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Effects of training of visuospatial working 

memory on EEG 

 
Keywords: Working Memory, EEG, ICA, LORETA, ERS, PSD 

 

The purpose of the paper is to see if there is any statistical correlation between improvements in 

Visuospatial working memory (vsWM) tasks and cognitive signals that can be measured by 

electroencephalography (EEG). It utilizes and describes several techniques to filter out noise 

from the EEG data.The LORETA tool and tailarach coordinates are used in an attempt to map 

out EEG activity from specific regions in the brain believed to have significance for vsWM, 

namely the intraparietal sulcus and the inferior frontal gyrus.The results however indicate that 

although changes with relatively high statistical relevance are found in the alpha power band 

spectra somewhere in the parietal regions of the brain it is not located in the specific regions of 

interest. 

 

Förändringar i hjärnans kognitiva signaler efter  

träning av visuellt arbetsminne 

 
Nyckelord: Arbetsminne, EEG, ICA, LORETA, ERS, PSD 

 

Syftet med detta arbete är att utröna om det finns någon statistiskt signifikant samband mellan 

förbättringar i visuellt arbetsminne och förändringar i kognitiva signaler som är mätbara med 

electroencephalography (EEG). Ett flertal metoder att efter behandla EEG-data för att filtrera 

bort brus och blotta de underliggande kognitiva signalerna används. Speciella verktyg såsom 

”LORETA” samt ”tailarach” koordinater förklaras och används i ett försök att extrahera de 

EEG signaler som tillhör speciella regioner i hjärnan som tros ha signifikans för visuellt 

arbetsminne, Nämligen.“Intraparietal sulcus” och “inferior frontal gyrus”. Slutsatsen av 

studien stödjer att signifikanta ändringar av EEG signaler I Alfa frekvens spektrat sker I de 

parietala delarna av hjärnan. Men I de specifika regionerna som undersöktes hittades ingen 

statistiskt relevant påverkan. 
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Background 
Visuospatial working memory (vsWM), the ability to retain visuospatial information during 

short periods of time, is a key cognitive function that underlies other cognitive abilities such as 

complex reasoning [1]. vsWM capacity, the maximum number of items that can be held in 

vsWM, is an important measure of working memory performance [20].  

Computerized training methods have recently been developed that aim to increase vsWM 

capacity [10]. Using these training methods, vsWM capacity has been increased both in people 

with lower than normal vsWM capacity, such as people with ADHD [9] or brain injuries after 

stroke, as well as in other people [14] . 

 

During the execution of a vsWM task, induced power in the θ and α frequency bands has 

previously been investigated using electroencephalography (EEG) or magnetoencephalography 

(MEG). As vsWM load, the number of items held in vsWM, increases, θ band activity has 

mostly been found to increase, in particular in medial frontal electrodes [4, 5] which probably 

reflect activity in the anterior cingulate cortex [5]. On the other hand, the same studies have 

been less consistent concerning changes in α band activity. This inconsistency seems partially to 

reflect differences in the age groups investigated.  Other frequency bands than θ and α have not 

been investigated.  

 

To understand the changes in brain activity reflecting improvements in vsWM capacity, a 

previous study used functional magnetic (MR) imaging to measure changes in vsWM-related 

brain activity in normally functioning adults during a training period of five weeks [14]. 

In that study, bilateral superior parietal cortex was most consistently related to increases in 

vsWM capacity, an area which has previously been implicated in retention of visuospatial 

information in WM [17, 18]. However, training of WM has mostly been administered to 

children with WM deficits. Such children include children with ADHD, but also children with 

different types of epilepsy [19]. To test training-induced changes in vsWM-related brain activity 

in children with epilepsy, we mainly evaluated changes in the θ and α bands related to vsWM 

training.  
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Theory 

Electroencephalography – principles 
EEG was invented in 1929 by Berger to measure the electrical signaling of nerve cells in the 

brain. Neural signaling behavior is based on actively generated dynamical electrical currents 

that flow across the neural cell membrane. These membrane currents cause changes in the 

electrical potential that exists over the membrane, including the stereotypical action potential 

which forms the basis of the neural signaling system, or neural code. Since the currents then 

propagate through extra-cellular space all the way to the scalp, electrical activity created in the 

brain can be measured by electrodes on the scalp. The two major techniques used to measure 

brain activity in this way are electroencephalography (EEG) and magnetoencephalography 

(MEG). The former measures the electric potential field generated by the brain activity, whereas 

the latter measures the magnetic field which is also generated by the brain activity but which is 

orthogonal to the electric field. Here, we will only describe the technique used in this work, 

EEG. 

In principle, EEG is a very useful tool since it is cheap and has a temporal resolution which is 

high enough to measure most or all the neural activity that takes place in the brain. However, for 

a number of reasons, it is most often difficult to relate the signal measured with EEG to events 

taking place in the brain on the single neuron level. There are several reasons for why the 

interpretation of the EEG signal is not straight-forward. 

In most cells of the cerebral cortex, electrical signals travel predominantly in the direction from 

the dendrites (which receive input signals from other neurons) to the axon (which transmits 

output signals to other neurons). For these signals to be detected by the EEG apparatus, they 

must travel in the same direction, since electrical currents cancel if they go in opposite 

directions. However, the shape of many cells in the cortex is more like a ball – (in which 

currents spread in all directions and thereby cancel) – than an electric cord, and hence, activity 

in these cells cannot be measured. Second, even if the cell has the elongated shape of an 

electrical cord, it must also be aligned with other cells, or else the contributions from different 

cells will cancel. It is only the pyramidal cell population that has these two properties. The 

proximal apical dendrites of these cells constitute very weak dipoles and are often aligned into a 

sheath of dipoles, meaning that their currents can add up so that they can be detected at the 

scalp.  

A second problem is related to the localization of the source of the EEG signal in the brain. The 

dipole sheath produces an electric field which is orthogonal to the sheath. If the sheath is 

oriented parallel to the scalp surface, the electric field will be oriented out of the skull, meaning 

that it will be picked up by an electrode placed right above the sheath. If, on the other hand, the 

sheath is rotated 90º, the field will be picked up by electrodes much farther away. Furthermore, 

even if the field is oriented so that it is picked up by the closest electrode, it is difficult to know 

how deep the source is. Finally, when the electric field passes through the skull, the path of least 

resistance for electric currents goes partly along the skull, meaning that currents do not take a 

straight route through the skull. This effect is called the volume conductor effect and causes a 

smearing of the electrical field, which lowers the spatial resolution of the EEG measurements. 

 

Electroencephalography – practicalities 
EEG has been in clinical use for many decades primarily to diagnose epilepsy, sleep disorders 

or even to make the juridical evaluation of whether a person is dead or alive. To measure the 
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electrical potential field, a number of electrodes are placed on the scalp together with some 

conducting gel for good conductance. One easy way to keep the electrodes in place is to use a 

cap to which the electrodes are attached. The larger the number of electrodes used, the better the 

maximal spatial resolution obtainable with the EEG setup is. The electrodes are placed on the 

scalp according to one of several standards. The most common standard is called the 10/20 

system (referring to the 10% and 20% distance between the electrodes) and contains from 19 (as 

in this study) electrodes up to about 200 electrodes, see Figure 1. Usually, a few additional 

electrodes are added to the basic 10/20 system. These typically include two electrode placed 

around the eye to record eye movements, as well as chest electrodes for EKG recording. 

 

 

Once the electrodes are in place, data collection can commence. The subject then sits as still as 

possible to avoid electrical artifacts from muscle contractions. The impedance of the electrodes 

is measured and confirmed to be below a critical value. Then, the subject normally rests with 

eyes closed and opened to get an EEG baseline. Finally, the experimental test itself is 

performed. 

Unfortunately, EEG data always contains artifactual activity occluding the analysis of the EEG 

signal related to cognitive activity. Artifacts are often much stronger than cognitive activity. 

After the data has been collected, it must therefore be preprocessed before any statistical 

analysis can be performed. Preprocessing is needed to remove artifacts from the data in order to 

improve its reliability. Some artifacts are biological in origin, such as eye movements, muscle 

contractions and heartbeat. In addition, many artifacts originate from other sources such as 

movement of the electrodes, bad conduction, net current and metal contact. [24] 

To obtain good recordings, it is paramount that artifacts be minimized in EEG recordings. 

Preventive measures can and should be taken to minimize these problems. Comparable 

environment, administration of muscle-relaxing drugs and shaving of subjects’ scalps are 

examples of artifact limiting measures. All measurements will nonetheless cause some artifacts 

to be included in the EEG. Usually, trials contaminated by artifacts are discarded altogether, but 

Figure 1: The layout of the 10/20 system including the electrode distances from 

which the system has its name. The setup used in this study was different from the 

one shown here in that the reference electrode was placed next to the Cz electrode. 

Electrode names: Fp1, frontopolar 1; Fp2, frontopolar 2; F3, frontal 3; F4, frontal 

4; F7, frontal 7; F8, frontal 8; Fz, midfrontal; T3, temporal 3; T4, temporal 4; T5, 

temporal 5; T6, temporal 6; C3, central 3; C4, central 4; Cz, midcentral; P3, 

parietal 3; P4, parietal 4; Pz, midparietal; O1, occipital 1; O2, occipital 2. 



Effects of training of visuospatial working memory on EEG 

 

4 

 

this may lead to a big loss in the amount of data and could perhaps threaten to bias the results of 

the study. In recent years different methods have come into use that are more or less successful 

in separating these artifacts from the data by using signal processing tools. In this way, artifacts 

can be removed from the data to prevent data from being discarded. As we will see soon, this 

problem is an example of a more general problem called the blind source separation problem, 

which will be discussed below. 

After the data has been preprocessed, it can be analyzed in many different ways, more than can 

be described here. Traditionally, researchers have predominantly investigated the EEG in three 

ways. The first one is to describe the EEG signal in terms of its different morphological 

features. These features are different shapes of the EEG wave form including sharp waves, 

spikes, sleep spindles, slow waves, complexes, etc. After classification of the EEG signal, the 

features can be further statistically analyzed. The second way to analyze the signal is to 

investigate the temporal wave-form evoked by a cognitive event or something else to which the 

EEG can be time locked (called evoked or event-related potentials). Here, one is usually 

interested in temporal delays and amplitude peaks or troughs of the potential. Finally, spectral 

(and possibly event-related) aspects of the EEG can be investigated. Since this is the way that 

data is analyzed in this work, we will describe this in a bit more detail. 

Historically, spectral analysis of EEG data has been done by using Fourier methods to create a 

power spectrum of the data, from which one can analyze the frequency content of the signal. 

The frequencies are divided into different frequency bands called δ (1-4 Hz), θ (4-7 Hz), α (7-12 

Hz), β (12-30 Hz) and γ (30-100 Hz). The borders of the different frequency bands are, 

however, not agreed upon, and many different values show up in the literature, which of course 

complicates the comparison of results from different studies. There are several possible reasons 

for these differences. First, the same rhythm varies strongly between different species and also 

between different groups of individuals within a species. For example, elderly subjects have a 

slower α rhythm than middle-aged people. A second reason is that the division into different 

frequency band is quite arbitrary, and hence some ways of dividing the frequency bands may be 

more suited for some problems than others. 

Despite the problems of mapping neuronal events to brain rhythm frequencies, the frequency 

bands are commonly associated with the following healthy or pathological phenomena. δ: deep 

sleep and certain encephalopathies, θ: drowsiness, , α: a relaxed alert state of attention, β: active, 

busy or anxious thinking, benzodiazepines, and γ: higher mental activity, including perception, 

problem solving, fear and consciousness [27]. 
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Independent Component Analysis (ICA) and 

Blind Source Separation (BSS) 
To separate out and remove artifacts from the EEG, we used independent component analysis 

(ICA). ICA is a method for solving the problem of separating independent sources of activity 

mixed together, developed and described in depth by Hyvärinen et al. (2001). Imagine five 

people in a room with the instructions to count from one to ten at the same time at their own 

pace using different languages. You would no doubt have some difficulty hearing what is being 

counted. Now imagine that you record the five voices through five microphones placed in 

several locations in the room. You are then given the assignment to replay the counting for each 

of those languages separately. How would one go about to single out the specific voices?  

 

In theory this problem is called blind source separation (BSS), since it refers to the task 

of separating the contribution of the different sources to the mixed signal without 

knowledge of either the sources or the way that they are mixed. In general, this is a 

difficult problem.  Luckily, the lack of information about sources and the way they are 

mixed can often be compensated by the very strong but often plausible assumption of 

source-signal independence.  To understand how this is done, it is helpful to formulate 

the problem mathematically.  

Suppose that the recorded signals, x1(t),…, xn(t), are mixtures of n independent sources, s1(t),…., 

sn(t), where the contribution of each source sj(t) to signal xi(t) is determined by the mixing 

coefficient aji. 

 

xi(t) = ai1s1(t) + ai2s2(t) + …..+ ainsn(t)  for all i   (1) 

 

In the example above, each si(t) would be the voice of a person in the building, each aij would 

represent how strong the sound would be when it reached the microphone, and each xi(t) would 

be the cacophony of mixed voices recorded by the microphone. Using matrix notation, (1) can 

be written as 

 

X = AS       (2) 

 

where X contains the observed (mixed) signals x1(t), … ,xn(t) as row vectors, A is a square n-by-

n matrix comprising the mixing coefficients aij, and S is composed of the sources s1(t), …,sn(t). 

So the BSS problem is to determine A and S using only X.  However it is often easier to 

reformulate the expression to 

 

S = WX,      (3) 

 

where W is the inverse of the square matrix A, i.e., an un-mixing matrix. To solve this problem, 

one tries to estimate the un-mixing matrix W. There are a number of techniques developed for 

this, but they can be divided into two categories, the former using second-order statistical 

information, such as the covariance matrix, the latter using statistical information of higher 

order as well. With second-order methods, the un-mixing matrix can be estimated using the 

covariance matrix of the data from the mixed signal X. Roughly this is achieved by a form of 

mean square reconstruction of the sources while assuming a Gaussian distribution of the 

sources. Methods that use this principle are principal component analysis (PCA) and factor 

analysis. With higher-order methods, the estimation of W is made under the assumption that 

some of the underlying sources are Gaussian. When the sources are not Gaussian, all the 

necessary information is not contained in the covariance matrix. Instead one needs to use other 

higher order statistics in conjunction with the covariance matrix. Projection pursuit, redundancy 

reduction and ICA (which we use) are examples of these methods.  
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EEG artifact rejection is a BSS problem solvable 

with ICA 

 
The BSS problem that we are facing in this project is to identify sources of artifacts from the 

EEG recordings. If we manage to separate the EEG signal into a number of sources with brain 

activity and a number of sources with artifacts, we can remove the artifacts easily by mixing the 

sources together again but this time leaving out those sources that contain artifacts. 

Alternatively, after time artifacts have been identified, those can be cut out completely. As 

mentioned above, the BSS problem can be solved if we can assume that the sources are 

independent. Fortunately, brain activity, biological artifacts (e.g. eye movements or blinks) and 

electrode malfunctions are anatomically and physiologically separate processes, meaning that 

they are statistically independent. But let us have a closer look at how ICA solves the BSS 

problem. 

The key assumption behind ICA is the independence of the underlying sources. The signals we 

pick up with our sensors (in this case the EEG electrodes) are weighted sums of the sources. 

Under very general assumptions, the central limit theorem (CLT) states that the sum of n 

independent variables will be more Gaussian than the individual terms composing the sum, at 

least as n tends to infinity (and as long as the terms are not themselves Gaussian). This means, 

that if we can divide the signals into components that are maximally non-Gaussian, those 

components will be maximally independent, and will therefore be similar to our original 

sources.  

How is gaussianity quantified? There are several ways of measuring how Gaussian a signal is, 

such as negentropy measures, mutual information measurements, and others, but we will use 

one of the first and simplest gaussanity measures described in the ICA literature, kurtosis. 

Kurtosis is a measure of the degree of peakedness of a distribution and has linear properties, 

which makes it an easy method to implement. The kurtosis is a normalized form of the fourth 

central moment of a distribution, E(Y – EY)
4
, where E denotes the expected value.  

 

    ( )  
 (    ) 

( (    ) ) 
      (4) 

 

A positive kurtosis means that the distribution is super gaussian (peaked and with heavy tails 

compared to the normal distribution), whereas a negative kurtosis means that it is sub gaussian 

(flatter and with higher lighter tails). For our purpose we only want to see how close the kurtosis 

is to that of a Gaussian distribution, which has a kurtosis of zero. To find sources with maximal 

kurtosis, non-linear optimization methods, such as steepest descent, can be used. 
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ICA has a number of assumptions that need to be fulfilled for a successful solution of the BSS 

problem. Here, we will see how these assumptions are fulfilled for the specific problem of 

removing artifacts from EEG data: 

1. Sources need to be statistically independent, because only independent sources can be 

successfully separated. Independence means that if the joint probability density function 

of the sources is the product of the marginal densities for all the sources. Independence 

between all sources is probably never fulfilled in EEG data. However, artifacts are 

normally independent from brain activity, unless they are time-locked to some part of 

the cognitive task, as may sometimes happen with eye movements. Apart from this 

artifact, all other artifacts are probably independent of brain activity. 

2. Signals at the sensors are linear combinations of the sources. This assumption seems to 

be realistic in EEG data, since electric fields superimpose linearly. 

3. The time delay from signals to sensors must not change. However, ICA can give good 

results even if changes in time delays are negligible. Since the electrical signals in the 

brain are largely below 1 kHz, the so-called quasi-static approximation of the 

Maxwell’s equation holds, so mixing can be considered instantaneous. Hence, there is 

no need to adjust for time delays. 

4. Same number of sources and sensors. Since the unmixing matrix is the inverse of the 

mixing matrix, early ICA algorithms were based on the matrix being square. With later 

algorithms, it is possible to extract sources one at a time, so that the number of sources 

can be regulated, for instance based on the amount of the variance in the signal that they 

account for. However, it is never possible to find more sources than there are signals. 

Naturally, there are many more neurons than electrodes and hence more sources in the 

brain than there are measurement electrodes. However, there are many fewer sources of 

artifacts than there are electrodes, meaning that it is possible to clean the data from 

artifacts and still have several brain sources which can be analyzed. 

5. At most one of the sources can have a Gaussian distribution. Since maximal non-

gaussianity is used to find sources. Gaussian sources cannot be found in this way. 

However, if all sources are non-Gaussian, these sources can be extracted first, leaving 

only the single Gaussian source, which can be identified. It is currently unknown 

whether the artifacts are Gaussian or not. However, the most important artifact for the 

data analyzed in this work, eye movements, is non-Gaussian. 

The ICA algorithm normally finds sources with high amplitude first. Those are not always the 

sources one is interested in. To find sources due to artifacts, the algorithm can be constrained in 

several ways. For example, ocular artifacts are located in frontal electrodes and are time locked 

to the electro oculogram which is recorded in conjunction with the EEG. Such constraints can 

be incorporated in the algorithm which identifies the sources. 
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Low resolution brain electromagnetic 

tomography (LORETA) 

 
EEG measures the electrical potential on the surface of the scalp. After the removal of artifacts, 

potentials can of course be analyzed statistically right away. On the other hand, it is natural that 

the closer from the source one measures the potential, the better. That way, one would avoid the 

smearing effect of the skull and other tissue between the source and the electrode. More 

importantly, it is important to be able to accurately localize the source of activity. However, 

even if is not possible to do intracranial recordings, there are still ways to improve the 

localizability and resolution of the EEG measurements. Low resolution brain electromagnetic 

tomography LORETA is one such method [15]. The goal of this method is to use the EEG 

measurements to estimate the potential in every location of the brain (i.e. tomography). To do 

this, LORETA uses a model of the head, which can be of varying degree of detail ranging from 

a simple sphere to models for a single individual obtained from magnetic resonance images. The 

model is actually a transformation matrix mapping current densities inside the brain to 

potentials on the surface of the head, meaning that it solves the forward problem. By using the 

pseudo inverse of the matrix or some other matrix satisfying some minimum norm requirement, 

the so-called inverse problem can then be solved. However, there are an infinite number of 

solutions to the inverse problem, the pseudo inverse being the one with the minimum norm. 

Unfortunately, when comparing to a priori known sources, these methods of finding a minimum 

solution generally performs poorly. LORETA avoids this problem by choosing another solution, 

namely the spatially smoothest solution. This solution is considered plausible by the authors 

because nearby neurons often have synchronized activity. The assumption of spatial smoothness 

leads to a low resolution of the solution, on the order of several centimeters, which is what one 

has to sacrifice to increase localizability. However, the resolution is still better than that of the 

unprocessed EEG data.  

The accuracy of the LORETA solution of the inverse problem depends on several factors. The 

upper limit for the accuracy is set by the smearing caused by the head and the assumptions of 

the algorithm. Below that limit, the most limiting factor is the number of electrodes. If 

electrodes are very few, an inaccurate head model such as a sphere can be used without 

affecting the solution too much. As described above, the choice of method for the solution of 

the inverse problem affects the solution a lot, and the influence from the choice of method is 

extra-large if other parameters are optimized. Finally, the correct localization of activity to a 

specific brain region can be improved by using magnetic resonance images from individual 

subjects instead of a standard brain such as the Talairach brain atlas. Given the very low number 

of electrodes in the EEG setup used in this study, the default head model and brain atlas used in 

the LORETA package are of sufficient detail.  
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Methods 

Subjects 

 

29 right-handed subjects were recruited from the epilepsy unit at Astrid Lindgren’s Childrens 

Hospital, Stockholm, Sweden. The selection was done from patients’ medical records, previous 

neuropsychological examinations and neuroradiological (EEG, MR, computer tomography 

(CT)) measurements done at the epilepsy unit. Inclusion criteria were:  

 

 Below normal score in several of the subtests of Wechsler’s intelligence scale for children 

(WISC) and the WISC rating could be no more than two years old.  

 No daily seizures. 

 Sufficiently high general cognitive function (WISC whole scale IQ > 70) and behavior 

which made training possible. 

 Interictal epileptiform activity at the latest EEG measurement at the epilepsy unit. 

 No photosensitive epilepsy.  

 Daily access at home to a computer with internet access. 

 

All participants and their parents gave their written consent to participating in the study and the 

participants were awarded two cinema tickets. The study was approved by the regional ethical 

vetting committee in Stockholm.  

The subjects participated either in a treatment group receiving full training or a placebo group 

receiving only low-intensity training. Of the 29 subjects, 9 (4 boys, 5 girls) took part in a pilot 

study where all received treatment. Of the other 20 subjects, 2 did not fulfill the inclusion 

criteria, and 1 subject declined. Of the remaining subjects, aged 7-13 years, 9 (5 girls and 4 

boys, 11.8 ± 2.2 years old) were allocated to the treatment the group and 8 (4 girls and 4 boys 

11.4 ± 1.1 years) to the placebo group in a randomized fashion. They did not know which group 

they belonged to. Table 1 shows some characteristics of the two groups. All subjects had normal 

or corrected to normal visual acuity. The behavioral and EEG data were collected and 

behavioral data evaluated by Tommy Söderberg and Robert Persson at Astrid Lindgren’s 

Childrens Hospital, Stockholm, Sweden. 
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Table 1: Test subjects characteristic 

 Data Treatment (n=9) Placebo (n=8) 

Age (mean ± standard deviation) 11.8 ± 2.2 11.4 ± 1.1 

Sex 4 boys and 5 girls 4 boys and 4 girls 

Number of antiepileptic medicines 1.7 (range: 1-3) 1.3 (range: 0-3) 

Months without seizures 16.3 (range: 0-78) 17.9 (range: 0-51) 

Children with epileptiform EEG activity  7  8  

Children with neuroradiological findings  5  1 

Type of epilepsy (number of children) Partial (5), generalized (4) Partial (5), generalized (3) 

ICD-10 diagnosis (number of children) G402 (5), G403 (3), G404 (1) G400 (2), G402 (3), G403 (1), G404 (2) 

 

Since the comparison groups age (M=140.4 months, SD=16.8 months) was matched to the 

studied group (M=139.3 months, SD= 20.5 months) no significant differences was measured 

between them (p=0.44) in age. Also no significant difference in age was measured between the 

training and placebo groups, training (M=141.1 months, SD= 26.1 months) and placebo 

(M=137.3 months, SD= 13.2 months) (p= 0.36).  

Gender spread was adjusted between the comparison groups, training (55.6 % girls) and placebo 

(50% girls).  

A comparison between number of training days showed that the training group trained 

significantly more days (M=24.1, SD=1.1) than the placebo group (M=21.3, SD=2.5) (p= 

0.005). 

Correlation measurements was made between the number of training days and the difference 

(T2-T1) between treatment groups results in the before and after measurement, The calculation 

was made to show if the significant difference in training days between the groups could have 

an effect on the outcome. The result show that this was not the case, Correlation varied between 

.40 to .24 for the training group and between -.63 to .26 for the placebo group. 
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vsWM training program 

 
Subjects performed Robomemo (CogMed AB, Stockholm, Sweden), a computerized WM 

training program, exactly as described elsewhere [28]. The program consists of six visuospatial 

(Figure 2) and five verbal (Figure 3) WM tasks. Subjects practiced 90 WM trials (30-45 

minutes) five days a week during five weeks. Once a week, subjects received a 10 minute 

feedback talk regarding their training performance. For the training group, task difficulty was 

adaptive, so that it increases as subjects improve on the tasks, in order to maximize training 

efficiency by always training at the WM capacity limit. For the placebo group, task difficulty 

was set to two items to prevent training effects. The fewer number of items means that training 

time was shorter for the placebo-group.  

 

 

 

Figure 2: An example of a visuospatial task. In this task, lamps lit up sequentially on 

the 4-by-4 grid. After the presentation, the grid was rotated 90 degrees and subjects 

responded by clicking with a mouse on the previously lit lamps in the right order. 

“Screenshots taken with permission from Cogmed AB”. 

 

Figure 3: Example verbal task. Syllables were read out aloud by the computer 

program. Subjects next clicked on the buttons with the same syllable written on it. 

“Screenshots taken with permission from Cogmed AB”. 
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vsWM testing task 
 

To test the effect of training on EEG related to various cognitive abilities, subjects underwent 

cognitive testing right before and after the five week training period while their EEG was 

recorded. Subjects performed a set of cognitive tests, including a computerized vsWM task, 

sitting in a chair circa 70 cm away from the computer screen. The testing lasted about 45 

minutes. EEG was only analyzed from the vsWM task, and therefore, only that task will be 

described here. Circles were presented sequentially on a four-by-four grid (Figure 4). Each 

circle was presented for 1 second with 0.5 second between presentations. After all stimuli had 

been presented, the subject was instructed to respond by clicking in the squares in the right 

order. Cues and responses were stored automatically in the EEG file to ease time locking of 

EEG activity to these events. After three correct responses, task difficulty was increased by one 

item. After one erroneous trial, task difficulty was instead decreased by one.  Before the 10 

minute testing session started, the subjects were allowed to practice the task for 2-3 minutes. 

 

EEG recordings 
EEG was recorded with Nervus (Nervus 5, VIASYS healthcare Inc (Taugagreining), Reykjavik, 

Iceland) with a sampling frequency of 256 Hz. 19 electrodes were glued onto the scalp 

according to the 10/20 setup (with positions Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, 

T5, P3, Pz, P4, T6, O1 and O2). The reference electrode was placed next to the Cz electrode. 

Skin impedance was kept low. A vertical electro-oculogram was recorded bipolarly between 

two electrodes on the outer right canthus and 1 cm above the eyebrow of the right eye. A two 

electrode cardiogram was also used.  

 

 

Figure 4: vsWM test. Cue presentation / delay: Gray circles were displayed 

sequentially for the subject to keep in memory for 1 second with 0.5 seconds 

between presentations. Response: After all cues had been presented, the 

subjects had to respond by click in the right order in the squares where the 

circle had appeared. Adapted from (Klingberg, 2006). 
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EEG preprocessing  
EEG was preprocessed in MATLAB

®
 7.0 [29] in a sequence of steps:  

 The signal was digitally band-pass filtered with a second-order Butterworth filter with low 

cut off 0.05 Hz and high cut off 55 Hz (Figure 5).  

 Data was split into 14 s epochs starting 1 s before the onset of the first stimulus.  

 The EEG data was visually inspected and epochs containing obvious artifacts related to 

epileptic activity and/or muscle activity were removed.  

 EEGLAB [30], a Matlab toolbox for processing of EEG data based on ICA, was used to 

separate the EEG from each trial into components. Components with ocular or heart 

artifacts were removed from the epochs, and the epochs were mixed back together again. 

Spectral analysis was calculated from correct trials only. Spectral analysis was performed on 

(P3 P4 F3 F4).  500-0 ms before stimulus was chosen as the baseline, which was deducted from 

all trials to form the ERS.  LORETA was used to project the data onto a brain model. Spectral 

analysis was deducted from 2 regions of interests Sulcus intraparietalis (x=-52, y=-44, z=28) 

and Gyrus mediofrontalis (x=-52, y=-44, z=28) (taliarach coordinates). All grey matter voxels 

within the 7*sqrt(2)mm  of the ROI was averaged. Frequency bands examined where Theta (4-

7Hz) Alpha (7-12 Hz) Low-Beta (12-20Hz) High-Beta (20-30Hz) Low-Gamma (30-40Hz) and 

High-Gamma (40-55Hz). 

 

 

 

Figure 5: A segment of EEG from the vsWM task. Encircled are eye movement and 

eye blink artifacts, centered over frontal (top) electrodes. The first 19 channels are 

EEG recordings, channel 20 is EKG, 21 EOG and 22 shows when stimuli are 

activated, 23 are the responses from the subject and 24 shows each new trial. 
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Statistical Analysis 
 

The EEG spectral data was analyzed by a paired T-Test for significant changes in the different 

power-spectra’s due to training.  

 

 

 X is the measured value before training and Y is after training, n is degrees of freedom.  

 

Bonferroni correction is used to give an overall confidence level of 95%  

 

A=0.05/(nr of Independant Tests) 

Preprocessing -- step by step 
     

Step1: Isolate the EEG recorded Grid net task by using time values stored for this process and 

extract the corresponding dataset. This data set is then divided into trials. Each trial is defined as 

1000ms before first stimuli and 13000ms after first stimuli (This length is determined optimal 

for ICA artifact rejection). Since the number of stimuli will change during the training each trial 

will contain different amounts of stimuli. So the number of stimuli will vary between 2 and 8. 

 

 

Figure 6: Shows the EEG data from subject 12 above divided in events. 
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Step 2: The raw EEG data is filtered using a Butter-worth band-pass filter of the 3:rd degree. 

Filter width is set between 0.05 up to 55 Hz , thus including high gamma activity.  

Since we expect a net current of 50Hz we also use a notch filter (Very narrow band-stop filter) 

to remove it. 

 

Figure 7: EEG data from subject 12 

before filtering 

Figure 8: EEG data from subject 12 

after filtering 
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Step 3: Here we start to manually reject trials containing a large degree of muscle artifacts or 

other obvious distortions. After this an ICA run using EEGlab:s function runICA is performed. 

The extracted components are plotted after their variance over trials. Obvious artifacts are here 

rejected manually namely blinks and epileptic (EP) related activity, only components identified 

as artifacts and with high variance (top 5 are removed). Another manual rejection is performed, 

and trials that still contain obvious artifacts is removed. Trials answered incorrectly are marked 

so that they can be excluded in analysis later.  

 

 

Step 4: An EEG expert from clinical studies performs an evaluation if the pre-processing has 

been successful.  

Step 5: LORETA Low-Resolution-Topographical-Analyze estimate is performed to map the 

electrode activity from the EEG to a standard MNI-brain-model. 

 

Figure 9: EEG data before(upper) and after (lower) artifact rejection in ICA (observe 

only the 19 relevant channels are included in the ICA filtered picture), As can be seen a 

large number of artifacts notably the blinks in channel 1 have disappeared. 
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Risks and information loss 

during preprocessing 
 

Data loss 
 

Manual rejection 

One of the biggest risks by using manual rejection is that you might bias the data if too much 

information is removed. In this study the information loss is kept at a minimum by not removing 

more than 50% trials in a test subject. And only classified artifacts are removed. If subjects have 

more than 50% of Artifact contamination in their EEG recordings that specific recording is 

rejected all together. This should not bias the data as our study only compares trials and not 

different individuals. 

ROI 

 

Regions of interest or ROI are a classical means to analyze specific regions in the brain during a 

cognitive task. ROI are basically just a region specified normally as a sphere containing a 

number of voxels in a LORETA or MRI. The inter electrode interference one see at the scalp 

Electrode measurement will be minimized in these regions. [15] 
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Visuo-spatial Working Memory 
 

This study tries to evaluate visuo-spatial Working Memory, a term often used in 

neurophysiological studies. The definition of WM is elusive and often different between studies, 

but the joining aspect of all definitions it that it corresponds to group different bits of 

information temporarily for further processing.  

The definition of WM used in this paper is based on neurophysiological studies on primates and 

has been developed by Goldman Rakic and her colleagues (1996) [33]. According to this 

definition WM is the ability hold an item of information transiently in mind for a time period 

about 20s in the absence of external stimuli. Meaning that decisions are based on an internal 

representation of an external sensory cue. Furthermore internal processing and manipulation of 

this information is included in this definition, meaning that selective attention to focus on the 

information relevant to the task at hand is included in the WM definition [31]. Also functions 

related to the internal representation are included.  

We will also limit our study of WM to the Visuo-spatial Working Memory. vsWM refers to the 

ability to maintain information about order and spatial localization of visual stimuli.    

 

WM Capacity 
 

The studies evaluated in this paper look for increases in WM performance. WM has long been 

known to be a very limited capacity system usually able to contain between 5-10 objects. The 

maximum numbers of information one can contain in the WM can thus be defined by WM tests. 

The capacity of WM has been shown to correlate with general intelligence [32].  

Increasing WM Capacity 
 

WM increases during childhood *(Fry and Hale 2000; Westerberg et al,. 2005) by a magnitude 

of about 2-3 times. The reason for the increase might be increased controlled attention, 

processing improvements and strategy development. The areas that develop the most during 

childhood with regards to the vsWM are fronto-parietal areas and pre-frontal lobe. This implies 

that increased vsWM capacity might be due to improved connectivity between them.  

 

This study compares activity in intraparietal sulcus and the inferior frontal gyrus with 

the talirach coordinates [-26x 22y 56z] And [-52x –44y 28z], to see if correlated activity 

increases with vsWM training.   



Effects of training of visuospatial working memory on EEG 

 

20 

 

 

 

WM performance and EEG power spectra  
 

EEG oscillations in the alpha and theta band have been proved to reflect memory performance.  

Good performance is related to two different types of EEG phenomena. The first is a tonic 

increase in alpha but decrease in theta power, and the second is a large event related (phasic) 

decrease in alpha but increase in theta. The two different power bands theta and alpha are 

positively correlated to different parts of WM. Theta is correlated to the ability to encode 

information whereas Alpha is correlated to long-term memory performance 21.  

  

 

Figure 10: A Left sphere brain model where the different regions are marked. (intraparietal sulcus 

visible at upper right, running horizontally, inferior frontal gyrus at the low left of this picture). [25] 
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Results 

Power spectra changes between task and 

baseline 
 

A significance T-test was made of the power density spectra over baseline and task for each 

correct trial and subject. These where later summarized together and baseline was deducted 

from the task EEG to see the task related power changes during WM strain.  

 

 

 

Figure 11: The top four staple diagrams bar charts show the changes in power-spectra on the specific 

electrodes during a cognitive task. The * mark means 95% confidence, ** means more than 99% 

confidence. The bars are in order from left to right Theta(4-7Hz) Alfa(7-12Hz) Low Beta(12-20Hz) High 

Beta(20-30Hz) Low Gamma(30-40Hz) High Gamma(40-55Hz). 
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Training related changes in power density 

spectra.  
 

The second T-test was performed on the 2 task related EEG measurements calculated above to 

see if any power spectra changes where relevant due to training.  

 

  

Figure 12: The top four staple diagrams show the changes in power-spectra on the 

specific electrodes after training on a cognitive task. The square marks a trend which 

means 90% confidence. The staples are in order from left to right Theta(4-7Hz) Alfa(7-

12Hz) Low Beta(12-20Hz) High Beta(20-30Hz) Low Gamma(30-40Hz) High 

Gamma(40-55Hz). 
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Stimuli related changes in ROI sulcus and gyrus.  

 

  

Figure 13: The two staple diagrams show the changes in power-spectra on the specific brain 

regions during a cognitive task. The square marks a trend which means 90% confidence, ,  * 

mark means 95% confidence. The staples are in order from left to right Theta(4-7Hz) Alfa(7-

12Hz) Low Beta(12-20Hz) High Beta(20-30Hz) Low Gamma(30-40Hz) High Gamma(40-

55Hz). 
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Training related changes in ROI sulcus and 

gyrus. 
 

 

Correlation between the ROI:s was performed to see if they interact in a coordinated manner.  

Figure 14: The two staple diagrams show the changes in power-spectra on the specific brain 

regions after training. The staples are in order from left to right Theta(4-7Hz) Alfa(7-12Hz) 

Low Beta(12-20Hz) High Beta(20-30Hz) Low Gamma(30-40Hz) High Gamma(40-55Hz). 
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Discussion 
 

EEG recording was conducted over subjects undertaking vsWM tasks prior and after 5 weeks of 

training.  Power-band changes related to the tasks where examined to find if training related 

changes could be seen in the power-spectrum, and if so for which frequencies.   

 

The results from the power spectra changes from baseline to task are significant up to Gamma 

frequencies in the parietal regions of the brain while the changes are significant from the theta 

band and up to lower gamma on the frontal regions. The only changes that have no statistical 

significance in task related change is thus the high gamma activity in the frontal regions. This 

inactivity are seen in other WM studies for high frequencies (higher than 45 Hz)  [26]  and it is 

possible that there is no task-related activity at the high end gamma band in frontal regions 

during vsWM tasks.   

 

Theta change during the transition from baseline to task was a significant increase in all 

measured scalp-regions as well as the LORETA calculated source regions. This is a well-known 

effect that is linked to attention. Wolfgang Klimesch [21] attributes the size of the increase is 

correlated to the ability to encode information and thus vsWM performance, a conclusion that 

this study supports.  

 

Alpha changes during the transition from baseline to task showed a significant increase in all 

regions. The frontal regions had a relatively small increase while the parietal regions had a large 

relative increase when compared to the theta power that inevitably will leak some of its 

activation over to the alpha band due to individual spread. 

Earlier studies, Wolfgang Klimesch [21] have shown that a part of the Alpha decreases during 

vsWM tasks are located in certain sub-bands in the Alpha frequency range. The more precise 

frequency of these decreases are task dependent but also has a high inter individual variance. 

Klimesch concludes in order to find the task related drop in Alpha power one must locate the 

individual transition frequency for each individual i.e. where the line is drawn from classic theta 

and alpha frequency. For adults this is usually in between 3-7Hz, for children slightly higher. 

This shifting makes interpretation of the Alpha task related changes uncertain since we have 

used a fixed transition frequency value of 7Hz to define Theta and Alpha activity. But a slight 

observation of Figure 11 can support the fact that parietal regions most probably have an 

increase in Alpha activity whereas the frontal regions might experience a decrease in a sub-band 

in the Alpha band region as this would in part explain the relatively low task related increase 

relative to the theta band.  One would be tempted to make the conclusion that thus frontal 

regions are more responsible for vsWM performance since Alpha band de-synchronization have 

been shown to reflect cognitive performance. However this is a very bold conclusion for a 

limited study like this and more extensive studies would need to be made to support this 

conclusion, preferably with an individual transition frequency diagram so that the responsible 

sub-band decrease can be shown directly.    

 

Low Beta all the way up to low Gamma show significant increases. Interpretations of these 

changes are hard to evaluate as little study has been made as of their significance. It is however 

known that higher frequency oscillations include smaller amounts of neural cells. This would 

explain why power decreases with increasing frequency. Thus it has been assumed in the past 

that the more important vsWM related activity should be in the Theta and Alpha band. However 

higher activity especially Gamma activity have been shown to correlate with gating efficiency 

(connectivity) between different areas of the brain so it might have a very fundamental effect in 

this regard  [26].  
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High gamma activity is only significant in the Parietal regions.  

 

The first regions of interest investigated in this study the intraparietal sulcus was chosen 

because it has shown signs of increased activity in MRI scanning’s during vsWM tasks [14] and 

are believed to be part of the supposed fronto-parietal network that is known to
 
implement the 

phonological loop. This loop plays an important
 
role in verbal rehearsal processes involved in 

WM and might have similar effects on vsWM. LORETA extraction of the power band spectra's 

shows that Beta and low gamma power underwent significant change during a cognitive task. 

The high gamma power band did not reach the statistical relevance limit and further studies 

must conclude if it is involved in vsWM or not.  

 

The second region of interest the inferior frontal gyrus only shows significant statistical 

relevance in the high Beta band. 

 

When investigating if the vsWM training had any effect on the EEG, we can only see some 

statistical relevance in a single power band on the P4 electrode. It is in the alpha region and 

should thus be located in the parietal region of the brain. If we look at the same results in our 

ROI we must conclude that it is not located in either the inferior frontal gyrus or the intraparietal 

sulcus. It is possible however that the method used to extract EEG data that should be related to 

this area is flawed.  

 

Our basic conclusion from this study alone must be that there is likely to be a significant effect 

on the alpha power band by subjects who has performed extensive vsWM training. This change 

is located somewhere in the parietal regions off the brain but likely elsewhere than the ROI:s 

used in this study. 

  



Effects of training of visuospatial working memory on EEG 

 

27 

 

Literature  
 

1. Baddeley, A. D. & Hitch, G. J. (1974). Working memory. In G. H. Bower, (Ed.), Recent 

Advances in Learning and Motivation, (pp. 47?9). New York: Academic Press. 

2. Berger, H. (1929).  das Elektrenkephalogramm den Menschen. Archiv f黵 Psychiatrie 

und Nervenkrankheit, 87, 527-570. 

3. Engle, R., W., Tuholski, S. W., Laughlin, J. E., & Conway, A. R. (1999). Working 

memory, short-term memory, and general fluid intelligence: a latent-variable approach. 

J Exp Psychol Gen, 128, 309-31. 

4. Gevins, A., & Smith, M. E. (2000). Neurophysiological measures of working memory 

and individual differences in cognitive ability and cognitive style. Cereb Cortex, 10, 

829-39. 

5. Gevins, A., Smith, M. E., McEvoy, L., & Yu, D. (1997). High-resolution EEG mapping 

of cortical activation related to working memory: effects of task difficulty, type of 

processing, and practice. Cereb Cortex, 7, 374-85. 

6. Hulme, C., & Roodenrys, S. (1995). Practitioner review: verbal working memory 

development and its disorders. J Child Psychol Psychiatry, 36, 373-98. 

7. Hyv鋜inen, A., Karhunen, J., & Oja, E. (2001). Independent Component Analysis, 504 

edn (New York, John Wiley & Sons). 

8. Klingberg, T. (2006). Development of a superior frontal-intraparietal network for visuo-

spatial working memory. Neuropsychologia, 44, 2171-7. 

9. Klingberg, T., Fernell, E., Olesen, P. J., Johnson, M., Gustafsson, P., Dahlstrom, K., 

Gillberg, C. G., Forssberg, H., & Westerberg, H. (2005). Computerized training of 

working memory in children with ADHD--a randomized, controlled trial. J Am Acad 

Child Adolesc Psychiatry, 44, 177-86. 

10. Klingberg, T., Forssberg, H., & Westerberg, H. (2002). Training of working memory in 

children with ADHD. J Clin Exp Neuropsychol, 24, 781-91. 

11. Klingberg, T., Hedehus, M., Temple, E., Salz, T., Gabrieli, J. D., Moseley, M. E., & 

Poldrack, R. A. (2000). Microstructure of temporo-parietal white matter as a basis for 

reading ability: evidence from diffusion tensor magnetic resonance imaging. Neuron, 

25, 493-500. 

12. McEvoy, L. K., Pellouchoud, E., Smith, M. E., & Gevins, A. (2001). 

Neurophysiological signals of working memory in normal aging. Brain Res Cogn Brain 

Res, 11, 363-76. 

13. McEvoy, L. K., Smith, M. E., & Gevins, A. (2000). Test-retest reliability of cognitive 

EEG. Clin Neurophysiol, 111, 457-63. 

14. Olesen, P. J., Westerberg, H., & Klingberg, T. (2004). Increased prefrontal and parietal 

activity after training of working memory. Nat Neurosci, 7, 75-9. 

15. Pascual-Marqui, R. D., Michel, C. M., & Lehmann, D. (1994). Low resolution 

electromagnetic tomography: a new method for localizing electrical activity in the 

brain. Int J Psychophysiol, 18, 49-65. 

16. Smith, M. E., McEvoy, L. K., & Gevins, A. (1999). Neurophysiological indices of 

strategy development and skill acquisition. Brain Res Cogn Brain Res, 7, 389-404. 

17. Todd, J. J., & Marois, R. (2004). Capacity limit of visual short-term memory in human 

posterior parietal cortex. Nature, 428, 751-4. 

18. Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts individual 

differences in visual working memory capacity. Nature, 428, 748-51. 



Effects of training of visuospatial working memory on EEG 

 

28 

 

19. Weglage, J., Demsky, A., Pietsch, M., & Kurlemann, G. (1997). Neuropsychological, 

intellectual, and behavioral findings in patients with centrotemporal spikes with and 

without seizures. Dev Med Child Neurol, 39, 646-51. 

20. Westerberg, H., Hirvikoski, T., Forssberg, H., & Klingberg, T. (2004). Visuo-spatial 

working memory span: a sensitive measure of cognitive deficits in children with 

ADHD. Child Neuropsychol, 10, 155-61. 

21. Wolfgang Klimesch [EEG alpha and theta oscillations reflect cognitive and memory 

performance: a review and analysis, brain research reviews 169-195 

22. Mismatch Negativity Detection in EEG recordings using Wavelets, German Gomez 

Herrero, Tampere University of technology 

23. Current Practice of Clinical Electroencephalography, by J.S. Ebersole and T.A. Pedley, 

974 pp., ill., Philadelphia, Lippincott Williams & Wilkins, 2003 

24. Current Practice of Clinical EEG, chapter 8 page 271 George H Klem 

25. Wikipedia, http://en.wikipedia.org/wiki/Intraparietal_sulcus 2009-09-26 

26. Functional Frontoparital Connectivity During Short Term Memory as Revealed by 

high-resolution EEG Coherence Analysis, Claudio Babiloni, Filippo Carducci, Fabrizio 

Vecchio, Simon Rossi, Fabio,Babiloni, Febo Cincotti, Benedetta Cola, Carlo Minussi. 

27. Wikipedia http://en.wikipedia.org/wiki/Electroencephalography 2006 

28. (Klingberg, Fernell, Olesen, Johnson, Gustafsson, Dahlstrom, Gillberg, Forssberg, & 

Westerberg, 2005). 

29. Matlab 7.0 The Mathworks, Natick, USA.  

30. EEGLAB http://www.mathworks.com/products/matlab/ 

31. Storage and Executive Process in the frontal Lobes, Edward E Smith and John Jonides. 

March 1999, Science vol. 283. no. 5408, pp. 1657 – 1661 

32. Conway et al., 2003, 

http://weblamp.princeton.edu/~psych/psychology/research/conway/publications.php 

Oberauer et al., 2005,  http://www.psych.uni-potsdam.de/people/oberauer/index-e.html  

33. Goldman Rakic and her colleagues (1996) 

 



www.kth.se

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org



