in 6 blocks, with 2 blocks for each of the three sound 

conditions tested (sounds BB4, BB7 or NBB). Participants performed the same task in all 

blocks (WM task) and were encouraged to rest between blocks. The memory load in the 

WM task was mixed within each block, with memory set size varying between load 4, 5 

or 6 randomly and equiprobable. Block order and trials (square colors and positions) was 

selected randomly for each participant. 

Before running the actual experimental blocks, participants were given instructions and 

they had three short training blocks before the real task in order to get used to the response 

keys and check that they understand the task. After that, the actual experimental blocks 
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started. Each block began with 3 minutes of task-free listening to the sound (watching the 

blank screen) to ensure enough time for entrainment. This time was selected from 

previous studies showing that neural entrainment to BB reached significant levels after 3 

minutes of exposure (Colzato, Barone, Sellaro, & Hommel, 2017; Gao et al., 2014; Seifi 

Ala et al., 2018; Solcà, Mottaz, & Guggisberg, 2016) and to prevent the duration of the 

experiment from being too extensive. After the exposure period, participants started the 

working memory task. The experiment was done with the room lights off. 

A single trial started with a fixation cross displayed for 500 milliseconds at the center of 

the screen, after that, a memory array appeared. The memory array was a set of colored 

(possible colors were: white, black, red, yellow, green, blue and pink) squares (4,5 or 6 

depending on the load for that trial) appeared for 100 milliseconds. The memory array 

was probe array after a delay of 900 milliseconds with an empty screen. Participants had 

2.5 seconds to answer via a keypress (pressing J or F keys) whether the probe array was 

the same as the memory array or not (See figure 6). The trials were separated by 1 second 

inter-trial interval.  

 

Figure 8 : Schematic illustration of a single trial, with event durations 

There were 72 consecutive trials (24 with 4 squares, 24 with 5 squares and 24 with 6 

squares) in each block with randomized square number, positions and colors. Hence, each 

auditory condition was measured 144 times (48 per load) in each individual subject. After 

each block, except for the last one, participants listened to 1 minute of Pink noise in order 

to avoid habituation. 
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Block 1 2 3 

Sound BB4 PN BB7 PN NBB PN 

Task Listen 72 trials Listen Listen 72 trials Listen Listen 72 trials Listen 

Time 3 min 4 min 1 min 3min 4 min 1 min 3 min 4 min 1 min 

 8 min 8 min 8 min 

Block 4 5 6 

Sound BB4 PN BB7 PN NBB  

Task Listen 72 trials Listen Listen 72 trials Listen Listen 72 trials  

Time 3 min 4 min 1 min 3min 4 min 1 min 3 min 4 min  

 8 min 8 min 7 min 

Table 2: Block tasks and durations for the experiment (block order is random) 

The duration of a block was about 8 minutes. The whole task took about 1 hour. While 

participants performed the task, hit rate (percentage of correctly answered trials), false 

alarm rate (percentage of incorrect answered trials) and average response time for each 

trial (load) and condition (acoustic stimuli) were recorded. The working memory capacity 

index K, derived from the parameters mentioned (hit rate, load and false alarm rate), was 

used as a main dependent variable for analysis (see below). Reaction times were recorded 

for completeness, but were not part of the planned analysis. 

The task was implemented with PsychToolBox4 3.0.15 (http://psychtoolbox.org/PTB-

3.0.15-Released.html) in Matlab 2018b (https://www.mathworks.com/). The visual 

events were displayed using Cambridge Research Systems Digital++ LCD Monitor 

(https://www.crsltd.com/tools-for-vision-science/calibrated-displays/displaypp-lcd-

monitor/). The acoustic stimuli were generated in Matlab 2018b, except for the pink noise 

(Audacity), and were presented through Sennheiser PC151 stereo headphones. 

(https://assets.sennheiser.com/global-downloads/file/900/FCS_PC151.pdf). 

                                                 

4 Psychophysics Toolbox Version 3 (PTB-3) is a free set of Matlab and GNU Octave functions for vision 

and neuroscience research. It makes it easy to synthesize and show accurately controlled visual and auditory 

stimuli and interact with the observer. 

http://psychtoolbox.org/PTB-3.0.15-Released.html
http://psychtoolbox.org/PTB-3.0.15-Released.html
https://www.mathworks.com/
https://www.crsltd.com/tools-for-vision-science/calibrated-displays/displaypp-lcd-monitor/
https://www.crsltd.com/tools-for-vision-science/calibrated-displays/displaypp-lcd-monitor/
https://assets.sennheiser.com/global-downloads/file/900/FCS_PC151.pdf
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Figure 9: Experiment setup 

 Data analysis 

Our main dependent variable was index K showing how many items, on average, a person 

can remember in a working memory task. Index K is used by most researchers in this 

area.  

Working memory capacity (K) is computed with the load (C), the hit rate (H) and the 

false alarm rate (F) values of a given individual/condition using the following equation 

(Rouder et al., 2011): 

𝐾 = 𝐶 (
𝐻 − 𝐹

1 − 𝐹
) 
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2.3.1. Subject exclusion criteria and Reality 

checks  

In order to avoid ceiling/floor effects that would prevent observing the modulation of 

interest, as well as insuring that participants could and did perform the task as instructed, 

we included a series of performance-based exclusion criteria and reality check. 

Participants with mean accuracy lower than 60% and participants with mean accuracy 

higher than 95% were excluded from the statistical analysis. The reason behind the 

exclusion criteria was that if a participant performs the experiment with mean accuracy 

lower than 60% it may mean that he/she has completed the change detection task 

responding by chance on most of the trials (and hence, getting around half of them right). 

On the other hand, a participant performing with mean accuracy above 95% will not have 

a large enough variation between conditions in the task, because he can remember almost 

all the items in almost all the trials. This could indicate that the task was too easy for the 

participant and he performed at ceiling level in all conditions. 

In addition, participants with non-negative slope parameter of regression line fitted 

between accuracy and load were excluded. This is because, given that performance is not 

at ceiling (too good) or at floor (too poor), we expect memory performance to decline 

with load (more items, less accuracy). This is a reality check that will be performed on 

the pooled data of all conditions, and therefore, orthogonal to the hypothesis tested.   

2.3.2. Prediction 

The hypothesis is: If Binaural Beats entrain relevant theta brain oscillations, responsible 

for memory maintenance, then entraining theta oscillations with slower frequencies (e.g., 

longer cycles) should improve memory capacity, whereas entraining theta with fast 

oscillations should decrease memory capacity. Therefore, the prediction (see Figure 10) 

is that working memory capacity will increase when participants are exposed to the lower 

theta frequency binaural beat (4 Hz), and otherwise it will decrease when the participants 

were exposed to higher theta frequency binaural beat (7Hz).  
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  4𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 > 7 𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

 

Figure 10: Prediction of WM capacity against Entrainment Frequency condition 

In order to discuss the task results and be able to prove or disprove the hypothesis, we 

will compare the WM Capacity (K) (which is our main dependent variable) in each block 

for each auditory stimulus (4Hz BB, 7Hz BB). The baseline condition will be, in addition, 

used to normalize the data of each of the conditions to the basal performance of each 

subject. However, at this point (at the formulation of the hypothesis), we could not 

advance whether performance in the baseline would be better, or worse, or in between, 

of the two entrainment conditions even if there is a different between the 4Hz and 7Hz 

BBs.  

2.3.3. Data normalization 

Memory capacity K was expressed as ratio of K in the non-binaural beat condition (NBB) 

for each of the 3 memory loads separately. This ratio reflects relative increase/decrease 

in capacity with respect to the non-binaural beat condition. 

 𝐾𝐵𝐵_𝑛𝑜𝑟𝑚 =
𝐾𝐵𝐵−𝐾𝑁𝐵𝐵

𝐾𝑁𝐵𝐵
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With this, we are able to reduce inter-subject variability while preserving intra-subject 

variability apart from obtaining a clear comparison to non-binaural beat condition.   

2.3.4. Statistical analysis 

For the main analysis I will use a repeated measures 2 x 3 ANOVA (Analysis of Variance) 

with within subject factors of Frequency (2 levels: 4 and 7 Hz) and Load (3 levels: 4, 5 

and 6), on the normalized K values as the dependent variable.  

In case of no significant Load effect, the analysis will be restricted to a one-tailed paired-

sample t-test between the two entrainment frequency conditions, to test the difference 

stated in the prediction. 

In addition, two-tailed one-sample t-test will be used to compare normalized K values in 

4 Hz and 7 Hz BB conditions to the baseline (zero), in order to check whether BB 

significantly modulated the behavior from the NBB baseline in any direction. 
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 RESULTS 

Before starting the data analysis, I attach here (Figure 11 and Figure 12) the raw results 

obtained in the WM task, which are going to be used to determine if the hypothesis is 

fulfilled or not. All the values for each participant in the different frequency conditions 

(BB4, BB7 and NBB) and loads (4,5 and 6) are stored in (Annexes 6.7, Tables 6-11).  

 

Figure 11: Individual Accuracy in each frequency condition. 

 

Figure 12: Individual WM capacity (K) in each frequency condition. 
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 Mean accuracy  

Table 3 shows the summary of mean accuracy in the WM task for each participant, pooled 

across all conditions. It can be noted that participants S16, S18, S21 and S22 have mean 

accuracy higher than 95%. According to the exclusion criterion mentioned above, they 

were discarded from the analysis. 

S01 0.741 S15 0.942 

S02 0.887 S16 0.963 

S03 0.882 S17 0.843 

S04 0.863 S18 0.968 

S05 0.875 S19 0.88 

S06 0.764 S20 0.759 

S07 0.935 S21 0.963 

S08 0.949 S22 0.951 

S09 0.9 S23 0.944 

S10 0.773 S24 0.921 

S11 0.833 S25 0.933 

S12 0.942 S26 0.905 

S13 0.866 S27 0.94 

S14 0.896 S28 0.889 

Table 3: Mean accuracy in the change detection task for each participant 

Without taking into account the participants S16, S18, S21 and S22 the mean accuracy 

for all participants in the experiment was 0.8776 (SD=0.0632) (88% ± 6%). This high 

value implies that in general the task was easy to understand and to do.  

According to the other exclusion criterion mentioned above (non-negative slope between 

accuracy and load) S08, S19 and S23 were not included in the analysis either.  

Figure 13 summarises the mean accuracy of included and excluded participants. After the 

exlusion criteria have been applied, the final planned analyses will be carried out on data 

from 21 participants. 
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Figure 13: Scatter plot of Mean accuracy for all participants. (Exact values in Table 3). Participants 

with blue dots are included in the analysis, participants with red dots are excluded because accuracy 

higher than 95% and participants with green dots are excluded because of non-negative slope. The 

red line represents the mean accuracy for all participants. 

 

 Accuracy in Loads and Frequency  

In accordance to our expectations, the accuracy decreased with an increase in load. This 

effect of load on accuracy was seen in both experimental conditions (BB4 and BB7) 

(Figure 14). Increasing the load makes the task more difficult, because more items have 

to be retained in memory. 
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Figure 14: Accuracy for each loads and condition. Each dot corresponds to the mean accuracy for 

one participant for the frequency condition (4 left, and 7 right) and Load (4 red,5 green,6 blue). 

 

 Main analysis 

The following tables (Table 4 and Table 5) show individual WM capacity (K) in BB4 and 

BB7 conditions, normalized to NBB condition. This normalization shows how much the 

K increased or decreased from the baseline (NBB) value in each of the experimental 

conditions. A normalized value of zero would mean that K did not change from the 

baseline. 
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BB4 K (Load 4) K (Load 5) K (Load 6) 

S01 0.40 0.98 -0.25 

S02 0.12 0.09 0.07 

S03 0.10 -0.14 0.21 

S04 -0.02 -0.19 -0.35 

S05 0.00 0.40 -0.24 

S06 -0.04 0.05 0.25 

S07 -0.13 -0.05 -0.09 

S09 0.00 0.26 0.05 

S10 -0.18 -0.21 0.12 

S11 0.00 0.30 0.63 

S12 0.05 -0.04 0.01 

S13 -0.01 0.11 0.00 

S14 0.06 0.21 -0.18 

S15 0.00 0.05 0.12 

S17 0.00 -0.10 0.40 

S20 0.31 0.52 0.00 

S24 -0.17 0.00 0.03 

S25 0.05 0.15 0.02 

S26 0.12 -0.04 -0.06 

S27 -0.04 0.05 0.04 

S28 -0.02 -0.07 -0.01 

Table 4: normalized WM capacity (K) in 4Hz Frequency condition 

BB7 K (Load 4) K (Load 5) K (Load 6) 

S01 0.17 1.07 -0.34 

S02 0.13 0.15 0.29 

S03 0.00 -0.23 0.07 

S04 0.11 0.05 0.00 

S05 -0.10 0.25 -0.36 

S06 -0.15 0.31 -0.25 

S07 -0.05 0.00 -0.14 

S09 -0.05 0.00 -0.19 

S10 -0.03 -0.08 0.12 

S11 -0.11 0.12 0.31 

S12 -0.04 -0.09 0.06 

S13 -0.14 -0.15 0.00 

S14 0.17 0.28 -0.18 

S15 -0.04 -0.05 0.06 

S17 -0.05 0.00 -0.26 

S20 -0.21 0.44 0.30 

S24 -0.05 -0.14 0.05 

S25 0.10 0.15 0.19 

S26 0.18 -0.08 -0.02 

S27 0.00 0.16 0.15 

S28 0.09 0.03 0.05 

Table 5: normalized WM capacity (K) in 7Hz Frequency condition 
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Figure 15: Boxplot of normalized WM capacity (K) for each load and frequency condition. 

Repeated measures 2 x 3 ANOVA revealed no significant effect of Load, F(2, 40) = 

1.571, p = .220, ƞ2= .029,  Frequency, F(2, 40) = 2.443, p = .0998, ƞ2 = .0189, or their 

interaction, F(4, 80) = 1.072, p = .376, ƞ2= .0159.  

As there was no significant effect of Load, we compared the frequency conditions with 

load-averaged normalized memory capacity, using one-tailed paired sample t-test in order 

to validate our prediction, which is the following:  

  4𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 > 7 𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

Results showed no difference between the two frequency conditions, t(20) = 1.006, p = 

.163. This means that there was no difference between WM capacity whether the 

participants were listening to 4 Hz or 7 Hz BB. Therefore, our prediction that WM 

capacity would be higher in 4 Hz condition is not confirmed. 
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Figure 14 further illustrates this finding, showing that memory capacity from 4 Hz to 7 

Hz condition decreased in some participants, while the relation was inversed in others.  

 

Figure 16: Normalized K for all the participants included in the analysis. 

Finally, we compared load-averaged normalized memory capacity in each frequency 

condition (BB4 and BB7) with the baseline (NBB) using two-tailed one-sample t-test 

against 0.  

4𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≠ 0 𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

7𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≠ 0 𝐻𝑧 𝑊𝑀 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

In this case, results indicate WM capacity was not statistically significantly different from 

0, neither in the 4 Hz condition t(20)= 2.001 , p = .059 nor in the 7Hz condition t(20)= 

1.348, p = .193. 
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We can see these results more clearly in Figure 17. WM capacity is not significantly 

different between 4 and 7 Hz conditions, and both of them are not different from the 

baseline 0 Hz, the non-binaural beat condition. 

 

Figure 17: Results for load-averaged normalized working memory capacity between 4 and 7 Hz.    
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 CONCLUSIONS 

Considering all our results, we conclude that we cannot confirm the hypothesis that 4 Hz 

BB would lead to larger memory capacity compared to 7 Hz BB. Results indicate that 

binaural beats did not significantly change WM capacity for neither of the two frequency 

conditions. There are several factors which could explain these results. 

The most important one is that, clearly, the sample size used in our experiment is not 

large enough to obtain significant results. Considering that time limitations made us stop 

recordings at 28 participants and that after the exclusion criterion only 21 of them were 

included in the analysis, results were obtained from a statistical analysis with half of the 

estimated sample size (40). Consequently, it is sure that the overall power of the study 

was too low to find enough proof for our hypothesis. (See Annex 6.3 Power analysis). 

Another aspect to take in consideration is that, although it has been proved that neural 

synchronization can be induced via presentation of binaural beats (Oster, 1973), and that 

previous studies have shown that exposure to binaural beats affect cortical responses 

across frequency bands (Draganova et al., 2008; Fitzpatrick, Roberts, Kuwada, Kim, & 

Filipovic, 2009; Pastor et al., 2018), we cannot prove, with the obtained results, that 

binaural beats presented to participants affected the theta brainwave relevant for the 

performance of the working memory task, or that its effect was strong enough to 

significantly modulate the behavioral performance. Furthermore, it might be possible that 

other neural oscillations relevant for this kind of task were affected instead, since binaural 

beats can also influence activity outside their respective frequency band (Gao et al., 

2014). For instance, with 7 Hz BB we might have targeted alpha brainwave, which is 

implicated into perception and attention processes. Moreover, without using EEG we 

could not control whether the phase in which the binaural beats were presented was the 

same as the individual endogenous theta brainwave phase, implying that the time 

necessary for entraining may vary in each block and individual. However, according to 

our experiment design, which was based on previous studies, binaural beats were 

generated in order that theta oscillation should have been entrained during the exposure 

period (3 minutes before the task) or while the WM task was running (Colzato et al., 

2017; Gao et al., 2014; Seifi Ala et al., 2018; Solcà et al., 2016). 
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Finally, based on the fact that the 14% of participants (4/28) were discarded due to overly 

good performance (main accuracy > 95%) and that the accuracy of the remaining 

participants was very high as well (mean accuracy 88%), another aspect to take into 

account is that the task might not have been difficult enough to obtain greater variability 

of results. In addition, some of the participants used strategies as mnemonics (e.g. 

associating the squares colors with flags) when performing the task. However, we tried 

to avoid very good performance with measures as for example the exclusion criteria and 

the reality check. Moreover, while participants were performing the task, I entered the 

room every time they finished a block, asking how they felt and if they were comfortable, 

offering water or giving a little conversation in order to distract them. 

 Further research 

In order to resolve possible limitations and find answers to questions posed in this study, 

I would like to continue with this experiment by introducing some changes.  

First, we could recruit more participants, until reaching the sample size planned in the 

beginning (40 participants), in order to have a greater statistical power when performing 

the data analysis. This would increase the possibility of detecting significant differences 

between the conditions, in case they are actually present. In this case, the methods used 

in this study would remain the same, without adding any modification to the protocol of 

the working memory task nor any change in the acoustic stimuli presentation.   

Second, the protocol could be reviewed and some changes introduced to make the task 

more challenging. For example, we could increase the memory load demands (e.g. 

5,6,7,8) or add some distractors to hinder the task and reduce the number of outlier 

participants. In addition, it would be very useful to introduce EEG measures, with the 

objective of observing how binaural beats and non-binaural beat exposure affect different 

neural oscillations as alpha or theta brainwave in the different blocks, and thus ensure its 

entrainment. However, this would be a technical challenge and it would also imply an 

increase in both the resources needed and in the duration of the experiment.  
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Finally, if any of these changes were made, depending on the results obtained, it would 

be appropriate to review the literature and estimate whether it is worth continuing the 

study with this hypothesis or, on the contrary, discarding it and proposing a new one. 

Despite the inconclusive result in this study, neuroscience has been growing 

exponentially. With the use of new technologies and methodologies, I am sure that in the 

coming years we will find more answers and will construct new theories. This will allow 

us to understand some of the complex mechanisms that the human brain employs in 

attention, memory, cognition or perception, and which makes us such a fascinating 

species. 
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 Power analysis 

In order to obtain an estimation of the sample size we used G*Power v. 3.1.9.4 software 

(Faul, Erdfelder, Lang, & Buchner, 2007). We based our analysis on effect sizes reported 

by (Wolinski et al., 2018). The authors tested sham-normalized variations in memory 

capacity (K) for 4Hz and 7 Hz tACS stimulation conditions. In their study one-sample t-

test against 0 obtained significant results with effect size (Cohen’s d) of 0.57 for 4Hz 

stimulation and effect size of 0.44 for 7Hz stimulation. 

Based on these reported results, 40 participant sample size would yield 0.86 power for 7 

Hz condition and 0.97 power for 4 Hz condition (Figures 18,19), while still keeping the 

experimental sessions time-wise manageable. 

 

Figure 18: 4 Hz condition power analysis based on Wolinski effect size. 
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Figure 19: 7 Hz condition power analysis based on Wolinski effect size. 

Since the number of participants included in the analysis is 21 we computed effect size 

(Cohen’s d) for each of the conditions in the one-tailed paired-sample t-test against 0. We 

obtained values of 0.43 for 4 Hz condition and 0.29 for 7 Hz condition. After that, we 

compute the achieved power and it was 0.478 for 4 Hz condition and 0.25 for 7 Hz 

condition (Figures 21,22).  

 

Figure 20: Effect size for 4 Hz and 7 Hz conditions (21 participants) 
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Figure 21: Achieved power for 4Hz condition against 0 t-test 

 

Figure 22: Achieved power for 7 Hz condition against 0 t-test 
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In addition, we computed effect size and power for the main hypothesis analysis (two-

tailed one-sample t-test between 4 Hz and 7 Hz load-averaged normalized WM capacity). 

The effect size obtained is 0.21 and achieved power is 0.25. (Figures 23,24) 

 

Figure 23: Effect size for 4 Hz > 7 Hz 

 

Figure 24: Achieved power for hypothesis analysis 
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 Instructions for participants 

You will be performing a short-term memory task. There will be 6 blocks, and each block 

contains 72 trials. One block will take about 8 minutes. 

At the beginning of each block you will be listening to some sound for 3 minutes. The 

screen will show you a fixation cross. After the 3 minutes the fixation cross will change 

to red to let you know that the 72 trials are starting. 

Each trial will start with a fixation cross. You have to fixate your eyes onto it. It is also a 

sign for you to get ready for the upcoming task. 

Following, you are going to see an array of colorful squares (4,5 or 6). After that there is 

going to be a delay period (blank screen) before a second array of colorful squares appear, 

then you have to report whether there is a change in the array by pressing F/J. Use index 

fingers of your both hands to respond. Only one color can change. There is not going to 

be an exchange of colors. The time that you can report whether there is a change is 2.5 

seconds. You should be quick, but the most important is to be correct. If you do not 

answer in 2.5 seconds, a new trial will start and you will see a fixation cross again. If it 

happens, do not worry. Also, it is quite common to press a wrong key [you wanted to 

press change, but pressed no change instead]. If this happens, do not worry, and just focus 

on the next trial. 

Furthermore, you have to know that you will hear another sound for 1 minute when you 

finish the 72 trials in a block.  
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Between the blocks you can rest as long as you want, and press space when you feel 

comfortable to continue. I will enter the room every time you finish a block, to make sure 

that everything is fine and check whether you need anything.  

This is the task. Do you have any questions? 

Now, you are going to have three training sessions. The speed is going to increase across 

training sessions, and in the third one the speed is going to be the same as in the 

experiment. 

Is everything clear?  

If yes, then we can move to the actual experiment. I will come in every time you finish a 

block to check on you and distract you. 
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 Email to participants 1  

(En Español más abajo) 
 

English: 
 

Hi! 
  

We are Pau Castro and Indre Pileckyte from MRG group guided by prof. Soto Faraco 
at the Center for Brain and Cognition at the University Pompeu Fabra, and we 
are looking for participants. 

  
It is a short-term memory study, in which we ask the participants to remember a set of 
colorful squares for a very short time and when ask them to compare it with a new set. 
During the task, you will be listening to some sounds. This is a behavioral study, 
therefore we only record participant’s answers via a keyboard. 

  
The study takes about 1 hour or 1h and 15 minutes in total, for which the participant 
will receive 10-12€ 

  
IMPORTANT: to be able to participate, you have to keep in mind that: 

  
1- You should have normal or corrected to normal vision 
2- You should not have problems with color vision 
3- You should not have problems with hearing 
4- You should not be on any prescription medication that works on nervous system 

  
These requirements are necessary for the safety of the participants and the eligibility 
for this study. 
If you are interested in participating or have any questions, please reply to this email, 
and we will send you more details. 

  
Best wishes,  
Pau & Indre 
MRG Group, CBC     
 

 
Español: 

 
¡Hola! 

Somos Pau Castro y Indre Pileckyte del grupo MRG, liderado por el profesor Soto 
Faraco en el Center for Brain and Cognition de la Universidad Pompeu Fabra, 
y estamos buscando participantes. 

Se trata de un estudio sobre la memoria a corto plazo. Los participantes deberán 
recordar un conjunto de cuadrados coloreados durante un periodo muy corto de 
tiempo, y compararlo con un conjunto nuevo.  
Durante el experimento vas a estar escuchando algunos sonidos. Este es un estudio 
conductual, en consecuencia, los participantes responderán a través de un teclado. 

El experimento tiene una duración entre 1 hora y 1 hora y 15 minutos en total, 
tiempo por el cual el participante recibirá 10-12€ 
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IMPORTANTE: para poder participar debes tener presente lo siguiente: 

1- Debes tener visión normal o corregida a normal  
2- No debes tener problemas con visión en color 
3- No debes tener problemas auditivos 
4- No debes estar bajo los efectos de ninguna medicación que afecte al sistema 
nervioso 

Estos requisitos son de necesario cumplimiento para asegurar la seguridad de los 
participantes I ser elegible para este estudio. 

Si estas interesado en participar o tienes cualquier pregunta, por favor responde a este 
correo electrónico y te mandaremos más detalles. 

Nuestros mejores deseos, 
Pau & Indre 
MRG Group, CBC  
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 Email to participants 2 

Thank you for your interest in our experiment! 

You can see all the available days and times for the experiment in the following Google 

document. Please, write your name or initials in any available green cell. 

 

https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG091

0ERo/edit#gid=0 

The study will take place at the Neuroscience Laboratory, which is in the 

basement (Floor -1) of the Mercè Rodoreda building at the Ciutadella Campus 

(Ramon Trias Fargas, 25-27).  The laboratory has glass doors and is found 

turning left twice after coming out of the elevator, or turning right if you take 

stairs. 

  

If you have any doubts, comments, suggestions, etc. you can write to me (Pau) via e-

mail: 

pau.castro02@estudiant.upf.edu  

  

See you soon,  

Pau & Indre 

 

 

Hola ___________ 

Gracias por tu interés en nuestro experimento! 

Puedes consultar todas las fechas y horas disponibles para participar en el 

experimento en el siguiente documento de google. Por favor escribe tu nombre o 

iniciales en cualquiera de las celdas verdes disponibles. 

https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG091

0ERo/edit#gid=0 

El estudio tiene lugar en el Laboratorio de Neurociencias que se encuentra en el 

sótano (planta -1) del edificio Mercè Rodoreda en el campus de la Ciutadella 

(Ramon Trias Fargas, 25-27).  Al laboratorio se accede a través de unas puertas 

de cristal que encontrás después de girar a la izquierda dos veces al salir del 

ascensor, o después de girar a la derecha si usas las escaleras. 

Si tienes cualquier duda, comentarios, sugerencias, etc., me puedes escribir a mi 

(Pau) correo electrónico: pau.castro02@estudiant.upf.edu  

Hasta pronto,  

Pau & Indre 

 

https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG0910ERo/edit#gid=0
https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG0910ERo/edit#gid=0
mailto:pau.castro02@estudiant.upf.edu
https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG0910ERo/edit#gid=0
https://docs.google.com/spreadsheets/d/1f1oT0JMpJZSR5hYXsUZBmSOavA2CO0vQOUgG0910ERo/edit#gid=0
mailto:pau.castro02@estudiant.upf.edu
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 WM task results 

ID Load Frequency HR FAR Acc RT K 

S01 4 0 0.67 0.13 0.77 0.67 2.48 

S01 5 0 0.38 0.13 0.63 0.72 1.43 

S01 6 0 0.58 0.25 0.67 0.73 2.67 

S01 4 4 0.88 0.04 0.92 0.66 3.48 

S01 5 4 0.58 0.04 0.77 0.64 2.83 

S01 6 4 0.33 0.00 0.67 0.66 2.00 

S01 4 7 0.75 0.08 0.83 0.68 2.91 

S01 5 7 0.63 0.08 0.77 0.69 2.95 

S01 6 7 0.29 0.00 0.65 0.68 1.75 

S02 4 0 0.83 0.13 0.85 0.53 3.24 

S02 5 0 0.83 0.00 0.92 0.56 4.17 

S02 6 0 0.58 0.00 0.77 0.60 3.50 

S02 4 4 0.92 0.13 0.90 0.61 3.62 

S02 5 4 0.92 0.08 0.92 0.63 4.55 

S02 6 4 0.63 0.00 0.81 0.64 3.75 

S02 4 7 0.92 0.00 0.96 0.58 3.67 

S02 5 7 0.96 0.00 0.98 0.62 4.79 

S02 6 7 0.75 0.00 0.88 0.66 4.50 

S03 4 0 0.83 0.00 0.92 0.71 3.33 

S03 5 0 0.88 0.04 0.92 0.73 4.35 

S03 6 0 0.67 0.04 0.81 0.84 3.91 

S03 4 4 0.92 0.04 0.94 0.88 3.65 

S03 5 4 0.75 0.00 0.88 0.89 3.75 

S03 6 4 0.79 0.00 0.90 0.86 4.75 

S03 4 7 0.83 0.00 0.92 0.62 3.33 

S03 5 7 0.67 0.00 0.83 0.72 3.33 

S03 6 7 0.71 0.04 0.83 0.77 4.17 

S04 4 0 0.79 0.00 0.90 0.72 3.17 

S04 5 0 0.83 0.04 0.90 0.73 4.13 

S04 6 0 0.71 0.00 0.85 0.78 4.25 

S04 4 4 0.79 0.08 0.85 0.50 3.09 

S04 5 4 0.67 0.00 0.83 0.52 3.33 

S04 6 4 0.46 0.00 0.73 0.54 2.75 

S04 4 7 0.88 0.00 0.94 0.67 3.50 

S04 5 7 0.88 0.04 0.92 0.70 4.35 

S04 6 7 0.71 0.00 0.85 0.68 4.25 

S05 4 0 0.88 0.00 0.94 0.58 3.50 

S05 5 0 0.58 0.04 0.77 0.62 2.83 

S05 6 0 0.92 0.00 0.96 0.62 5.50 

S05 4 4 0.88 0.00 0.94 0.60 3.50 

S05 5 4 0.79 0.00 0.90 0.65 3.96 

S05 6 4 0.71 0.04 0.83 0.70 4.17 

S05 4 7 0.79 0.00 0.90 0.63 3.17 

S05 5 7 0.71 0.00 0.85 0.61 3.54 

S05 6 7 0.58 0.00 0.79 0.65 3.50 

Table 6: WM task results for participants S01-S05 
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ID Load Frequency HR FAR Acc RT K 

S06 4 0 0.79 0.04 0.88 0.71 3.13 

S06 5 0 0.50 0.04 0.73 0.69 2.39 

S06 6 0 0.33 0.00 0.67 0.73 2.00 

S06 4 4 0.75 0.00 0.88 0.71 3.00 

S06 5 4 0.50 0.00 0.75 0.69 2.50 

S06 6 4 0.42 0.00 0.71 0.69 2.50 

S06 4 7 0.67 0.00 0.83 0.67 2.67 

S06 5 7 0.63 0.00 0.81 0.69 3.13 

S06 6 7 0.25 0.00 0.63 0.69 1.50 

S07 4 0 1.00 0.08 0.96 0.72 4.00 

S07 5 0 0.96 0.04 0.96 0.92 4.78 

S07 6 0 0.92 0.00 0.96 0.92 5.50 

S07 4 4 0.88 0.04 0.90 0.86 3.48 

S07 5 4 0.92 0.08 0.92 0.87 4.55 

S07 6 4 0.83 0.00 0.92 0.85 5.00 

S07 4 7 0.96 0.08 0.94 0.83 3.82 

S07 5 7 0.96 0.00 0.98 0.85 4.79 

S07 6 7 0.79 0.00 0.90 0.99 4.75 

S08 4 0 0.96 0.08 0.94 0.59 3.82 

S08 5 0 0.96 0.08 0.94 0.61 4.77 

S08 6 0 0.92 0.04 0.94 0.66 5.48 

S08 4 4 1.00 0.00 1.00 0.61 4.00 

S08 5 4 0.92 0.00 0.94 0.62 4.58 

S08 6 4 0.96 0.04 0.96 0.66 5.74 

S08 4 7 0.96 0.08 0.94 0.73 3.82 

S08 5 7 0.96 0.13 0.92 0.72 4.76 

S08 6 7 0.96 0.00 0.98 0.83 5.75 

S09 4 0 1.00 0.04 0.98 0.59 4.00 

S09 5 0 0.79 0.00 0.90 0.72 3.96 

S09 6 0 0.88 0.08 0.90 0.63 5.18 

S09 4 4 1.00 0.04 0.98 0.64 4.00 

S09 5 4 1.00 0.13 0.94 0.71 5.00 

S09 6 4 0.92 0.13 0.90 0.79 5.43 

S09 4 7 0.96 0.13 0.92 0.71 3.81 

S09 5 7 0.83 0.21 0.81 0.78 3.95 

S09 6 7 0.75 0.17 0.79 0.86 4.20 

S10 4 0 0.83 0.00 0.92 1.02 3.33 

S10 5 0 0.79 0.13 0.83 1.07 3.81 

S10 6 0 0.63 0.29 0.67 0.99 2.82 

S10 4 4 0.79 0.33 0.73 1.02 2.75 

S10 5 4 0.67 0.17 0.75 1.10 3.00 

S10 6 4 0.63 0.21 0.71 1.05 3.16 

S10 4 7 0.83 0.13 0.85 1.12 3.24 

S10 5 7 0.75 0.17 0.79 1.07 3.50 

S10 6 7 0.63 0.21 0.71 1.05 3.16 

Table 7: WM task results for participants S06-S10 
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ID Load Frequency HR FAR Acc RT K 

S11 4 0 0.92 0.04 0.94 0.73 3.65 

S11 5 0 0.79 0.21 0.79 0.73 3.68 

S11 6 0 0.42 0.08 0.67 0.78 2.18 

S11 4 4 0.92 0.08 0.92 0.70 3.64 

S11 5 4 0.96 0.04 0.96 0.73 4.78 

S11 6 4 0.63 0.08 0.77 0.83 3.55 

S11 4 7 0.83 0.13 0.85 0.78 3.24 

S11 5 7 0.83 0.04 0.90 0.83 4.13 

S11 6 7 0.54 0.13 0.71 0.81 2.86 

S12 4 0 0.96 0.04 0.96 0.78 3.83 

S12 5 0 1.00 0.04 0.98 0.80 5.00 

S12 6 0 0.92 0.13 0.90 0.89 5.43 

S12 4 4 1.00 0.00 0.98 0.95 4.00 

S12 5 4 0.96 0.04 0.92 1.06 4.78 

S12 6 4 0.92 0.04 0.92 1.18 5.48 

S12 4 7 0.92 0.00 0.96 0.77 3.67 

S12 5 7 0.92 0.08 0.92 0.99 4.55 

S12 6 7 0.96 0.04 0.96 1.01 5.74 

S13 4 0 0.88 0.00 0.94 0.88 3.50 

S13 5 0 0.79 0.04 0.88 0.87 3.91 

S13 6 0 0.71 0.13 0.79 0.90 4.00 

S13 4 4 0.88 0.08 0.90 0.89 3.45 

S13 5 4 0.88 0.04 0.92 0.96 4.35 

S13 6 4 0.67 0.00 0.83 0.98 4.00 

S13 4 7 0.75 0.00 0.88 0.85 3.00 

S13 5 7 0.67 0.00 0.83 0.91 3.33 

S13 6 7 0.67 0.00 0.83 0.92 4.00 

S14 4 0 0.83 0.08 0.88 0.69 3.27 

S14 5 0 0.75 0.13 0.81 0.79 3.57 

S14 6 0 0.96 0.13 0.92 0.75 5.71 

S14 4 4 0.88 0.04 0.92 0.76 3.48 

S14 5 4 0.88 0.08 0.90 0.77 4.32 

S14 6 4 0.79 0.04 0.88 0.80 4.70 

S14 4 7 0.96 0.08 0.94 0.81 3.82 

S14 5 7 0.92 0.00 0.96 0.89 4.58 

S14 6 7 0.79 0.04 0.88 0.89 4.70 

S15 4 0 1.00 0.04 0.98 0.65 4.00 

S15 5 0 0.92 0.04 0.94 0.60 4.57 

S15 6 0 0.83 0.08 0.88 0.65 4.91 

S15 4 4 1.00 0.00 1.00 0.75 4.00 

S15 5 4 0.96 0.04 0.96 0.76 4.78 

S15 6 4 0.92 0.04 0.94 0.79 5.48 

S15 4 7 0.96 0.00 0.98 0.61 3.83 

S15 5 7 0.88 0.04 0.92 0.65 4.35 

S15 6 7 0.88 0.08 0.90 0.66 5.18 

Table 8: WM task results for participants S11-S15 
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ID Load Frequency HR FAR Acc RT K 

S16 4 0 1.00 0.00 1.00 0.61 4.00 

S16 5 0 1.00 0.00 1.00 0.68 5.00 

S16 6 0 0.92 0.08 0.92 0.62 5.45 

S16 4 4 1.00 0.00 1.00 0.64 4.00 

S16 5 4 0.92 0.00 0.96 0.60 4.58 

S16 6 4 0.96 0.08 0.94 0.62 5.73 

S16 4 7 1.00 0.00 1.00 0.64 4.00 

S16 5 7 0.92 0.00 0.96 0.63 4.58 

S16 6 7 0.83 0.04 0.90 0.64 4.96 

S17 4 0 0.92 0.04 0.94 0.64 3.65 

S17 5 0 0.71 0.04 0.83 0.65 3.48 

S17 6 0 0.58 0.04 0.77 0.69 3.39 

S17 4 4 0.92 0.08 0.92 0.56 3.64 

S17 5 4 0.63 0.00 0.81 0.57 3.13 

S17 6 4 0.79 0.00 0.90 0.58 4.75 

S17 4 7 0.88 0.04 0.92 0.60 3.48 

S17 5 7 0.71 0.04 0.83 0.69 3.48 

S17 6 7 0.54 0.21 0.67 0.70 2.53 

S18 4 0 0.96 0.08 0.94 0.52 3.82 

S18 5 0 1.00 0.00 1.00 0.52 5.00 

S18 6 0 0.96 0.00 0.98 0.60 5.75 

S18 4 4 0.96 0.00 0.98 0.45 3.83 

S18 5 4 1.00 0.00 1.00 0.47 5.00 

S18 6 4 0.83 0.04 0.90 0.48 4.96 

S18 4 7 0.96 0.00 0.98 0.52 3.83 

S18 5 7 1.00 0.00 1.00 0.54 5.00 

S18 6 7 0.96 0.08 0.94 0.53 5.73 

S19 4 0 0.75 0.21 0.77 0.90 2.74 

S19 5 0 0.79 0.00 0.90 0.88 3.96 

S19 6 0 0.71 0.08 0.81 0.89 4.09 

S19 4 4 0.96 0.04 0.96 0.76 3.83 

S19 5 4 0.92 0.04 0.94 0.84 4.57 

S19 6 4 0.92 0.08 0.92 0.87 5.45 

S19 4 7 0.88 0.21 0.83 0.85 3.37 

S19 5 7 0.96 0.17 0.90 0.87 4.75 

S19 6 7 0.83 0.04 0.90 0.96 4.96 

S20 4 0 0.67 0.08 0.79 0.34 2.55 

S20 5 0 0.54 0.17 0.69 0.36 2.25 

S20 6 0 0.50 0.08 0.71 0.36 2.73 

S20 4 4 0.83 0.00 0.90 0.42 3.33 

S20 5 4 0.75 0.21 0.77 0.44 3.42 

S20 6 4 0.50 0.08 0.71 0.45 2.73 

S20 4 7 0.54 0.08 0.73 0.38 2.00 

S20 5 7 0.71 0.17 0.77 0.41 3.25 

S20 6 7 0.63 0.08 0.77 0.38 3.55 

Table 9: WM task results for participants S16-S20 
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ID Load Frequency HR FAR Acc RT K 

S21 4 0 1.00 0.00 1.00 0.72 4.00 

S21 5 0 0.92 0.00 0.96 0.78 4.58 

S21 6 0 0.92 0.00 0.96 0.80 5.50 

S21 4 4 0.96 0.00 0.98 0.65 3.83 

S21 5 4 0.88 0.00 0.94 0.70 4.38 

S21 6 4 1.00 0.00 1.00 0.70 6.00 

S21 4 7 0.96 0.04 0.94 0.69 3.83 

S21 5 7 0.88 0.00 0.94 0.71 4.38 

S21 6 7 0.92 0.00 0.96 0.72 5.50 

S22 4 0 1.00 0.00 1.00 0.53 4.00 

S22 5 0 1.00 0.04 0.98 0.57 5.00 

S22 6 0 0.92 0.04 0.94 0.60 5.48 

S22 4 4 0.96 0.17 0.90 0.66 3.80 

S22 5 4 0.92 0.08 0.92 0.67 4.55 

S22 6 4 0.88 0.00 0.94 0.67 5.25 

S22 4 7 1.00 0.00 1.00 0.53 4.00 

S22 5 7 0.92 0.00 0.96 0.58 4.58 

S22 6 7 0.92 0.04 0.94 0.61 5.48 

S23 4 0 0.96 0.04 0.96 0.65 3.83 

S23 5 0 0.96 0.00 0.98 0.64 4.79 

S23 6 0 0.96 0.00 0.98 0.68 5.75 

S23 4 4 0.88 0.08 0.90 0.70 3.45 

S23 5 4 1.00 0.04 0.98 0.67 5.00 

S23 6 4 0.79 0.00 0.90 0.69 4.75 

S23 4 7 0.92 0.04 0.94 0.79 3.65 

S23 5 7 0.92 0.08 0.92 0.79 4.55 

S23 6 7 0.92 0.00 0.96 0.73 5.50 

S24 4 0 0.96 0.00 0.98 0.59 3.83 

S24 5 0 0.96 0.04 0.96 0.63 4.78 

S24 6 0 0.88 0.04 0.92 0.64 5.22 

S24 4 4 0.79 0.00 0.90 0.56 3.17 

S24 5 4 0.96 0.08 0.94 0.60 4.77 

S24 6 4 0.92 0.17 0.88 0.60 5.40 

S24 4 7 0.92 0.04 0.94 0.61 3.65 

S24 5 7 0.83 0.08 0.88 0.61 4.09 

S24 6 7 0.92 0.08 0.92 0.63 5.45 

S25 4 0 0.88 0.04 0.92 0.61 3.48 

S25 5 0 0.83 0.00 0.92 0.59 4.17 

S25 6 0 0.88 0.21 0.83 0.68 5.05 

S25 4 4 0.92 0.00 0.96 0.53 3.67 

S25 5 4 0.96 0.04 0.96 0.56 4.78 

S25 6 4 0.88 0.13 0.88 0.60 5.14 

S25 4 7 0.96 0.00 0.98 0.54 3.83 

S25 5 7 0.96 0.04 0.96 0.56 4.78 

S25 6 7 1.00 0.00 1.00 0.58 6.00 

Table 10: WM task results for participants S21-S25 
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ID Load Frequency HR FAR Acc RT K 

S26 4 0 0.88 0.17 0.85 0.72 3.40 

S26 5 0 0.96 0.17 0.90 0.73 4.75 

S26 6 0 0.92 0.00 0.96 0.73 5.50 

S26 4 4 0.96 0.17 0.90 0.67 3.80 

S26 5 4 0.92 0.08 0.92 0.63 4.55 

S26 6 4 0.88 0.13 0.88 0.67 5.14 

S26 4 7 1.00 0.04 0.98 0.64 4.00 

S26 5 7 0.88 0.04 0.92 0.71 4.35 

S26 6 7 0.92 0.21 0.85 0.67 5.37 

S27 4 0 1.00 0.00 1.00 0.73 4.00 

S27 5 0 0.79 0.00 0.90 0.77 3.96 

S27 6 0 0.79 0.00 0.90 0.80 4.75 

S27 4 4 0.96 0.04 0.96 0.64 3.83 

S27 5 4 0.83 0.00 0.92 0.66 4.17 

S27 6 4 0.83 0.04 0.90 0.67 4.96 

S27 4 7 1.00 0.00 1.00 0.63 4.00 

S27 5 7 0.92 0.00 0.96 0.70 4.58 

S27 6 7 0.92 0.04 0.94 0.74 5.48 

S28 4 0 0.88 0.00 0.94 0.66 3.50 

S28 5 0 0.88 0.21 0.83 0.74 4.21 

S28 6 0 0.79 0.04 0.88 0.81 4.70 

S28 4 4 0.88 0.13 0.88 0.69 3.43 

S28 5 4 0.79 0.04 0.88 0.90 3.91 

S28 6 4 0.79 0.08 0.85 0.81 4.64 

S28 4 7 0.96 0.04 0.96 0.59 3.83 

S28 5 7 0.88 0.04 0.92 0.63 4.35 

S28 6 7 0.83 0.08 0.88 0.74 4.91 

Table 11: WM task results for participants S26-S26 

 


