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ABSTRACT

This study attempted to find out what differences of the signal sources of brain waves that
occurred during performing number sense tasks and mental rotation tasks using SLORETA
technology. Twenty students (10 men and 10 women) attending a four-year university in
Gyeongsangnam-do were asked to perform six tasks (3 number sense tasks and 3 mental
rotation tasks). The EEG brain waves were measured during performing each task and were
analyzed by applying to the sSLORETA with t-test: paired group test, A-A2=B-B2. The result
showed that there were statistically significant differences in theta, alpha, and beta bands
between NS1 and NS2, which brain areas included the superior frontal gyrus, the middle
frontal gyrus, the inferior frontal gyrus, the superior temporal, the anterior cingulate, the
extra-nuclear, and the insula. The anterior cingulate and the superior frontal gyrus were the
areas that showed a statistically significant difference between SP2 and SP3 in the gamma
band. This study examined the difference in brain activity while performing two different
types of tasks by applying sSLORETA. It will be expected to deepen the cognitive neuroscience
understanding of the mathematics learning process for students.
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Introduction

The curiosity about how people engage in mathematics, what processes occur in the brain
when solving mathematical problems, is a common topic for many researchers. To address these

questions, cognitive psychology has been researching how cognitive processes such as memory,
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learning, and problem-solving unfold. Recently, there has been an effort to integrate perspectives from cognitive science
and neuroscience to understand how specific areas and circuits in the brain contribute to these cognitive functions. The
advancements in brain imaging technology have significantly enhanced our understanding of the human brain. In
the past, obtaining brain images of the living human was challenging. However, recent advancements in science and
medical technology have made it possible to explore the brain activity of living individuals, especially during specific
tasks or activities. The technologies that have enabled such research include electroencephalography (EEG), positron
emission computed tomography (PET), functional magnetic resonance imaging (fMRI), single-photon emission
computed tomography (SPECT), and magnetoencephalography (MEG). Most of these technologies have the
disadvantage that the equipment is large, requires a separate measurement location, is not easy to move, so inspection
locations are limited, and the cost is high. EEG has a relatively lower spatial resolution compared to other devices but
offers the advantage of high temporal resolution. Furthermore, EEG is relatively less affected by examiner's movements,
it is noiseless, easily portable, providing flexibility in choosing examination locations, allowing real-time testing even
during learing activities, and is cost-effective (Kim et al., 2017). Because EEG measures electrical signals from the
scalp, it has the limitation that it is difficult to determine where in the brain the signals originate. EEG source localization
techniques developed as a way to compensate for the shortcoming of EEG mathematically calculate and estimate the
location and size of the brain signal source. Among them, low resolution electromagnetic tomography (LORETA) is one
of the software that implements it (Kang et al., 2017; Kim et al., 2017).

Number sense refers to the ability to use numbers in various ways with an intuitive feeling of numbers, to help one
calculate accurately and efficiently, and to use numbers effectively in everyday life (Pang, 2005; Sowder, 1992). Number
sense is so important in school mathematics that elementary schools set developing number sense as one of their main
goals (NCTM, 1989). Students with a strong number sense demonstrated greater proficiency in mental calculation
(Hope & Sherrill, 1987) and computational estimation (Bobis, 1991). There is also research suggesting that the early
development of number sense in children may have implications for later mathematical achievement (Gersten et al.,
2005).

Spatial ability is the ability to represent, transform, create, and recall symbolic and nonverbal information. It is
comprised of spatial perception, mental rotation, and spatial visualization. Spatial perception is the ability to determine
spatial relationships with the direction of the subject's own body for a task that contains confusing information. Mental
rotation is the ability to quickly and accurately rotate a two-dimensional or three-dimensional object. Spatial visualization
refers to the ability to manipulate spatially presented information in complex and multi-step ways (Linn & Petersen,
1985). Battista (1990) highlighted the correlation between spatial ability and mathematical achievement. A study by
Casey et al. (1992) also revealed that mental rotation abilities are a significant predictor of mathematical achievement.
From elementary school number sense is taught from elementary school through the domains of numbers and operations,
while spatial ability is fostered through the domain of geometry. The school mathematics curriculum aims to promote
the growth of these two abilities.

According to the results of various cognitive neuroscience studies, there are differences in brain activity patterns
when using number sense and when using spatial ability. The intraparietal sulcus (IPS) plays a key role in recognizing
and processing quantity. IPS, along with the supramarginal gyrus and angular gyrus, is involved in understanding,

Brain, Digital, & Learning. 2023 Vol. 13 No. 4 588



Comparative Analysis of Brain Activity during Performing Number Sense and Mental Rotational Tasks: An EEG Study Using

comparing, and estimating numbers, and representing mental number line (Kim, 2013; Nieder, 2019). Spatial abilities
differed depending on the task used; for the mental rotation task, the dorsolateral prefrontal cortex (DL-PFC), dorsal
and ventral visual cortical areas, and superior The superior parietal lobe is activated (Ng, et al., 2001). Particularly, the
superior parietal lobe plays a significant role in processing various spatial representations of objects (Halari, et al., 2006).
The posterior parietal cortex (PPC) is the region most extensively activated during performance of all visuospatial tasks,
including grasping, pointing, eye movements, and spatial attention (Nieder, 2019). Meanwhile, there are brain regions
where number sense and spatial ability are interconnected. Zhang & Lin (2017) found a correlation between spatial
ability, particularly mental rotation ability, and arithmetic skills. Hubbard et al. (2005) demonstrated that neural circuits
that process information related to number sense and spatial abilities share part of the parietal lobe. The numerical and
spatial networks overlap in the IPS, consistent with the fact that number and space interact, such that when we mentally
recall quantities, we place larger quantities further to the right of the mental number line (Nieder, 2019).

This study collected and analyzed brain activation while performing number sense and mental rotation tasks using
EEG technology. Data collected through an EEG device is amplified electrical activity captured by electrodes attached
to the scalp (Kang et al., 2017), so the source of the signal cannot be accurately determined. Therefore, this study aims to
identify differences in the EEG current sources of participants while performing number sense and mental rotation tasks
using SLORETA method, which calculates the location of the signal source. The research question of this study is as
follows:

What are the differences in EEG current source when performing number sense tasks and mental rotation tasks, or
between each of these tasks?

The aim of this analysis is to derive educational implications for number sense and mental rotation ability, which are
distinct but significant skills in mathematics.

Theoretical Background

Number Sense and Spatial Ability

Mclntosh et al. (1992) defined "number sense" as "a person’s general understanding of number and operations
along with the ability and inclination to use this understanding in flexible ways to make mathematical judgments and
to develop useful strategies for handling numbers and operations (p.3)." They proposed a framework for basic number
sense, identifying three key areas in which number sense plays a crucial role: number concepts, operations with numbers,
and applications of number and operation.

* Number Concepts: This refers to knowledge of and facility with numbers. It encompasses a sense of the orderliness
of numbers, multiple representations for numbers, a sense of relative and absolute magnitude of numbers, and a system
of benchmarks.

¢ Operations with Numbers: This involves knowledge of and facility with operations. It includes understanding the
effect of operations, understanding mathematical properties, and understanding the relationship between operations.

* Applications of Number and Operation: This pertains to applying knowledge of and facility with numbers and
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operations to computational settings. It includes understanding the relationship between problem context and the
necessary computation, awareness that multiple strategies exist, inclination to utilize an efficient representation and/or
method, and inclination to review data and results for sensibility (McIntosh et al., 1992).

Subsequently, this framework was distilled into six key elements as follows: (1) understanding of the meaning and
size of numbers, (2) understanding and use of equivalent representations of numbers, (3) understanding the meaning and
effect of operations, (4) understanding and use of equivalent expressions, (5) flexible computing and counting strategies
for mental computation, written computation, and calculator use, and (6) measurement benchmarks” (Reys et al., 1999, p.
62).

This study focused on the task of using numerical benchmarks and effectively applying knowledge related to number
and operation skills. Numerical benchmarks serve as mental referents when contemplating numbers. Benchmarks are
commonly employed to make judgments about the magnitude of an answer or to facilitate mental rounding for easier
computation of numbers. Proficient use of benchmarks when making decisions related to numbers can also serve as an
indicator of good number sense (Mclntosh et al., 1992). However, Pang (2005) reported difficulties among students in
utilizing benchmark scales. When faced with various problem-solving strategies or computational methods in a given
problem situation, recognizing and applying a particular strategy or method as more efficient than others is indicative
of good number sense (MclIntosh et al., 1992). For instance, in complex arithmetic involving a mix of fractions and
decimals, a strategy of grouping fractions with fractions and decimals with decimals for computation might be a more
effective approach than unifying fractions to decimals or vice versa. However, students accustomed to mechanical
calculations often attempt complex computations using the latter method, leading to computational errors. (Pang, 2005).

Researchers have presented diverse definitions and components regarding spatial ability. This section aims to delve
into theories associated with the mental rotation task utilized in this study, among the various definitions they have
proposed. Yoon (2011) proposed a hierarchical model of spatial ability, integrating factors from Burton & Fogarty
(2003), Tartre (1990), and Ho & Eastman (2005) based on the elements identified in Carroll's (1993) analysis (Fig. 1).
In this model, mental rotation is considered a subcomponent of spatial visualization. Carroll (1993), after conducting
factor analysis and synthesizing findings from various studies, defined spatial visualization as the 'ability in manipulating
visual patterns, as indicated by the level of difficulty and complexity in visual stimulus material that can be handled
successfully, without regard to the speed of task solution (p.362) . Tartre (1990) suggested that mental rotation and
mental transformation are involved in such manipulations. While mental rotation involves manipulating an entire object,

mental transformation is distinguished as manipulating only the partial elements of the object.
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Fig. 1. Hierarchical model of spatial abilities (Yoon, 2011, p. 18)

Types of the Brain Waves

EEG is a method of measuring indirectly through an electric field by attaching conductive electrodes to the scalp
to amplify the electrical activity information that occurs when neurons are activated (Kim, et al., 2017). The raw data
collected through EEG device is a time series function where the horizontal axis represents time and the vertical axis
represents potential, but it is difficult to visually analyze or interpret it. In the analysis of EEG data, fast Fourier transform
(FFT) is frequently used for power spectrum analysis, where the horizontal axis represents frequency and the vertical
axis indicates the magnitude of the corresponding frequencies present. In other words, spectrum analysis considers EEG
signals as linear combinations of specific frequency signals and decomposes these signals into individual frequency
components to calculate their magnitudes (Kim et al., 2017; Kim et al., 2017). Spectrum analysis classifies EEG signals
into delta, theta, alpha, beta, and gamma waves based on the frequency bands. Delta waves, which dominate during
deep sleep (Kim et al., 2017; Kim, 2017), were deemed unnecessary for the analysis in this study, as the research focused
on tasks performed during wakefulness, and therefore were excluded. The characteristics of the other major waves,
excluding delta waves, are as follows.

Theta waves (4~8Hz) are classified as normal and abnormal brain waves depending on the measurement location and
performance factors. Theta waves are primarily manifested in the frontal lobe when performing cognitive tasks, and they
are known to be most active during problem-solving processes and when performing spatial memory tasks (Lee, 2021).
Theta waves originating in the temporal lobe play an important role in facilitating information exchange between the
hippocampus, where memories are temporarily stored, and the cortex, which is the storage area for long-term memories.
Theta waves also occur when encoding and retrieving associative learning, spatial memory, and olfactory memory
(Buzaki, 2002). There are also research results indicating that theta waves are activated in the parietal lobe when closely
observing objects (Kim, 2012). In other studies, it has been reported that as the task difficulty increases, theta wave
activity is heightened in the frontal, temporal, and parietal lobes (Fairclough et al., 2005; Jeong & Yun, 2008; Kim &
Jeong, 2010).
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Alpha waves (8~13Hz) play a role in maintaining relaxation in the brain during leaming activities and assist in the
appearance of beta waves (Choi, 2004). Alpha waves are known to play a direct role in maintaining a state of attention
and enhancing leaming effectiveness during information processing (Jung et al., 2006). Alpha waves originating in the
frontal lobe are associated with the function of comparing and judging the attributes of objects (Kim, 2012; Sousa, 2009),
and they are also related to the performance of complex tasks (Lee, 2021). Alpha waves originating in the temporal lobe
are associated with visual working memory (Kim, 2012), while alpha waves from the parietal lobe are related to the
integration of visual and spatial information (Lee, 2021). Alpha waves are predominantly observed in the occipital lobe
when the eyes are closed, but in an open-eyed state, they appear in the parietal lobe during task performance (Jensen,
2007).

Beta waves (13~30Hz) are widely observed throughout the entire brain when engaging in mental activities that require
concentration (Kim & Choi, 2001) and are also used as an indicator of attention along with theta waves (Ko & Shim,
2012; Park & Goo, 2007). Beta waves originating in the frontal lobe are linked to cognitive tasks, particularly when
evaluating decisions, engaging in logical reasoning, and problem-solving, especially when listening to or delivering
language-based explanations (Lee, 2021). Beta waves tend to be more active in the left frontal lobe than in the right
frontal lobe when concentration improves (Kim & Shim, 2010).

Gamma waves (30-50Hz) increase when performing tasks that require high-level cognitive functions (Fitzgibbon et
al., 2004). Gamma waves originating in the frontal lobe are associated not only with the processing of simple sensory
signals but also with the integration of stimuli into a unified perception of a single object. They are also related to
attention, working memory, and memory recall (Hermann et al., 2004). Research has also shown that gamma waves in
the frontal lobe occur together with theta waves generated in the hippocampus when long-term and short-term memory
operate (O'Keefe & Recce, 1993). Gamma waves originating in the temporal lobe exhibit characteristics related to

previously acquired knowledge (Hwang, 2012; Kang, 2015), and are thus closely associated with memory and learning.

EEG Source Localization

When neurons in the brain receive a stimulus, they generate electrical signals to transmit information to other neurons.
During this process, current changes occur within the neurons due to ion flow. The current generated by individual neurons
is too small to be easily captured by brainwave measuring equipment. EEG, which are the sum of post-synaptic potentials
generated by the simultaneous activation of giant pyramidal neurons arranged vertically in the cerebral cortex, is measurable
because the direction of the current is the same and the size of the current increases in proportion to the number of activated
neurons. EEG is the measurement of the potential difference generated on the surface of the head as the primary currents
originating from current sources inside the head (such as cerebrospinal fluid, skull, scalp layer, etc.) with different electrical
conductivities. This measurement is performed using at least two electrodes (Hallez et al., 2007; Kim et al., 2017; Lee,
2009).

The process of estimating the location of the signal source based on the potential difference measured at the scalp
electrode is referred to as EEG source localization. The process of determining the potential values manifested on the scalp
due to electrical activity within the brain is referred to as the forward problem, while estimating the location of the source

Brain, Digital, & Learning. 2023 Vol. 13 No. 4 592



Comparative Analysis of Brain Activity during Performing Number Sense and Mental Rotational Tasks: An EEG Study Using

based on the actual measured scalp potential values is known as the inverse problem. The forward problem has a unique
solution, while the inverse problem, being mathematically ill-posed, lacks a unique solution. To pinpoint the source of
the signal, this approach involves making specific assumptions regarding factors such as the number of dipoles and their
movements. Subsequently, it applies the forward problem to estimate the signal source's location (Kang et al., 2017; Pascual-
Marqui, 1999).

There are two approaches to solving the inverse problem in EEG: the non-parametric method and the parametric method.
The non-parametric method is referred to as the distributed source model, while the parametric method is known as the
single equivalent current dipole model. The single equivalent current dipole model assumes a small number of dipoles with
unknown positions and orientations and aims to estimate the positions, orientations, and strengths of these dipoles. This
model is better suited for estimating the locations of signal sources that exist in small, localized areas (Kang et al., 2017; Kim
etal., 2006; Michel et al., 2004).

Low resolution electromagnetic tomography (LORETA) employs a distributed source model. The distributed source
model involves dividing the brain volume into a three-dimensional grid of fixed-size elements, representing all possible
source locations, and assumes that dipoles are distributed at each grid point with fixed positions. It aims to estimate the
strengths of these dipoles. The distributed source model, unlike the single equivalent current dipole model, does not require
a priori assumptions about the number of signal sources, is not affected by the reference electrode, and offers the advantage
of obtaining three-dimensional functional imaging. Consequently, it is widely used in solving inverse problems. However,
it has the disadvantage of long computation times and low spatial resolution because it cannot accurately determine the
precise location and direction of dipoles (Kang et al., 2017; Kim et al., 2006; Michel et al., 2004).

LORETA, which utilizes the distributed source model, applies a smoothing technique to find the sources of recorded
potentials on the scalp, assuming that neighboring neurons are activated and synchronized simultaneously (Pascual-Marqui
et al., 1994). Smoothing is a technique used to process data by removing noise, fine fluctuations, or discontinuities, thus
allowing for the identification of significant patterns within the data. This technique, commonly employed in the fields of
signal processing and image processing, is employed in LORETA to determine the most physiologically meaningful and
optimal three-dimensional distribution of brain electrical activity (Pascual-Marqui, 1994; Simonoff, 1996; Titterington,
1985). LORETA has been shown to have high accuracy in localizing brainwave sources in simulation experiments, but it
has been criticized for its low spatial resolution. In fact, the mitial version of LORETA used a three-dimensional grid with
13mm spacing, which was not suitable for adequately reflecting the connectivity of neighboring neurons. Furthermore, the
images produced by LORETA can appear somewhat blurry and may produce inappropriate results by localizing regions
that are spatially adjacent but functionally disconnected, such as the medial frontal region on both sides (Kang et al., 2017).

Standardized Low Resolution Electromagnetic Tomography (SLORETA)

LORETA exhibits significant accuracy in estimating current sources, but it has limitations that generate localization
errors. SLORETA assumes that the distribution of current density includes not only noise from EEG measurements
but also biological variations from actual sources of signals. While LORETA uses the Laplacian operator, SLORETA
employs statistical nonparametric mapping (SnPM), making it a different concept of localization model compared
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to LORETA. sLORETA estimates the current density, then normalizes this estimate using the variance and infers
localization based on this normalized value. SLORETA has demonstrated through simulation experiments that, in the
absence of noise, it achieves zero-error localization for single source origins (Kang et al., 2017; Pascual-Marqui, 2002;
Pascual-Marqui, 2009).

sLORETA performs calculations using a realistic head model and estimates the source locations using the MNI152
template for visualization. MNI is standardized by the Brain Imaging Center at the Montreal Neurological Institute
and is a scan of the brain volume with a spatial resolution of 5 mm. In SLORETA, the cerebral cortex is divided into
6,239 voxels, each measuring 5 X 5 X 5 mm. sSLORETA primarily generates MNI coordinate values, but it also offers
transformed values into Talairach coordinates, which provide a more detailed description of the Brodmann Area (BA)
(Brett et al., 2001; Pascual-Marqui, 2002). In 1909, Brodmann classified brain regions based on characteristics such as
shape, cellular layers, and density of brain cells. He represented each of these regions numerically, and these numerical
representations are what we now refer to as Brodmann areas (Slotmick, 2021).

sLORETA provides SnPM as a statistical analysis method to test voxel-to-voxel differences. SnPM is based on the
permutation test, which is one of the nonparametric testing methods. The permutation test has the advantage that it does
not depend too much on the sampling method and can be used even if the distribution does not satisfy normality(Nichols
& Holmes, 2001). The SnPM applied in SLORETA operates as follows: A new group is formed by randomly shuffling
the components of the original group, ensuring that the new group includes more than half of the original group's
components for comparison across different frequency bands. After that, the process of comparing voxel-to-voxel is
repeated a specified number of times (default value is 5,000) for the 6,239 voxels. During each iteration, the largest
t-value calculated is stored. Then, a critical value is selected from the upper a X 100% of the t-value distribution to
ensure that the -value is below the significance level (Kim & Jin, 2005).

Methodology

Participants

Twenty adults, consisting of 10 men and 10 women (M=21.1, SD=1.45), who were attending a 4-year university in
Gyeongsangnam-do, participated as subjects in this study. Through a preliminary investigation, all research participants
were identified as right-handed, and none had any cognitive history affecting brainwaves. They also did not exhibit any
cognitive symptoms, such as dyslexia or dyscalculia, which would hinder their performance in the tasks used in this
study. Before starting the experiment, they were informed about the purpose of the experiment and the non-invasive
nature of the brainwave measurement process, ensuring that there would be no aftereffects on their bodies. After
signing the informed consent form, they proceeded with the experiment. EEG measurements were conducted after the
participants had entered the laboratory and had an adequate period of rest. Additionally, if any abnormal symptoms
occurred after participating in the experiment, they were instructed to contact the experiment coordinator. This study was
approved by the Korea National Institute for Bioethics Policy IRB (approval No. P01-201804-11-001).
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Instruments

This study employed two types of tasks: number sense tasks and mental rotation ability tasks. The study selected three
items from those presented by Pang (2005) that corresponded to the number sense elements of utilization of benchmarks
and adequate utilization of knowledge. These three items are listed in Table 1, and each item was coded as NS1, NS2,
and NS3, respectively.

Table 1. Number sense tasks
Number sense component Evaluation details Task
Utilization of benchmarks Arrangement of decimalsand ~ NS1. Without directly calculating them, find the largest and the

fractions using a benchmark ~ smallest numbers from the following:

9 20 19 15 1

Adequate utilization of knowledge Mixed calculation of mixed ~ NS2. Calculate the following:
fractions and decimals 4i_|_ 13.6+ 7£_ 7.0+4.3
4

Selecting adequate numbers to make NS3. Are their four numbers that can be multiplied, each number
a certain number being used only once, to produce 4335? If so, choose those

number, and if not, explain why.
14 10 8 1528 4 95 12 2

As the mental rotation ability tasks, three questions were selected from the Revised Purdue Spatial Visualization
tests: Visualization of Rotations (revised PSVT:R) (Yoon, 2011). This test is an evaluation tool that focuses on mental
rotation ability among the components of spatial ability. In particular, it measures spatial visualization ability for mental
rotation of three-dimensional objects. It has been used worldwide for over 30 years to investigate the relationship
between students' academic achievement and their spatial abilities in the fields of science, technology, engineering, and
mathematics (Guay, 1976; Yoon, 2011). The internal consistency reliability of the Korean version of PSVT:R used in this
study was Cronbach's a.= 0.862, and the result of confirmatory factor analysis indicated that PSVT:R had good validity.
In this experiment, three items with varying difficulty levels from the total of 30 items in the PSVT:R were selected. The
selected items for this study were Item 1, Item 12, and Item 22, with item difficulty levels of 0.827, 0.609, and 0.428,
respectively. For convenience in this study, these items were coded and named as SP1, SP2, and SP3, corresponding to
Item 1, Item 12, and Ttem 22 (Park, 2012; Yoon, 2011).

Procedure

This study was conducted through the following processes: 1) selection of task items, 2) preliminary EEG
measurement experiment, 3) main EEG measurement experiment, 4) artifact removal of EEG data, and 5) SLORETA
analysis. Prior to the main experiment, a pilot experiment was conducted once, and the research procedure was modified
based on this. In this study, the researcher first measured baseline EEG in a resting state, then recorded EEG while
solving number sense tasks. Subsequently, EEG were recorded while participants were solving mental rotation ability
tasks.
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Since the tasks required participants to keep their eyes open while solving them, resting-state EEG data with eyes open
were collected and used as a reference for comparison with the EEG recorded during task performance. This approach
aims to prevent the potential increase in alpha waves that can occur with eyes closed. The task presentation paradigm is
illustrated in Fig.2.

» Baseline EEG measurement in a resting state with eyes open (participants gaze at a "+" sign on the computer screen
for 60 seconds).

* EEG recording during the performance of three number sense tasks (each task lasting 60 seconds).

* Approximately 5 minutes of rest for participants before the mental rotation ability tasks to allow for the dissipation of
any lingering brain wave effects from the number sense tasks.

* EEG recording during the performance of mental rotation ability tasks (following a similar process to the number

sense tasks).
Number sense tasks Mental rotation tasks
[+ ]p[Nst]o{Ns2 | o Ns3 |- [MR1]-{MR2]| {MR3 ] {»End
v v v 5 60s M 60s M 60 M
rest 605 Telling 605 Telling 0% Telling |minute Telling ™ Telling *“*Telling
state the the the break the the the
60s answer  answer  answer answer  answer  answer
Fig. 2. Task presentation paradigm
Procedure

The EEG measurement device used in this study was Bios-S24, and using Bios single (Biobrain Co., Daejeon, Korea)
software, brain waves were collected by classifying 10 important brain regions into each channel. The electrodes that
were attached to the selected ten regions were placed using a conductive gel for safe electrode application, following
the 10-20 international standard electrode placement method, on the locations of the prefrontal lobes (Fp1, Fp2), frontal
lobes (F3, F4), temporal lobes (T3, T4), parietal lobes (P3, P4), and occipital lobes (O1, O2). Additionally, the reference
electrode was attached behind the right ear and the ground electrode was attached to the back of the neck (Fig. 3).

Fig. 3. 10-20 Electrode Placement Method (Jasper, 1958, p. 374)
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The sampling rate was 250Hz, and 60Hz was used as a notch filter to remove commercial AC noise caused by AC
induction. The collected EEG signal data was preprocessed to remove artifacts using the analysis program Telescan
(Laxtha Inc., Dagjeon, Korea). The data with artifacts removed were processed using SLORETA software to analyze the
sources of statistically significant brain activity between tasks.

The software used for the localization of EEG signal sources in this study was LORETA-KEY, free academic
software provided by the KEY Institute for Brain-Mind Research; https://www.uzh.ch/keyinst/loreta. The frequency
bands used in the SLORETA analysis for this study are theta (4-7.9Hz), alpha (8-12.9Hz), beta (13-29.9Hz), and gamma
(30-50Hz). The sSLORETA analysis procedure included creating text files in .slor format for each subject's EEG raw data
and then performing a paired group t-test (A-A2=B-B2), where A2 and B2 represented the eyes-opened resting state.
A paired-samples t-test rather than an independent sample t-test was conducted, because the purpose was to determine
differences in brain activation when performing two paired tasks for the same subject. Differences between voxel to
voxel in all frequency bands were tested using the SnPM method. Under the null hypothesis that there is no difference
in brain activation between two paired tasks, this method involved randomly creating new groups by mixing more
than half of the original comparison group members, calculating t-values for the mean differences between the two
groups. This process was repeated 5000 times, and voxels with t-values exceeding the threshold for were considered
as neurophysiological current source generators with statistically significant differences in brain activity between the
two groups. In this study, t-values were calculated for log-transformed data to ensure better normality by reducing
data dispersion (Curran-Everett, 2018). This process was repeated 5000 times, and voxels with t-values exceeding
the threshold for p<0.05were considered as neurophysiological current source generators with statistically significant

differences in brain activity between the two groups (Kim & Jin, 2005).

Results and Discussions

Out of a total of 6 tasks (3 number sense tasks NS1, 2, 3, and 3 mental rotation ability tasks SP1, 2, 3), when paired
together for SLORETA analysis, statistically significant differences in brain activation were observed only in NS1-NS2
and SP2-SP3.

NS1-NS2

The critical values for the significance probabilities obtained from the statistical analysis of NS1-NS2 using the
sLORETA are shown in Table 2.

Table 2. Critical values for each p-value (NS1-NS2)

-value
hypothesis test P %(0.01) 1(0.05) 1(0.10) ExtremeP
one-tailed (A>B) 3.860 3.327 3.051 0.678
one-tailed (A<B) -3.834 -3.342 -3.075 0.001
two-tailed (A<>B) 4.052 3.566 3331 0.002
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The present study aims to investigate whether there are differences in brain activation during the performance of two
types of tasks. Therefore, the alternative hypothesis was formulated as the two-tailed hypothesis, stating that there is
a difference in brain activation when performing NS1 and NS2 tasks, with a significance level set at 0.05. The critical
value was t=3.566, and the extreme p-value was p=0.002. Under the null hypothesis that ‘there is no difference in
brain activity between NS1 and NS2,' if a value exceeding the threshold is observed at the p<0.05 in any of the 5,000
randomization processes, the null hypothesis is rejected. In other words, voxels in the Talairach space with t-values
exceeding the critical values at p<0.05 are considered as sources of current signal with statistically significant differences.
The analysis of NS1-NS2 results for each frequency band, comparing the absolute values of maxLLOR to the threshold of
3.566, yielded the following results: theta max[LOR=4.444, alpha max[LOR=4.135, beta maxLOR=4.109, and gamma
maxLLOR=3.080. This confirms that the theta, alpha, and beta frequency bands exhibit statistically significant differences

in brain activation.

Theta (4~7.9Hz)

The sSLORETA statistical test results for NS1-NS2 showed that theta maxLOR=4.444, which is greater than the critical
value 3.566, indicating a significant difference in the theta frequency band. With a significance level of 0.05 and a critical
value of 3.566, a total of 284 voxels were found to be statistically significant, mainly located in the right brain. The
detailed information about the brain regions that exhibited significant differences between the performance of NS1 and
NS2 in the theta frequency band is shown in Table 3. Table 3 presents representative information about the regions that
exhibit the most significant differences among those showing significant differences.

Table 3. The results of difference in brain activity between NS1 and NS2 (theta) (*the number in brackets

means the total number of voxels in which the structure appears)(R: right, L: left)
MNI Coordinates

X % 7 Voxel Value Brodmann area Lobe Structure™®

40 10 -10 -4444 13(R) Sub-lobar Extra-Nuclear (6)

35 15 -5 4431 13(R) Sub-lobar Insula (24)

40 15 -10 -4.360 47(R) Frontal Lobe Inferior Frontal Gyrus (105)
45 10 -10 -4.359 38(R) Temporal Lobe  Superior Temporal Gyrus (45)
55 10 -20 -4.158 21(R) Temporal Lobe ~ Middle Temporal Gyrus (14)
15 40 15 -4.031 32(R) Limbic Lobe Anterior Cingulate (3)

25 50 40 -3.993 9R) Frontal Lobe Superior Frontal Gyrus (28)
30 45 40 -3.970 9R) Frontal Lobe Middle Frontal Gyrus (51)
50 15 10 -3.768 44(R) Frontal Lobe Precentral Gyrus (6)

30 5 -20 -3.591 34(R) Limbic Lobe Parahippocampal Gyrus (1)
40 -5 -10 -3.567 21(R) Temporal Lobe Sub-Gyral (1)

Fig.4 depicts the location of the theta wave generation signal source where significant differences between the two
tasks appear. The area with the most significant difference in activation between two tasks was the extra-nuclear (BA13)
of the sub-lobar area of the right brain.
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Fig. 4. The areas showing difference in brain activity between NS1 and NS2 (theta)

Theta waves originating in the frontal lobe are associated with performing cognitive tasks, while theta waves
originating in the temporal lobe are related to memory processing (Buzaki, 2002; Lee, 2021). It is known that the higher
the difficulty of the task, the higher the theta activity in the frontal, temporal, and parietal lobes ( Fairclough et al., 2005;
Jeong & Yun, 2008; Kim & Jeong, 2010). In this study, higher brain activation was observed in the inferior frontal gyrus,
superior temporal gyrus, middle temporal gyrus, superior frontal gyrus, and middle frontal gyrus, which belong to the
frontal and temporal lobe areas, during NS1 performance. This can be interpreted as indicating that NS2 was more
difficult compared to NS1, consistent with previous research findings.

The insula, located in the sub-lobar region, is an area involved in perceiving emotions. Although the functions of the
insula are not fully understood, one consistent aspect often reported in relation to cognitive functions is that the insula is
involved in the detection of new stimuli across sensory modalities (Uddin et al., 2017). Based on these research findings,
it can be interpreted that NS2 was perceived as more novel stimuli by the participants compared to NSI.

Alpha (8~12.9Hz)

In the alpha frequency band, there were significant differences between NS1 and NS2 performance, with a total of 318
voxels in the right brain. The detailed information about the brain regions showing significant differences between two
tasks in the alpha frequency band is provided in Table 4.

Fig.5 depicts the location of the alpha wave generation signal source where significant differences between the two
tasks appear. The area with the most significant difference in activation between two tasks was the right inferior frontal
gyrus (BA47) of the frontal lobe.

Alpha waves typically appear prominently in the posterior regions of the brain, but alpha waves observed in the
anterior areas are associated with inner states such as meditation, tranquility, and serenity (Kim et al., 2017). In the
context of emotions, there are findings suggesting that left brain's middle frontal area's alpha wave dominance is linked to
positive emotions, while right brain's alpha wave dominance is associated with negative emotions (Chung, 2007; Chung

& Yoon, 2008). In this study, the increased activation of alpha waves in the right brain, especially in the inferior and

Brain, Digital, & Learning. 2023 Vol. 13 No. 4 599



Kim

middle frontal regions, during NS2 performance compared to NS1 suggests the emergence of more negative emotions
during NS2 tasks. With a correct answer rate of 95% for NS1 and only 15% for NS2, it can be inferred that participants
found NS2 to be more challenging, potentially leading to negative emotions.

Table 4. The results of difference in brain activity between NS1 and NS2 (alpha)

MNI Coordinates

Voxel Value Brodmann area Lobe Structure
X Y Z
45 15 -5 4135 47(R) Frontal Lobe Inferior Frontal Gyrus (116)
50 15 -5 4.126 22(R) Temporal Lobe Superior Temporal Gyrus (43)
40 15 -5 4.125 47(R) Sub-lobar Insula (27)
35 20 0 -4.095 47(R) Sub-lobar Extra-Nuclear (6)
35 40 15 4,024 10(R) Frontal Lobe Middle Frontal Gyrus (70)
35 50 25 4.015 10(R) Frontal Lobe Superior Frontal Gyrus (32)
20 40 15 -3.923 32(R) Limbic Lobe Anterior Cingulate (4)
55 15 10 -3.922 44R) Frontal Lobe Precentral Gyrus (12)
60 5 -10 -3.921 21(R) Temporal Lobe Middle Temporal Gyrus (8)
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Fig. 5. The areas showing difference in brain activity between NS1 and NS2 (alpha)

The right inferior frontal gyrus, which showed the most significant difference in alpha activation in this study, is
known to be associated with various cognitive functions, including social cognition, language, attention, motor inhibition,
and mental imagery. Additionally, it is known to be involved in risk avoidance during decision-making related to risk
(Christopoulos et al., 2009). Research findings also indicate that the right inferior frontal gyrus plays an important role
in the process of response inhibition, which involves intentionally delaying habitual or dominant responses (Hamsphire
et al,, 2010). Study attempting to functionally differentiate the right inferior frontal gyrus has reported that the posterior
inferior frontal gyrus is associated with behavioral inhibition and execution, while the anterior inferior frontal gyrus is
associated with reasoning and social cognitive processes (Hartwigsen et al., 2019).

Alpha waves are related to inhibition; an increase in alpha reflects inhibition and a decrease in alpha reflects release
from inhibition. Specifically, it is known that human brains become more aroused when retrieving semantically well-

integrated information compared to retrieving less integrated information. Inhibitory alpha wave activity is related to
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attention during information processing. In other words, for tasks that require focused attention, alpha waves enhance
and sharpen that attention while blocking out distractions from tasks outside of the focused activity (Klimesch, 2012).
The results of this study, showing an increase in alpha wave activity in the inferior frontal gyrus during NS2 performance
compared to NS1, suggest that participants' brain activity was more active in inhibitory functions during NS2 tasks. This

can be interpreted as indicating a greater focus on selective attention in the NS2 task.

Beta (13~29.9Hz)

In the beta frequency band, there were significant differences between NS1 and NS2 performance, with a total of 303
voxels in the right brain. The detailed information about the brain regions showing significant differences between two
tasks in the beta frequency band is provided in Table 5.

Table 5. The results of difference in brain activity between NS1 and NS2 (beta)

MNI Coordinates
X Y 7 Voxel Value Brodmann area Lobe Structure
50 45 10 -4.109 46(R) Frontal Lobe Middle Frontal Gyrus (111)
45 40 10 -4.072 46(R) Frontal Lobe Inferior Frontal Gyrus (111)
40 50 25 -4.072 10(R) Frontal Lobe Superior Frontal Gyrus (41)
20 45 10 -3.902 32(R) Limbic Lobe Anterior Cingulate (14)
45 20 -15 -3.877 38(R) Temporal Lobe Superior Temporal Gyrus (15)
30 25 0 -3.855 13(R) Sub-lobar Insula (7)
30 20 -10 -3.756 47(R) Frontal Lobe Extra-Nuclear (3)
20 30 25 -3.596 47(R) Frontal Lobe Orbital Gyrus (1)

Fig.6 depicts the location of the beta wave generation signal source where significant differences between the two
tasks appear. The area with the most significant difference in activation between two tasks was the right middle frontal

gyrus (BA46) of the frontal lobe.
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Fig. 6. The areas showing difference in brain activity between NS1 and NS2 (beta)
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Beta waves observed in the frontal lobe are predominantly active during cognitive tasks, particularly when evaluating
or making decisions about stimuli. The level of beta wave activity is related to the level of activity or stimulation of the
cortical area, so excessively generated beta waves indicate cortical overactivity or overstimulation (Kim et al., 2017).
Thus, increased activation of beta waves in the frontal lobe, especially the right middle frontal gyrus, during the NS2 task
compared to NS1 suggests a higher level of cortical activity during the more challenging NS2 task.

Beta waves are a widely distributed brainwave pattern that occurs throughout the brain during mentally demanding
activities (Kim & Choi, 2001). They are also used as an indicator of attention, often in conjunction with theta waves (Ko
& Shim, 2012; Park & Goo, 2007). Beta waves observed in the frontal lobe are associated with performing cognitive
tasks that involve evaluation, decision-making, logical reasoning, problem-solving, and listening to or speaking
language-based explanations (Lee, 2021). Furthermore, when concentration improves, there is a tendency for greater
activation in the left frontal lobe than in the right frontal lobe (Kim & Shim, 2010).

SP2-SP3

The critical values for the significance probabilities obtained from the statistical analysis of tasks SP2-SP3 using
sLORETA are shown in Table 6.

Table 6 . Critical values for each p-value (Sp2-Sp3)

p-value

hypothests #(0.01) #(0.05) (0.10) ExtremeP
one-tailed (A>B) 3253 2.834 2.609 0.909
one-tailed (A<B) -3.288 -2.864 2614 0016
two-tailed (A< >B) 3420 3.059 2.850 0.034

The analysis of the difference in brain activation between SP2 and SP3 was conducted with a significance level of 0.05.
The alternative hypothesis was set as the presence of a difference in brain activation when performing SP2 and SP3
tasks. The critical value was t=3.059, and the extreme p-value was calculated as p=0.034. To evaluate differences in
brain activation by frequency band, the absolute values of maxLOR from the SP2-SP3 analysis results were compared
to the critical value of 3.059 for statistical significance. With theta maxLOR=2.3432, alpha maxLOR=2.2100, beta
maxLOR=2.6377, and gamma maxLLOR=3.1537, it can be observed that only in the gamma frequency band, the
maxLOR value exceeded the threshold, indicating a statistically significant difference.

A total of two voxels exhibited significant differences in brain activity in the gamma band during the SP2-SP3 tasks, and
the details are provided in Table 7.

Table 7. The results of difference in brain activity between SP2 and SP3 (Gamma)

MNI Coordinates
Voxel Value Brodmann area Lobe Structure
X Y Z
5 35 20 -3.154 32(R) Limbic Lobe Anterior Cingulate Gyrus
55 30 -3.093 9R) Frontal Lobe Superior Frontal Gyrus
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Fig. 7 depicts the locations of the sources of significant differences in gamma wave generation signals between the two

tasks. The area where the most significant difference in activation was observed during the performance of both tasks is
the right anterior cingulate (BA32).
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Fig. 7. The areas showing difference in brain activity between SP2 and SP3 (gamma)

Gamma waves are relatively high-frequency oscillations and their generation is associated with tasks requiring
higher-order cognitive functions such as reasoning and judgment. They also increase during emotionally aroused states,
particularly more prominently in the frontal lobes (Fitzgibbon et al., 2004; Young & Taylor, 1998; Freeman et al., 2003).
The findings suggesting increased gamma wave activity in the superior frontal gyrus during the performance of task SP3
compared to task SP2 indicate that SP3 may involve more complex cognitive processes.

The anterior cingulate gyrus is responsible for concentration of attention according to goal setting, working memory
such as monitoring, and is involved in higher-order thinking and problem solving (Kim, 2013). The anterior cingulate
gyrus is associated with a wide range of cognitive activities, including attentional processes that elicit emotional
responses (Posner & Petersen, 1990; Bush et al., 2000), decision-making related to rewards (Botvinick et al., 2004), error
detection (Jessup et al., 2010), and behavioral response selection and inhibition (Paus, 2001). The significant activation
difference in the anterior cingulate gyrus area during SP3 compared to SP2 can be interpreted as SP3 requiring greater
attention and a higher working memory load than SP2.

Discussions

The EEG frequency bands that exhibited differences between NS1 and NS2 performances were theta, alpha, and
beta. The regions where differences were observed in the theta band, sorted by frequency, are as follows: inferior frontal
gyrus, middle frontal gyrus, superior temporal gyrus, superior frontal gyrus, insula, middle temporal gyrus, extra-nuclear,
precentral gyrus, anterior cingulate, parahippocampal gyrus, sub-gyral. In the alpha band, the areas showing differences,
ranked by frequency, are: inferior frontal gyrus, middle frontal gyrus, superior temporal gyrus, superior frontal gyrus,
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insula, precentral gyrus, middle temporal gyrus, extra-nuclear, anterior cingulate. Finally, in the beta band, the regions
with differences, listed by frequency, are: middle frontal gyrus, inferior frontal gyrus, superior frontal gyrus, superior
temporal gyrus, anterior cingulate, insula, extra-nuclear, orbital gyrus.

Some Research findings indicate that the activation of the right middle frontal gyrus and inferior frontal gyrus
increases with the complexity of the task. This is attributed to the heightened cognitive demands such as working
memory, sustained attention, and planning as tasks become more complex, and these cognitive processes are associated
with the prefrontal cortex (Fehr et al., 2007; Soltanlou et al., 2017). NS1 involves numerical magnitude comparison,
while NS2 deals with addition and subtraction operations. Hawes et al. (2019) reported differences in brain activation
between symbolic number processing and arithmetic. Since their study primarily synthesized results for whole numbers,
variations may exist compared to the results of our study involving fraction-based tasks. However, considering the
potential for similar phenomena in a broader number system, further research is needed to explore the differences in
brain activation between the comparison and manipulation of rational numbers, not limited to whole numbers.

The EEG frequency band that exhibited differences during the performance of SP2 and SP3 was the gamma band,
and the brain regions involved were the anterior cingulate gyrus and superior frontal gyrus. SP2 requires a 180-degree
rotation in the x-axis direction, while SP3 involves a 90-degree rotation in the positive y-axis direction followed by a
90-degree rotation in the negative z-axis direction. According to Nikolaev & Anokhin (1998), the angle difference of
presented shapes for mental rotation not only affects EEG rhythms but also influences the level of cortical activation.
Based on such research findings, the difference in rotation angles between SP2 and SP3 can be interpreted as influencing
brain activity. The observed difference between SP2 and SP3 occurred in the gamma band, and previous studies have
suggested a relationship between decreased gamma band activity and cognitive processing (Hirata et al., 2004; Lachaux
et al., 2008; Thomas et al., 2013). Therefore, it can be inferred that the difference in cognitive processing during the
performance of these tasks influenced the activation in the gamma band. Subsequent research is needed to explore the
specific characteristics of the tasks contributing to this difference in cognitive processing.

In this study, there were no significant differences observed in the performance of number sense tasks and mental
rotation tasks. This could be interpreted as indicating no differences because the brain regions involved in handling
numbers and those involved in spatial processing are interconnected. Hawes et al. (2019) conducted an fMRI meta-
analysis on symbolic number processing, arithmetic, and mental rotation. They introduced two theories to explain the
neural overlap phenomenon in number, arithmetic, and mental rotation tasks. One is the 'general magnitude theory,'
which argues that all three types of tasks involve comparisons and judgments related to magnitude (Walsh, 2003). The
other is the 'neuronal recycling hypothesis,' suggesting that specific brain regions or circuits are not newly formed to
handle particular functions, but rather existing brain circuits take charge of handling new functions. In other words, when
performing number and arithmetic tasks, spatial and motor-related brain circuits are recycled (Dehaene & Cohen, 2007).
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Conclusions and Implications

This study aimed to elucidate the changes in the sources of brain wave currents during the performance of a set of
number sense tasks and mental rotation ability tasks using EEG through sSLORETA. The research results revealed
through SLORETA analysis are summarized as follows. The tasks pairs with statistically significant differences were
NS1 and NS2, as well as SP2 and SP3. First, differences in activation were observed between NS1 and NS2 in the
theta, alpha, and beta frequency bands. In the theta frequency band, the brain regions that showed differences were the
right extra-nuclear, insula, inferior frontal gyrus, superior temporal gyrus, middle temporal gyrus, anterior cingulate
gyrus, superior frontal gyrus, and middle frontal gyrus. According to previous research, theta waves occurring in the
frontal and temporal lobes are related to cognitive task performance and memory processing (Buzaki, 2002; Lee, 2021),
and theta wave activity is high in these areas depending on the difficulty of the task (Fairclough et al., 2005; Jeong &
Yun, 2008; Kim & Jeong, 2010). Based on these results, it can be interpreted that NS2 had a higher level of difficulty a
more challenging cognitive task performance than NS1. The brain regions where differences in activation in the alpha
band were observed between NS1 and NS2 were the inferior frontal gyrus, superior temporal gyrus, insula, extra-
nuclear, middle frontal gyrus, superior frontal gyrus, and anterior cingulate in the right brain. Based on previous research
indicating that alpha waves in the front part of the brain are associated with internal states (Kim et al., 2017) and that
right hemisphere alpha dominance is linked to negative emotions (Chung, 2007; Chung & Yoon, 2008), the findings of
this study suggest that NS2, compared to NS1, may have been influenced by negative emotions such as the difficulty of
the task. The brain regions that showed activation differences in the beta band between NS1 and NS2 were the middle
frontal gyrus, inferior frontal gyrus, superior frontal gyrus, anterior cingulate, superior temporal gyrus, insula, and extra-
nuclear of the right brain. Based on previous research indicating that beta waves originating in the frontal lobe are
activated during cognitive tasks related to decision-making, logical reasoning, and problem-solving (Lee, 2021), it can
be interpreted that NS2, compared to NS1, was a task that required higher-order cognitive performance.

Next, SP2 and PS3 showed differences in activation only in the gamma band, and the regions were the anterior
cingulate and superior frontal gyrus. Gamma waves are known to be activated during higher-order cognitive functions,
especially gamma waves originating in the frontal lobe are associated with intense emotions (Fitzgibbon et al., 2004;
Freeman et al., 2003; Young & Taylor, 1998). The difficulty levels for the three items were 0.827, 0.609, and 0.428,
respectively, indicating that SP3 was the most difficult item. From this perspective, in the current study, participants
exhibited higher levels of anxiety while performing SP3, which may be related to the task difficulty. Based on previous
research suggesting that the anterior cingulate is involved in working memory, attention, and higher-order thinking (Kim,
2013), it can be interpreted that SP3, compared to SP2, required higher working memory load, greater attention, and
more cognitive activity.

While designing this study, it was anticipated that there might be differences in the EEG signals when performing a
number sense task and a mental rotation task. However, in reality, there were no statistically significant differences in
the signals between the number sense task and mental rotation task. Instead, differences were observed between tasks
within each area. Here are some plausible reasons why this happened: Several studies have shown that number sense

and spatial abilities are interconnected. Some neural circuits in the parietal lobe overlap when processing number sense
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and spatial abilities (Hubbard et al., 2005). Dehaene et al. (1993) conducted a test where participants were presented with
numbers from 1 to 10 and were asked to classify whether each number was even or odd by pressing one of two keys.
‘When responding using the left side, the response was to small numbers such as 1 or 2. was faster, and when responding
to the right, it was discovered that the response to large numbers was faster. They named the result indicating that spatial
orientation influences response times for numbers the Spatial-Numerical Association of Response Codes effect (SNARC
effect). So when we think about numbers, we assume the formation of a mental number line, which we use to compare
the magnitudes of two numbers. In cultures that read from left to right, it is assumed that smaller numbers are placed to
the left on the mental number line, and larger numbers to the right (Nieder, 2019). As number sense and spatial abilities
share neural circuits, there might not have been differences in brain activation when performing tasks of these two types.

After considering the limitations uncovered by this study, the proposed follow-up research is as follows. Firstly, both
tasks in which differences were observed in number sense are related to the area of fractions and decimals. The first
task involves comparing the sizes of fractions and decimals, while the second task deals with addition and subtraction
of fractions and decimals. The difference in the mathematical content being addressed could have influenced the brain
activation patterns. However, this is speculative, and to substantiate this, further research is needed to identify which
brain areas are activated when performing fraction and decimal size comparisons and calculations. Furthermore, while
the present study did not reveal differences in brain activation between tasks using fractions/decimals and tasks using
whole numbers, further research is necessary to investigate which brain regions are activated when processing whole
numbers compared to fractions/decimals. It is also crucial to identify the areas that are commonly activated and those
that show differences. Secondly, the mental rotation task employed three items with varying levels of difficulty, but
interestingly, no statistically significant differences in cognitive activity were observed, particularly between the tasks
with a larger difficulty gap, such as SP1 and SP3. One possible explanation for these results could be differences in
problem-solving strategies. According to the problem-solving strategy presented by Yoon (2011), SP1 requires a 90°
rotation in the positive x-axis direction, while SP2 requires a 180° rotation in the x-axis direction. SP3 must rotate 90° in
the positive y-axis direction and then 90° in the negative z-axis direction, or rotate 90° in the positive z-axis direction
and then rotate 90° in the negative y-axis direction. Further research is needed to understand how these differences in
problem-solving strategies impact cognitive activity in the brain.

The significance of this study lies in its attempt to apply EEG and the SLORETA technology commonly used in
neuroscience to the field of mathematics education. It aimed to understand the relationship between brain activity while
performing mathematical tasks, such as number sense and mental rotation abilities. Learning mathematics involves
more than just calculations; it requires higher-order cognitive activities such as problem-solving skills and mathematical
reasoning. Each student comes with varying levels of prior knowledge and understanding, and the differences in learning
approaches can result in variations in mathematical task performance outcomes. The SLORETA analysis technique
allows us to analyze how students' brains are activated during solving mathematical tasks or problems. Based on the
information obtained from these analyses, we can determine which types of mathematical activities are more suitable
for students' brain activity and identify approaches that can maximize learning outcomes. This enables the planning

of individualized mathematics learning activities for students. In particular, by identifying common brain activation
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patterns in students when learning specific concepts, it is expected that cognitive neuroscientific approaches can provide
assistance to students experiencing mathematical difficulties related to those concepts. Therefore, research in the field
of mathematics education that utilizes EEG and sSLORETA is expected to provide a deeper understanding of students'

cognitive learning, mathematical reasoning, and mathematics learning theory.
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