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Cognitive Training on the Solving of Mathematical 
Problems: An EEG Study in Young Men

Abstract. Objective. This study characterized the electroencephalographic correlation (rEEG) between prefrontal and parietal 
cortices in young men while solving logical-mathematical problems after 18 sessions of cognitive training. Method. Two training 
groups were formed: one trained with gradually increased complexity (CT), the other with no increase in complexity (ST). Results. 
CT had a greater number of correct responses in the post-training evaluation than ST and showed a higher correlation between 
the left frontopolar-parietal cortices in almost all EEG bands, and between the dorsolateral-parietal cortices in the alpha1 band 
while solving math problems post-training. Results suggest that major functional synchronization between the left prefrontal and 
parietal cortices plays an important role in improving mathematical problem-solving after cognitive training.

Keywords. Cognitive Training, Logical-Mathematical Problems, EEG Correlation, Prefrontal Cortex, Parietal Cortex

Resumen. Objetivo. El presente estudio caracteriza la correlación electroencefalográfica (rEEG) entre las cortezas prefrontal y 
parietal en hombres jóvenes durante la resolución de problemas lógico-matemáticos después de 18 sesiones de entrenamiento 
cognitivo. Método. Se formaron dos grupos de entrenamiento: uno entrenado con un incremento gradual de complejidad (CT) 
y el otro sin incremento de complejidad (ST). Resultados. El grupo CT presentó un mayor número de respuestas correctas que el 
grupo ST en la evaluación post entrenamiento, a su vez mostró un incremento en la correlación entre las cortezas frontopolar 
y parietal izquierdas en la mayoría de las bandas, así como entre las cortezas dorsolateral y parietal en la banda alfa1 durante la 
resolución de problemas posterior al entrenamiento. Los resultados sugieren que el incremento en la sincronización funcional 
entre las cortezas prefrontal y parietal izquierdas juega un rol importante en la resolución de problemas matemáticos después 
del entrenamiento cognitivo.

Palabras clave. Entrenamiento cognitivo, problemas lógico-matemáticos, correlación EEG, corteza prefrontal, corteza parietal
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Introduction
Solving mathematical problems requires several cognitive processes, including attention, 
memory, reasoning, and decision-making, among others because subjects must recall 
previously-learned mathematical rules, understand the problems presented, and perform 
the calculations required to solve them (Juidías & Rodríguez, 2007). 

Several subcortical and cortical areas have been implicated in the cognitive processing 
of mathematical. Neuroimaging techniques have highlighted the brain areas associated 
with mathematical processing. One of these structures is the horizontal intraparietal sulcus 
associated with the semantic recognition of numbers and basic arithmetical problems 
(Ansari, 2016; Dehaene et al., 2004; Le Clec’H et al., 2000; Simon et al., 2004). Other cerebral 
areas have been associated with the modality in which problems are presented. For 
example, mathematical problems posed verbally (in sentence form) are associated with 
activation of the temporal lobe, while those displayed in a visual mode have been seen to 
generate higher activation in the occipital lobe (Eger et al., 2003; Prabhakaran et al., 2001). 
Activation of the temporal lobe has also been obtained during the recovery of automatized 
operations like simple multiplications compared to more complex ones (Zago et al., 2001). 
As a crucial area involved in the executive functions, the prefrontal cortex is associated with 
the quantities involved, the number of steps required to obtain the answer, and the style in 
which the problem is presented (Prabhakaran et al., 2001; Zago et al., 2001). Activation of 
the prefrontal cortex is observed when subjects are engaged in mental calculations as well 
as during manipulation of the information necessary to solve a problem. 

Cognitive training entails the repetitive practice of certain tasks or regular activities. It 
may be oriented towards maintaining or improving an individual’s cognitive abilities, 
and generally consists of repetitive exercises designed to improve single (e.g., memory) 
or multiple (e.g., memory and reasoning) cognitive abilities. Some reports indicate that 
cognitive training enhances cognitive capacity (Sánchez-Pérez et al., 2018; Kueider et al., 
2014) and the ability to improve performance in solving math problems. Published reports 
also suggest that the benefits of this particular type of training are more significant and 
long-lasting when the process includes working on multiple tasks rather than a single 
task (Anguera et al., 2013; Jaeggi et al., 2011). Also, benefits can be extended to other, 
untrained, cognitive abilities (e.g., enhancing sustained attention and working memory). 
Earlier research has shown that gradually increasing the complexity of the tasks used in 
training provides better results than training with tasks of similar complexity during all 
sessions, thus inducing better learning transfer (Van Merriënboer et al., 2006; Wickens et 
al., 2013). However, the benefits of cognitive training depend on several factors, including 
the number of sessions (Jaeggi et al., 2008), participants’ age (Dahlin et al., 2008), and 
individual differences in training performance (Jaeggi et al., 2011). 

Significant differences in the effect of training have also been reported concerning task 
complexity and the form in which the complex tasks are presented. For example, partial 
versus whole-tasks (Roessingh et al., 2002; Van Merriënboer et al., 2006). Several studies 
have evaluated the benefits of cognitive training, but their analyses have focused primarily 
on the behavioral level (Jaeggi et al., 2011; Dahlin et al., 2008; Sánchez-Pérez et al., 2018), 
with only a few exploring the level of brain functionality using electroencephalographic 
(EEG) recording (Anguera et al., 2013). 

EEG recording is one of several techniques that have been employed to determine 
cerebral functionality. This technique is defined as a mixture of rhythmic sinusoidal-
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like voltage fluctuations generated by the brain. The analysis of brain waves (John et 
al., 1977) and the degree of EEG synchronization between two structures over the time 
domain is called correlation (rEEG). This measure makes it possible to obtain information 
on brain functioning during different behavioral and cognitive states (see Guevara & 
Corsi-Cabrera, 1996 on correlation and coherence differences). In fact, neural oscillations 
at specific frequency bands are related to certain cognitive processes. For instance, the 
delta band (frequencies < 4 Hz with high amplitude) has been associated with internal 
processing during the performance of mental tasks (Fernández et al., 1995; Harmony 
et al., 1996; Vogel et al., 1968; Harmony, 2013), whereas theta (4-8 Hz) has been related 
to the coding phase of short-term memory tasks (Klimesch et al., 1996), maintenance 
(Sarnthein et al.,1998), information retrieval (Klimesch, et al., 2001), and differences in 
memory load (Sauseng et al., 2008). Changes in the alpha range (8-13 Hz with variable 
amplitude) and minor correlations between frontal regions in this band have been 
associated with attention processes and the inhibition of irrelevant information (Cooper 
et al., 2003; Foxe & Snyder 2011; Payne et al., 2013; Sauseng et al., 2008). In contrast, the 
fast bands with low amplitude such as beta (13-35 Hz) and gamma (31-60 Hz) have been 
related to inter-neuronal communication of inhibitory networks (Whittington et al., 2000) 
and high executive demands (Başar et al., 2001; Ramos et al., 1993). Ranges around 40 Hz 
have been associated with higher cognitive processes (Paul et al., 2005; Haig et al., 2000; 
Jefferys et al., 1996; Sauve, 1999), and gamma phase synchrony is considered an index 
of integrative network processing (Phillips & Singer, 1997), reflected mainly over frontal 
and prefrontal sites (Başar-Eroglu et al., 1996). During the solving of logical-mathematical 
problems, a coupling of the alpha2 band (10-13 Hz) in the parietal cortex with the theta 
band in dorsolateral prefrontal regions has been associated with arithmetic processes 
like substruction, number manipulations, and memory load (Dimitriadis et al., 2016; 
Rodríguez-Larios et al., 2020). 

Regarding cognitive training (Anguera et al., 2013) showed an increase in the absolute 
power (AP) of the theta band in frontocentral regions after multi-task cognitive training 
compared to a group without training. These studies have reported the participation 
of the main regions linked to arithmetic process, such as the temporal, parietal, and 
frontal lobes, mainly over alpha and theta frequencies, which are shown to be involved in 
cognitive processes and training. However, these processes require the functional coupling 
of various brain regions (Pribram & Luria, 1973; Thatcher et al., 1986). Indeed, the complex 
processes of mathematical reasoning and training require functional synchronization 
among several cortical and subcortical cerebral areas defined not only by anatomical 
pathways but also by the synchrony of neural activity that occurs among distant areas 
during cognitive states.

The analysis of rEEG is one of the most common methods used to quantify EEG synchrony 
(Dauwels et al., 2010; Alba et al., 2007). This is a mathematical index that allows researchers 
to determine the degree of synchronization between the EEG signals emitted by two 
structures that may be associated through functional coupling (Shaw, 1981). In this regard, 
for example, an increased synchrony of EEG connectivity has been reported between left 
dorsolateral and parietal regions during the solving of complex word problems compared 
to simple ones (Molina et al., 2019). 

An increased EEG correlation is considered an index of the use of greater neural resources 
(Volke et al., 2001), while a decreased correlation indicates that fewer resources are 
being utilized (Buschkuehl et al., 2012; Pinho et al., 2014; Tomasino et al., 2013). Studies 
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of cognitive training have demonstrated that this approach does indeed enhance the 
abilities of trainees with increases in cognitive abilities that may be associated with the 
use of greater neural resources, possibly manifested as a higher degree of EEG correlation 
among several cortical areas (Jaušovec & Jaušovec, 2012). 

Significant differences in the effects of cognitive training have been reported in relation 
to task complexity. Also, the prefrontal and parietal cortices play pivotal roles in reasoning 
and cognitive abilities. Based on this, this work aimed to determine the effect of cognitive 
training that included a gradual increase in the complexity of the math problems 
presented on the degree of EEG correlation between the prefrontal and parietal cortices 
while subjects solved complex math problems. The hypothesis points out that during the 
solving of such complex logical-mathematical word problems an increased EEG coupling 
(correlation) between prefrontal and parietal areas will be observed in young men after 
training with a paradigm based on a gradual increase in task complexity compared to a 
group trained with math problems of a uniform level of complexity. In addition, considering 
that the fast frequencies are associated with reasoning and high executive functions, this 
increased correlation between the prefrontal and parietal cortices was expected to occur 
mainly in the beta and gamma bands.

Method
Participants

Participants were 30 young men with a mean age of 20.27 (SD = 2.5), healthy, and right-
handed with no prior history of neurological or psychiatric disorders, learning disabilities, 
drug abuse, or chronic illness. Gender selection was made considering the longitudinal 
design in order to reduce the variation over the different sessions that could occur due to 
women’s menstrual cycle (Kashuba & Nafziger, 1998; Bazanova et al., 2014). Subjects’ IQs 
were equal to or greater than 80, evaluated by the Shipley-2 intelligence scale (Shipley 
et al., 2009). They showed normal attention levels according to the parameters of the 
NEUROPSI memory and attention test (Ostrosky et al., 2012). Subjects were instructed to 
refrain from drinking caffeine or alcohol during the 12 hours before the EEG-recording 
session. All participants signed the informed consent according to the guidelines of 
the Ethics Committee at the Neuroscience Institute of the University of Guadalajara, 
Jalisco, Mexico. All procedures involved in the present experiment were approved by the 
institutional committee and performed in strict accordance with the Code of Ethics of 
the World Medical Association in the Helsinki Declaration (Rickham, 1964), and its later 
amendments, or comparable ethical standards, as well as APA ethical standards.

Procedure

Evaluation task. All participants solved an evaluation task to determine their performance 
during the solving of complex logical-mathematical word problems. This task was applied 
previously to assign the subjects to the training group, and again post-training. The 
evaluation consisted of solving 20 complex math problems in each session (held between 
10:00 a.m. and 12:00 p.m.). The math problems were presented on a 32-inch computer 
screen placed at a distance of about 1.5 meters. The problems in sentence form, as well 
as proposed answers (in numeric values), were presented simultaneously on the screen. 
Participants had to verify whether those answers were correct or incorrect, and then press 
one of two keys on a computer keyboard: “B” if it is correct, “M” if it is not. Once a 
participant pressed a key to indicate his answer, the next problem appeared (see Figure 
1A). The complex math problems included two-digit quantities. Arriving at the answer 
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required performing three or more operations. The formula of the problems was x = 
a+(a-b)+[{a+(a-b)}+c]. For example, “John scored 45 points for his team, 10 more than 
Joseph. Marie scored 13 more points than John and Joseph together. How many points 
did they score in total?” The parameters analyzed for this evaluation task were the number 
of correct answers and total response times. The latter defined as the period between the 
moment when the problem appeared on the screen and when the participant touched 
the key to giving his answer. This same paradigm of the evaluation task was applied to the 
participants before (pre-training) and after (post-training) the cognitive training sessions.

Training sessions. Participants were randomly assigned to two types of training: a simple 
training group (ST, n = 15) with only math problems from the simplest level, and a 
complex training group (CT, n = 15) where the complexity of the math problems proposed 
increased gradually. Both types of training were performed during 18 sessions spread 
over nine weeks with two sessions per week. In each session, participants were seated 
in a comfortable room without noise or other distractors. They began by watching an 
instructional video on a laptop with a 13-inch screen that presented the steps required 
to solve the math problems. After that, they had to solve 25 words problems from 
the corresponding level, following those instructions (Figure 1B). The problems were 
presented under the same conditions as on the evaluation task. The only difference was 
that during the training sessions a feedback screen was presented after each answer with 
the appropriate “correct” or “incorrect” message. 

For the CT group, the level of complexity of the math problems was increased gradually 
according to three factors: the number of digits (one or two), the number of operations 
required to solve the problems (one-five), and the morphosyntax with which the problems 
were written (i.e., x minus y or x less than y). These combinations gave a total of 18 
complexity levels, one for each session. For the ST group, only simple-level problems 
were presented during all 18 sessions. Those problems consisted of one-digit quantities 
and required only one operation (i.e., x=a+b) to obtain the answer (Figure 2).

A. Evaluation task

Instructions
Now you will solve some logic-
mathematical problems which 
have an answer at the end. You 

have to check if the given answer 
is correct or incorrect. If it´s correct, 
you should press the “B” key; if it´s 
incorrect, you should press the “M” 

key. 

Logical-mathematical
word problems 

x20

John scores 45 points for his team, 10 
more than Joseph. Marie scores 13 
more points than John and Joseph 

together.  How many points did 
they score in total?

61

B. Training session
Instructional video

Instructional video 

Logical-mathematical 
    wordproblems

x25

Feedback

Correct Incorrect 

John scores 45 points for his team, 10 
more than Joseph. Marie scores 13 
more points than John and Joseph 

together.  How many points did 
they score in total?

61

 

Figure 1. Task and Training Design
Note. A. Sequence of the evaluation task used in the pre- and post- training sessions (20 problems). B. Sequence used during 
each training session (25 problems each day).
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Figure 2. Training sessions.
Note. Temporal representation of the training processes indicating the gradual increase of the 
complexity of the mathematical problems in the CT group and no increased complexity in the ST group
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EEG procedure. For EEG recording, electrode placement followed the international 10-20 
system (Jasper, 1958). In accordance with the aims of the study, the recording sites were 
frontopolar (Fp1 and Fp2), prefrontal dorsolateral (F3 and F4), and parietal areas (P3, P4; 
Herwig et al., 2003; Homan, 1987; Okamoto et al., 2004). All derivations were referred 
ipsilaterally with the ground electrode placed on the forehead. EEGs were recorded 
using a NEXUS 32 device at 24 bits resolution with filters set at 1-50 Hz. Impedance for 
the EEG electrodes was maintained below 10 kohms. BioTrace+® software was used to 
sample (512 Hz) and store the EEG data for offline processing. In each recording session, 
participants were awake in a sitting position with their heads supported by the headrest 
of a comfortable chair. EEGs were recorded continuously while they solved 20 complex 
math problems from the evaluation task in both the pre- and post-training conditions. 

The EEG recordings of each participant in each group were examined offline to identify 
saturated epochs or those that showed noise due to muscle activity, eye movement, or 
heartbeat. Those epochs were removed manually by visual inspection using a computer 
program (CHECASEN; Guevara et al., 2010). An offline digital filter was applied for the 
frequencies below 1 Hz and above 50 Hz using another computer program (FILDIG; 
Guevara et al., 2005). All artifact-free EEG segments were analyzed using the EEGmagic 
computer program (Guevara & Hernández-González, 2009), which applied fast Fourier 
transform to calculate the absolute power in each band. Next, the instant spectrum of 
each derivation in each band was obtained to calculate the electroencephalographic 
correlation between derivations for the intrahemispheric (Fp1-F3, Fp1-P3, F3-P3, Fp2-F4, 
Fp2-P4, F4-P4) and interhemispheric (Fp1-Fp2, F3-F4, P3-P4) correlations (r) for six 
frequency EEG bands: delta (δ, 1.5-3.5 Hz), theta (θ, 3.5-7.5 Hz), alpha1 (α1, 7.5-10.5 Hz), 
alpha2 (α2, 10.5-13.5 Hz), beta1 (β1, 13.5-19.5 Hz), beta2 (β2, 19.5-30 Hz), and gamma (γ, 
31-50 Hz), using Pearson’s correlation coefficient.
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Data analysis.For the behavioral data, the number of correct answers and response times 
were compared between groups by means of a t-test. The statistical analysis to compare the 
effects of each type of training was made only with the EEG data recorded during the solving 
of mathematical problems post-training. A mean of 255, 2-sec EEG segments from the post-
training session were selected for analysis and aligned to the reading of the first problem. 
EEGs were then recorded continuously during all the math problems presented to both 
groups in the post-training sessions. This alignment was used with all 20 problems to ensure 
that the EEGs obtained were representative of subjects’ reading and comprehension, and of 
the solving of each problem. During the posterior analysis of the signals, EEG segments were 
selected manually and randomly from the entire duration of the post-training session, taking 
care to include segments representative of the reading, and solving both types of problems.

Before conducting the statistical analyses, and in order to approximate a normal 
distribution, the correlation values were transformed into Fisher’s Z values. A means 
comparison between two groups (ST versus CT) was used employing a t-test and 
considering a significance level equal or below to p value of .05 for all comparisons. 
Bonferroni correction for multiple comparisons suggested a p value of < .00833 as 
significant. The effect sizes (d) of the statistical tests were calculated following Cohen 
(1988). To confirm that there were no between-group differences at the beginning of the 
experiment, an a posteriori analysis for independent groups was performed.

Results
Behavioral data

The number of correct answers and response times recorded in the post-training condition 
were compared between the two study groups. A significant difference was observed 
since the ST participants had fewer correct answers (t = 3.58086, p = .00138, Cohen´s d = 
1.353437) after the training sessions than those in CT (Figure 3). However, no differences 
were obtained for response times (t = 1.23225, p = .22888, d = -.465744) (Figure 3). 

ST CT ST CT

Correct answers Response time

Pr
ob

le
m

s

Se
co

nd
s

0
2
4
6
8
10
12
14
16
18

0

200

400

600

800

1000

1200

Figure 3. Behavioral Results
Note. Correct answers = ST (M = 11.53), CT(M = 13.84) and response time (in seconds)= ST (M = 939.60), 
CT (M = 770.59) obtained during performance of the post-training evaluation task for both groups. 
ST = Simple Training, CT = Complex Training
 * p < .05
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Electroencephalographic results

While solving the mathematical word problems post-training, the CT group presented 
a higher intrahemispheric correlation between left frontopolar and parietal derivations 
(Fp1-P3) in almost all EEG bands: [delta (t = -2.595, p = .014, Cohen´s d = .947), alpha1 (t 
= -2.640, p = .013, d = .965), alpha2 (t = -2.255, p = .032, d = .823), beta1 (t = -2.242, p = 
.033, d = .818), beta2 (t = -2.490, p = .018, d = .912), and gamma (t = -2.673, p = .012, d 
= .980)], compared to the ST group. A similar increase in the intrahemispheric correlation 
was observed during the post-training assessment in the CT group between the left 
prefrontal and parietal cortices (F3-P3), though only in the alpha1 band (t = -2.677, p = 
.012, d = .972), also compared to ST (Figure 4).

No significant differences were obtained for the interhemispheric correlation between 
groups post-training at any derivation.

Simple training
Complex training

Fp1-F3 Fp2-F4

Fp1-P3 Fp2-P4

F3-P3 F4-P4

0
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00

0

0.2

0.2

0.20.2
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0.4

0.6
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0.8

1
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1.2

1.4

1.41.4

1.41.4

1.4

Z Z

Delta Theta Alfa1 Alfa2 Beta1 Beta2 GammaDelta Theta Alfa1Alfa2 Beta1 Beta2Gamma

Figure 4. Intrahemispheric Correlation
Note. Mean ± 1 SE of the intrahemispheric correlation (in z values) between the left (Fp1-F3, Fp1-P3, F3-P3) and right (Fp2-F4, 
Fp2-P4, F4-P4) derivations for the different frequency bands recorded in young men while solving complex logical-mathematical 
word problems on the post-training evaluation task 
* p <  .05 as compared to ST group. SE = Standard Error
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Discussion
This study showed that after cognitive training with a gradual increase in the complexity of the 
logical-mathematical problems presented, participants had better behavioral performance 
while solving complex math problems. These results were associated with a higher degree of 
EEG correlation between the prefrontal and parietal cortices of the left hemisphere.

After the 18 training sessions, participants in the CT group (gradual increase of complexity) 
showed benefits in their performance in solving math problems, as indicated by a 
higher number of correct answers than the subjects who were trained without increased 
complexity. These behavioral differences in the number of correct answers between ST 
and CT could, therefore, be linked to the kind of training provided. Previous reports have 
stated that training with a gradual increase of difficulty has greater benefits than working 
with more difficult exercises, but of a uniform level (Roessingh et al., 2002; Wulf & Shea, 
2002). Accordingly, the benefits obtained from training with gradually increased difficulty 
(CT group) improved the transfer of skills from session to session and from one level of 
difficulty to the next, until they were finally applied to the most difficult problems. Thus, 
it is probable that the better performance by CT resulted from the enhanced strategies 
that those young men developed as a result of the group’s familiarity with such problems.

Although the ST subjects were allowed to practice in each session, the kinds of problems 
they were given to work on did not match the complexity of those presented on the 
evaluation task. In other words, they confronted a condition that demanded a distinct 
kind of processing to solve the complex problems posed. In the ST group, the level of skill 
obtained from simple, repetitive training with no increase in difficulty was shown to have 
no effect when those subjects were faced with solving more complex problems, likely as 
a consequence of deficient problem-solving skills or lower motivation after working on 
trivial word problems during the 18 training sessions. 

Regarding differences in the EEG recordings, a higher correlation was observed in the CT 
group while solving complex math problems on the post-training evaluation task. This 
increased intrahemispheric correlation appeared only between the left prefrontal and 
parietal regions. Solving the complex problems presented in the study required active 
manipulation of the information that included syntactic interpretation of the word problem, 
numerical processing of the quantities involved, and mental manipulations according to 
the number and type of operations required, all of which meant that subjects had to read 
the problem more than once. Hence, it is probable that the sequence of events required 
to solve those complex problems is related to a predominant synchronization of the left 
hemisphere, which has been implicated previously in the processing of the verbal features 
of problems (Graves et al., 2014; Molina et al., 2019).

The activation and synchronization observed in the left hemisphere were present over 
both slow and fast EEG bands. Descriptions of those bands have been linked to various 
processes. Increased alpha band activity over frontal regions has been observed posterior 
to cognitive training with working memory tasks, especially dual n-back tasks (Blacker 
et al., 2017), and in parietal regions of participants working with spatial n-back tasks 
(Gevins et al., 1997). Neurofeedback training employed to maintain and enhance 14-18 
Hz frequency activity, meanwhile, has shown changes in frontal beta band activity with 
coherence among prefrontal dorsolateral derivations (Cannon & Lubar, 2007). Similarly, 
the fast bands have been associated with higher cognitive processes (Paul et al., 2005; 
Haig et al., 2000; Jefferys et al., 1996; Sauve, 1999; Phillips & Singer, 1997).
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The functional collaboration between prefrontal and parietal regions has been associated 
with processes that involve attention, memory recovery, working memory, information 
manipulation (Naghavi & Nyberg, 2005; Campo et al., 2005; Babiloni et al., 2004; Sauseng 
et al., 2008), and with the process of solving math problems (Zago et al., 2001; Prabhakaran 
et al., 2001; Dimitriadis et al., 2016). The increased use of these skills in each succeeding 
training session and their repeated application in each one could be manifested in an 
enhanced synchronization of the brain areas, given that this is the representation of plastic 
changes in functional connectivity linked to the recruitment of greater cognitive resources 
(Volke et al., 2001) that is reflected in improved performance. 

The functional coupling between fronto-polar and parietal regions observed in our data 
could be linked to the characteristics of the logical-mathematical problems presented, 
which involved increasing levels of abstraction and complexity to achieve sub-goals that 
led to solving them (Christoff et al., 2009). Changes in the functional coupling of these 
regions have been linked to the effect of multi-task training, mainly as an increased 
coherence between frontal and parietal regions in the theta (Anguera et al., 2013; 
Klingberg, 2010; Langer et al., 2013) and alpha bands (Dimitriadis et al., 2016).

 There are also reports that cognitive training with greater cognitive load leads to enhanced 
behavioral performance compared to tasks with lower cognitive demand (Anguera et al., 
2013; von Bastian & Oberauer, 2013). In line with this, the better behavioral performance 
observed in CT in our study could be related to changes in the degree of coupling that 
occurred between cortical regions after complex training. In other words, the effects 
of cognitive training seemed to improve the solving of logical-mathematical problems 
and increase synchronization among areas of the left hemisphere, especially between 
prefrontal and parietal regions. 

The higher correlation between left prefrontal and parietal regions observed in the slow 
and fast bands during the solving of the logical-mathematical problems post-training 
may also be associated with several cognitive processes. For example, an increased 
capacity to keep and handle multiple items of information and to recall the mathematical 
rules necessary to solve the problems, as well as with complex cognitive processes like 
arithmetical operations and active work with verbal and numerical elements. However, 
this is a proposal to investigate in future experiments.

According to the results, better performance in solving logical-mathematical word 
problems manifested in both behavioral and electrophysiological parameters was 
observed after increased complexity training. The increased degree of EEG correlation 
between the prefrontal and parietal cortices could reflect the use of greater neural 
resources associated with the cognitive abilities acquired after cognitive training. Taken 
together, these data suggest that the functional synchronization between the left 
prefrontal and parietal cortices plays an important role in enhancing subjects’ ability to 
solve math problems after receiving cognitive training.

Finally, it is important to recognize the limitations of the study regarding future research. 
First, these results must be interpreted with caution because several of the p-values 
were not submitted to the multiple comparisons correction method. According to de 
Peralta-Menendez et al. (2004) method of corrections for multiple comparisons, the six 
electrodes used only allowed us to consider as significant p < .05/6 (p < .00833). However, 
it preferred to indicate all differences without this correction, though this might increase 
the level of speculation in some cases. The procedure applied in this study did not allow 
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us to associate EEG patterns with specific cognitive processes during the solving of the 
mathematical word problems, thus in future work, it would be pertinent to evaluate EEG 
changes in relation to the specific steps involved in solving each type of problem. This 
approach could facilitate obtaining a more precise relation between correlation values 
and the possible cognitive processes involved. 

Another limitation is the number of subjects in each group, as this was a longitudinal 
study and several of the initial, participants did not complete the entire training program. 
Unfortunately, desertion was substantial. Another important characteristic to consider 
when attempting to extrapolate our results to other populations is that participants were 
undergraduate students with low mathematical load in their formation. Future research 
should strive to include a second evaluation with a latency period after the initial one 
in order to ascertain the long-term effects of training. A population with greater math 
skills, and other educational levels, ages, and gender that considers variables such as 
motivation should also be considered.

References
Alba, A., Marroquín, J. L., Peña, J., Harmony, T., & González-Frankenberger, B. (2007). 

Exploration of event-induced EEG phase synchronization patterns in cognitive tasks 
using a time-frequency-topography visualization system. Journal of Neuroscience 
Methods, 161(1), 166-182. https://doi.org/10.1016/j.jneumeth.2006.10.018

Anguera, J. A., Boccanfuso, J., Rintoul, J. L., Al-Hashimi, O., Faraji, F., Janowich, J., Kong, E., 
Larraburo, Y., Rolle, C., Johnston, E., & Gazzaley, A. (2013). Video game training 
enhances cognitive control in older adults. Nature, 501(7465), 97-101. http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3983066&tool=pmcentrez&ren
dertype=abstract

Ansari, D. (2016). The neural roots of mathematical expertise. Proceedings of the 
National Academy of Sciences, 113(18), 4887-4889. https://doi.org/10.1073/
pnas.1604758113

Babiloni, C., Babiloni, F., Carducci, F., Cincotti, F., Vecchio, F., Cola, B., Rossi, S., & Rossini, 
P. M. (2004). Functional frontoparietal connectivity during short-term memory 
as revealed by high-resolution EEG coherence analysis. Behavioral Neuroscience, 
118(4), 687-697. https://doi.org/10.1037/0735-7044.118.4.687

Başar-Eroglu, C., Strüber, D., Schürmann, M., Stadler, M., & Başar, E. (1996). Gamma-band 
responses in the brain: A short review of psychophysiological correlates and 
functional significance. International Journal of Psychophysiology, 24(1-2), 101-112. 
https://doi.org/10.1016/S0167-8760(96)00051-7

Başar, E., Başar-Eroglu, C., Karakaş, S., & Schürmann, M. (2001). Gamma, alpha, delta, and theta 
oscillations govern cognitive processes. International Journal of Psychophysiology, 
39(2-3), 241-248. https://doi.org/10.1016/S0167-8760(00)00145-8

Bazanova, O. M., Kondratenko, A. V., Kuz’minova, O. I., Muravleva, K. B., & Petrova, S. 
E. (2014). EEG alpha indices in dependence on the menstrual cycle phase and 
salivary progesterone. Fiziologiia Cheloveka, 40(2), 31-40.

Blacker, K. J., Negoita, S., Ewen, J. B., & Courtney, S. M. (2017). N-back versus complex span 
working memory training. Journal of Cognitive Enhancement, 1, 434-454. 



Molina, Guevara, Hernández-González, Hidalgo-Aguirre, Cruz-Aguilar, & Hevia  

Actualidades en Psicología, 35(130), 2021, 131-147

142

Buschkuehl, M., Jaeggi, S. M., & Jonides, J. (2012). Neuronal effects following working 
memory training. Developmental Cognitive Neuroscience, 2(2), 290-291. https://
doi.org/10.1016/j.dcn.2011.10.001 

Campo, P., Maestú, F., Ortiz, T., Capilla, A., Santiuste, M., Fernández, A., & Amo, C. (2005). 
Time modulated prefrontal and parietal activity during the maintenance of 
integrated information as revealed by magnetoencephalography. Cerebral 
Cortex, 15(2), 123-130. https://doi.org/10.1093/cercor/bhh115

Cannon, R., & Lubar, J. (2007). EEG spectral power and coherence: differentiating effects of 
spatial-specific neuro-operant learning (SSNOL) utilizing LORETA neurofeedback 
training in the anterior cingulate and bilateral dorsolateral prefrontal cortices. 
Journal of Neurotherapy, 11(3), 25-44. https://doi.org/10.1080/10874200802126191

Christoff, K., Keramatian, K., Gordon, A. M., Smith, R., & Mädler, B. (2009). Prefrontal 
organization of cognitive control according to levels of abstraction. Brain 
Research, 1286, 94-105. https://doi.org/10.1016/j.brainres.2009.05.096

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Lawrence Erlbaum 
Associates. http://www.utstat.toronto.edu/~brunner/oldclass/378f16/readings/
CohenPower.pdf

Cooper, N. R., Croft, R. J., Dominey, S. J., Burgess, A. P., & Gruzelier, J. H. (2003). Paradox 
lost? Exploring the role of alpha oscillations during externally vs. internally 
directed attention and the implications for idling and inhibition hypotheses. 
International Journal of Psychophysiology, 47(1), 65-74. https://doi.org/10.1016/
S0167-8760(02)00107-1

Dahlin, E., Nyberg, L., Bäckman, L., & Neely, A. S. (2008). Plasticity of executive functioning 
in young and older adults: immediate training gains, transfer, and long-term 
maintenance. Psychology and Aging, 23(4), 720-30. https://doi.org/10.1037/a0014296 

Dauwels, J., Vialatte, F., Musha, T., & Cichocki, A. (2010). A Comparative Study of synchrony 
Measures of the Early Diagnosis of Alzheimer’s Disease Bases on EEG. Neuroimage, 
49(1), 668-693. https://doi.org/10.1016/j.neuroimage.2009.06.056

Dehaene, S., Molko, N., Cohen, L., & Wilson, A. J. (2004). Arithmetic and the brain. 
Current Opinion in Neurobiology, 14(2), 218-224. http://doi.org/10.1016/j.
conb.2004.03.008

De Peralta-Menéndez, R., Murray, M. M., Michel, C. M., Martuzzi, R., & González-Andino, S. 
L. (2004). Electrical neuroimaging based on biophysical constraints. NueroImage, 
21(2), 527-539. https://doi.org/10.1016/j.neuroimage.2003.09.051

Dimitriadis, S. I., Sun, Y., Thakor, N. V., & Bezerianos, A. (2016). Causal Interactions between 
Frontalθ – Parieto-Occipitalα2 Predict Performance on a Mental Arithmetic 
Task. Frontiers in Human Neuroscience, 10, 1-17. http://doi.org/10.3389/
fnhum.2016.00454

Eger, E., Sterzer, P., Russ, M. O., Giraud, A. L., & Kleinschmidt, A. (2003). A supramodal 
number representation in human intraparietal cortex. Neuron, 37(4), 719-725. 
http://doi.org/10.1016/S0896-6273(03)00036-9

Fernández, T., Harmony, T., Rodríguez, M., Bernal, J., Silva, J., Reyes, A., & Marosi, E. 
(1995). EEG activation patterns during the performance of tasks involving 



Cognitive Training and EEG

Actualidades en Psicología, 35(130), 2021, 131-147

143

different components of mental calculation. Electroencephalography & Clinical 
Neurophysiology, 94(3), 175-182. https://doi.org/10.1016/0013-4694(94)00262-J

Foxe, J. J., & Snyder, A. C. (2011). The role of alpha-band brain oscillations as a sensory 
suppression mechanism during selective attention. Frontiers in Psychology, 2(154), 
1-13. https://doi.org/10.3389/fpsyg.2011.00154

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. Cerebral Cortex, 7(4), 374-385. https://doi.org/10.1093/
cercor/7.4.374

Graves, W. W., Binder, J. R., Desai, R. H., Humphries, C., Stengel, B. C., & Seidenberg, M. S. 
(2014). Anatomy is strategy: skilled reading differences associated with structural 
connectivity differences in the reading network. Brain & Language, 133, 1-13. 
https://doi.org/10.1016/j.bandl.2014.03.005

Guevara, M. A., & Corsi-Cabrera, M. (1996). EEG coherence or EEG correlation? 
International Journal of Psychophysiology, 23, 145-153. https://doi.org/10.1016/
S0167-8760(96)00038-4

Guevara, M. A., Ramos, J., Hernández-González, M., & Corsi-Cabrera, M. (2005). FILDIG: 
A program to filter brain electrical signals in the frequency domain. Computer 
Methods and Programs in Biomedice, 80(2), 165-172. https://doi.org/10.1016/j.
cmpb.2005.07.002

Guevara, M.A., Sanz-Martín, A., Corsi-Cabrera, M., Amezcua, C., & Hernández-González, 
M. (2010). CHECASEN: programa para revisar señales EEG fuera de línea. Revista 
Mexicana de Ingeniería Biomédica, 31(2), 135-141. 

Guevara, M.A., & Hernández- González, M. (2009). EEGmagic programa para analizar señales 
electroencefalográficas. Revista mexicana de ingeniería biomédica, 30(1), 41-53.

Haig, A. R., Gordon, E., Wright, J. J., Meares, R. A., & Bahramali, H. (2000). Synchronous 
cortical gamma‐band activity in task‐relevant cognition. NeuroReport, 11(4), 669-
675. https://doi.org/10.1097/00001756-200003200-00004

Harmony, T. (2013). The functional significance of delta oscillations in cognitive processing. 
Frontiers in Integrative Neuroscience, 7(83), 1-10. https://doi.org/10.3389/
fnint.2013.00083

Harmony, T., Fernández, T., Silva, J., Bernal, J., Díaz-Comas, L., Reyes, A., Marosi, E., Rodríguez, 
M., & Rodríguez, M. (1996). EEG delta activity: An indicator to internal processing 
during performance of mental tasks. International Journal of Psychophysiology, 
24(1-2), 161-171. https://doi.org/10.1016/S0167-8760(96)00053-0

Herwig, U., Satrapi, P., & Schönfeldt-Lecuona, C. (2003). Using the international 10-20 EEG 
system for positioning of transcranial magnetic stimulation. Brain Topography, 
16(2), 95-99. http://doi.org/10.1023/b:brat.0000006333.93597.9d

Homan, R. W. (1987). Cerebral location of international 10-20 system electrode placement. 
Electroencephalography and Clinical Neurophysiology, 66(4), 376-382. http://doi.
org/10.1016/0013-4694(87)90206-9



Molina, Guevara, Hernández-González, Hidalgo-Aguirre, Cruz-Aguilar, & Hevia  

Actualidades en Psicología, 35(130), 2021, 131-147

144

Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Perrig, W. J. (2008). Improving Fluid Intelligence 
with Training on Working Memory. Proceedings of the National Academy of 
Sciences, 105(19), 1-5. http://doi.org/10.1073/pnas.0801268105

Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Shah, P. (2011). Short-and long-term benefits 
of cognitive training. Proceedings of the National Academy of Sciences, 108(25), 
46-60. http://doi.org/10.1073/pnas.1103228108

Jasper, H. A. (1958). The ten–twenty system of the International Federation of 
electroencephalography. Clinical Neurophysiology, 10, 371-375.

Jaušovec, N., & Jaušovec, K. (2012). Working memory training: Improve Intelligence-
Changing brain activity. Brain and Cognition, 79(2), 96-106. http://doi.org/10.1016/j.
bandc.2012.02.007

Jefferys, J. G. R., Traub, R. D., & Whittington, M. A. (1996). Neuronal networks for induced 
’40 Hz’ rhythms. Trends in Neurosciences, 19(5), 202-208. https://doi.org/10.1016/
S0166-2236(96)10023-0 

John, E. R., Karmel, B., Cornig, W., Easton, P., Brown, D., Ahn, H., John, M., Harmony, T., Prichep, 
L., Toro, A., Gerson, I., Bartlett, F., Thatcher, F., Kaye, H., Valdes, P., & Schwartz, E. 
(1977). Neurometrics: Numerical taxonomy identifies different profiles of brain 
functions within groups of behaviorally similar people. Science, 196, 1393-1410.

Juidías, J., & Rodríguez, I. R. (2007). Dificultades de aprendizaje e intervención 
psicopedagógica en la resolución de problemas matemáticos. Revista de 
educación, (342), 257-286.

Kashuba, A. D. M., & Nafizger, A. N. (1998). Physiological changes during the menstrual 
cycle and their effects on the pharmacodynamics of drugs. Clinical Pharmacokinet, 
34(3), 203-218. http://doi.org/10.2165/00003088-199834030-00003

Klimesch, W., Doppelmayr, M., Russegger, H., & Pachinger, T. (1996). Theta band power in 
the human EEG and the encoding of new information. Neuroreport, 7(7), 1235-
1240. http://doi.org/10.1097/00001756-199605170-00002

Klimesch, W., Doppelmayr, M., Stadler, W., Pöllhuber, D., Sauseng, P., & Roehm, D. 
(2001). Episodic retrieval is reflected by a process specific increase in human 
electroencephalographic theta activity. Neuroscience Letters, 302(1), 49-52. http://
doi.org/10.1016/S0304-3940(01)01656-1

Klingberg, T. (2010). Training and plasticity of working memory. Trends in Cognitive Science, 
14(7), 317-324. https://doi.org/10.1016/j.tics.2010.05.002

Kueider, A., Bichay, K., & Rebok, G. (2014). Cognitive Training for Older Adults: What Is It 
and Does It Work? Issue Brief. https://www.air.org/sites/default/files/downloads/
report/Cognitive%20Training%20for%20Older%20Adults_Nov%2014.pdf

Langer, N., von Bastian, C. C., Wirz, H., Oberauer, K., & Jäncke, L. (2013). The effects of 
working memory training on functional brain network efficiency. Cortex, 49(9), 
2424-2438. https://doi.org/10.1016/j.cortex.2013.01.008

Le Clec’H, G., Dehaene, S., Cohen, L., Mehler, J., Dupoux, E., Poline, J. B., Lehéricy, S., van 
de Moortele, P. F., & Bihan, D. (2000). Distinct cortical areas for names of numbers 
and body parts independent of language and input modality. NeuroImage, 12(4), 
381-391. http://doi.org/10.1006/nimg.2000.0627



Cognitive Training and EEG

Actualidades en Psicología, 35(130), 2021, 131-147

145

Molina, J., Guevara, M. A., Hernández, M., Hidalgo, R. M., & Cruz, M. A. (2019). EEG 
correlation during the solving of simple and complex logical-mathematical 
problems. Cognitive, Affective, & Behavioral Neuroscience, 19, 1036-1046. https://
doi.org/10.3758/s13415-019-00703-5

Naghavi, H. R., & Nyberg, L. (2005). Common fronto-parietal activity in attention, 
memory, and consciousness: shared demands on integration? Consciousness and 
cognition, 14(2), 390-425. https://doi.org/10.1016/j.concog.2004.10.003

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., Oda, I., Isobe., 
Suzuki, T., Kohyama, K., & Dan, I. (2004). Three-dimensional probabilistic 
anatomical cranio-cerebral correlation via the international 10-20 system oriented 
for transcranial functional brain mapping. NeuroImage, 21(1), 99-111. http://doi.
org/10.1016/j.neuroimage.2003.08.026

Ostrosky, F., Gómez, E., Matute, E., Rosselli, M., Ardila, A., & Pineda, D. (2012). NEUROPSI-
Evaluación Neuropsicológica Breve. Manual Moderno.

Paul, R. H., Richard, C., Lawrence, J., Goldberg, E., Williams, L. M., Cooper, N., Cohen, R. 
A., Brickman, A. M., & Gordon, E. (2005). Age-dependent change in executive 
function and gamma 40 Hz phase synchrony. Journal of Integrative Neuroscience, 
4(01), 63-76. http://doi.org/10.1142/S0219635205000690

Payne, L., Guillory, S., & Sekuler, R. (2013). Attention-modulated alpha-band oscillations 
protect against intrusion of irrelevant information. Journal of Cognitive 
Neuroscience, 25(9), 1463-1476. http://doi.org/10.1162/jocn_a_00395

Phillips, W. A., & Singer, W. (1997). In search of common foundations for cortical 
computation. Behavioral and Brain Sciences, 20(4), 657-683. http://doi.
org/10.1017/S0140525X9700160X

Pinho, A. L., Manzano, O., Fransson, P., Eriksson, H., & Ullén, F. (2014). Connecting to 
Create: Expertise in Musical Improvisation Is Associated with Increased Functional 
Connectivity between Premotor and Prefrontal Areas. The Journal of Neuroscience, 
34(18), 6156-6163. http://doi.org/10.1523/JNEUROSCI.4769-13.2014

Prabhakaran, V., Rypma, B., & Gabrieli, J. D. (2001). Neural substrates of mathematical 
reasoning: a functional magnetic resonance imaging study of neocortical 
activation during performance of the necessary arithmetic operations test. 
Neuropsychology, 15(1), 115-127. http://doi.org/10.1037/0894-4105.15.1.115

Pribram, K. H., & Luria, A. R. (1973). Psychophysiology of the Frontal Lobes. Academic Press. 

Ramos, J., Corsi-Cabrera, M., Guevara, M. A., & Arce, C. (1993). EEG Activity during 
cognitive performance in women. International Journal of Neuroscience, 69(1-4), 
185-195. http://doi.org/10.3109/00207459309003329

Rickham, P. P. (1964). Human experimentation. Code of Ethics of the World Medical 
Association. Declaration of Helsinki. British Medical Journal, 2(5402), 177. https://
doi.org/10.1136/bmj.2.5402.177

Rodríguez-Larios, J., Pascal, F., Achermann, P., Shisei, T., & Kaat, A. (2020). From thoughtless 
awareness to effortful cognition: alpha-theta cross-frequency dynamics in 
experienced meditators during meditation, rest an arithmetic. Scientific Reports,  
10(5419). https://doi.org/10.1038/s41598-020-62392-2



Molina, Guevara, Hernández-González, Hidalgo-Aguirre, Cruz-Aguilar, & Hevia  

Actualidades en Psicología, 35(130), 2021, 131-147

146

Roessingh, J. J. M., Kappers, A. M. L., & Koenderik, J. J. (2002). Transfer between training of part-
tasks in complex skill training: Model development and supporting data. Proceedings 
of the Human Factors and Ergonomics Society. Computer Science, 1-21.

Sánchez-Pérez, N., Castillo, A., López-López, J. A., Pina, V., Puga, J. L., Campoy, G., 
González-Salinas, C., & Fuentes, L. J. (2018). Computer-Based Training in Math 
and Working Memory Improves Cognitive Skills and Academic Achievement 
in Primary School Children: Behavioral Results. Frontiers in Psychology, 8(2327). 
http://doi.org/10.3389/fpsyg.2017.02327

Sarnthein, J., Petsche, H., Rappelsberger, P., Shaw, G. L., & von Stein, A. (1998). Synchronization 
between prefrontal and posterior association cortex during human working 
memory. Proceedings of the National Academy of Sciences, 95(12), 7092-7096. 
http://doi.org/10.1073/pnas.95.12.7092

Sauseng, P., Klimesch, W., Gruber, W. R., & Birbaumer, N. (2008). Cross-frequency 
phase synchonization: a brain mechanism of memory matching and attention. 
NeuroImage, 40(1), 308-317. https://doi.org/10.1016/j.neuroimage.2007.11.032

Sauve, K. (1999). Gamma-band synchronous oscillations: Recent evidence regarding their 
functional significance. Consciousness and Cognition, 8(2), 213-224. https://doi.
org/10.1006/ccog.1999.0383

Shaw, J. C. (1981). An introduction to the coherence function and its use in EEG signal 
analysis. Journal of Medical Engineering & Technology, 5(6), 279-288. https://doi.
org/10.3109/03091908109009362

Shipley, W. C., Gruber, C. P., Martin, T. A., & Klein, A. M. (2009). Shipley-2. Escala breve de 
inteligencia. Manual Moderno. 

Simon, O., Kherif, F., Flandin, G., Poline, J. B., Rivière, D., Mangin, J. F., Le Bihan, D., & 
Dehaene, S. (2004). Automatized clustering and functional geometry of human 
parietofrontal networks for language, space, and number. NeuroImage, 23(3), 
1192-1202. http://doi.org/10.1016/j.neuroimage.2004.09.023

Thatcher, R. W., Krause, P. J., & Hrybyk, M. (1986). Cortico-cortical associations and 
EEG coherence: A two-compartmental model. Electroencephalography 
and Clinical Neurophysiology, 64(2), 123-143. https://doi.org/10.1016/0013-
4694(86)90107-0

Tomasino, B., Maieron, M., Guatto, E., Fabbro, F., & Rumiati, R. I. (2013). How are the 
motor system activity and functional connectivity between the cognitive and 
sensorimotor systems modulated by athletic expertise? Brain Research, 1540, 21-
41. https://doi.org/10.1016/j.brainres.2013.09.048

Van Merriënboer, J. J. G., Kester, L., & Paas, F. (2006). Teaching Complex Rather Than Simple 
Tasks: Balancing Intrinsic and Germane Load to Enhance Transfer of Learning. 
Applied Cognitive Psychology, 20, 343-352. https://doi.org/10.1002/acp.1250

Vogel, W., Broverman, D. M., & Klaiber, E. L. (1968). EEG and mental abilities. 
Electroencephalography & Clinical Neurophysiology, 24(2), 166-175. https://doi.
org/10.1016/0013-4694(68)90122-3



Cognitive Training and EEG

Actualidades en Psicología, 35(130), 2021, 131-147

147

Volke, H. J., Dettmar, P., Richter, P., Rudolf, M., & Buhss, U. (2001). On-Coupling and Off-
Coupling of Neocortical in Chess Experts and Novices as revealed by evoked EEG 
coherence measures and factor-based topological analysis--a pilot study. Journal 
of Psychophysiology, 16(1), 23-36. 

von Bastian, C.C., & Oberauer, K. (2013). Distinct transfer effects of training different facets 
of working memory capacity. Journal of Memory and Language, 69(1), 36-58. 
https://doi.org/10.1016/j.jml.2013.02.002

Whittington, M. A., Traub, R. D., Kopell, N., Ermentrout, B., & Buhl, E. H. (2000). Inhibition-
based rhythms: experimental and mathematical observations on network 
dynamics. International Journal of Psychophysiology, 38(3), 315-336. http://doi.
org/10.1016/S0167-8760(00)00173-2

Wickens, C. D., Hutchins, S., Carolan, T., & Cumming, J. (2013). Effectiveness of Part-Task 
Training and Increasing-Difficulty Training Strategies: A Meta-Analysis Approach. 
Human Factors, 55(2), 461-470. https://doi.org/10.1177/0018720812451994

Wulf, G., & Shea, C. H. (2002). Principles derived from the study of simple skills do not 
generalize to complex skill learning. Psychonomic Bulletin and Review, 9(2), 185-
211. https://doi.org/10.3758/BF03196276

Zago, L., Pesenti, M., Mellet, E., Crivello, F., Mazoyer, B., & Tzourio-Mazoyer, N. (2001). 
Neural correlates of simple and complex mental calculation. NeuroImage, 13(2), 
314-27. http://doi.org/10.1006/nimg.2000.0697


