Pre prints.org

Article Not peer-reviewed version

Associations Between P300 Latency
and Reaction Time on Event-Related
Potentials in Children with Varying
Levels of Fluid Intelligence

Nikolaos C. Zygouris i , Irini Dermitzaki , Panayiotis Patrikelis , Lambros Messinis , Eugenia I. Toki

Posted Date: 11 March 2025
doi: 10.20944/preprints202501.1746.v2

Keywords: Raven Standard Progressive Matrices; intelligence; Highly intelligent children; P300 latency;
reaction time; neural efficiency hypothesis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/1921225
https://sciprofiles.com/profile/4036663
https://sciprofiles.com/profile/1622412
https://sciprofiles.com/profile/2745180

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2025 d0i:10.20944/preprints202501.1746.v2

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Associations Between P300 Latency and Reaction
Time on Event-Related Potentials in Children with
Varying Levels of Fluid Intelligence

Nikolaos C. Zygouris »*, Irini Dermitzaki 2, Panayiotis Patrikelis 3, Lambros Messinis 3
and Eugenia I. Toki ¢

! Laboratory of Digital Neuropsychological Assessment, Department of Informatics and Telecommunications,
University of Thessaly, Lamia, Greece

2 Department of Early Childhood Education, University of Thessaly, Volos, Greece

3 Laboratory of Neuropsychology and Behavioural Neuroscience, School of Psychology, Aristotle University
of Thessaloniki, Thessaloniki, Greece

4 Department of Speech and Language Therapy, School of Health Sciences, University of Ioannina, Greece

* Correspondence: nzygouris@uth.gr

Abstract: Exploring cognitive abilities is necessary in educational contexts, where such insights shape
decisions about student placement and teaching methods. Traditionally, educational assessments
have been leaned on academic performance to guide decisions related to grading and student
placement. This study examines the relationships among specific neuropsychological measures,
namely the Event Related Potentials (ERPs), P300 waveform, reaction time, and fluid intelligence in
children. Raven’s Standard Progressive Matrices (RSPM) was utilized to assess intelligence levels.
Based on their RSPM scores, participants were grouped into two categories: those with "high mental
abilities" and those with "average mental abilities." It was hypothesized that children with higher
RSPM scores might display reduced P300 latencies and quicker reaction times, potentially reflecting
greater neural efficiency. Electrophysiological data collected using ERPs, focusing on the P300
component. The results suggest a possible association between higher intelligence scores and shorter
P300 latencies and quicker reaction times, which could support the concept of neural efficiency and
the significance of cognitive speed in understanding intelligence. This investigation into the
neuropsychological foundations of cognitive ability in children is in the same line with studies
supporting how brain activity, connectivity, and processing efficiency vary. These differences could
help develop educational strategies that are more tailored to individual cognitive processing styles.

Keywords: Raven Standard Progressive Matrices; intelligence; Highly intelligent children; P300
latency; reaction time; neural efficiency hypothesis

1. Introduction

Fluid intelligence, which enables thinking abstractly, reason rapidly, and solve new problems
independently of learned knowledge, generally peaks in early adulthood and might decline as we
age. This decline is linked to changes in brain areas critical for attention and short-term memory, such
as the dorsolateral prefrontal cortex and the anterior cingulate cortex [1]. In contrast, crystallized
intelligence, encompassing accumulated knowledge and skills, tends to stay stable or may increase
as we grow older. The interaction between fluid and crystallized intelligence is essential for effective
problem-solving and continuous learning throughout life [2].

Fluid intelligence is commonly used to predict a child’s potential and likelihood of academic
success [3]. Assessing this type of intelligence involves complex mental tasks designed to solve
problems that go beyond rote memorization. Additionally, the relationship between fluid intelligence
and learning abilities suggests that it could influence educational practices [4]. Children who are

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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intellectually gifted typically show more efficient neural functioning, allowing them to perform better
than their peers on basic cognitive tasks and on tasks requiring cognitive control, such as those
involving executive functions and inhibitory control [5]. Thus, intelligence assessments can predict
children's performance in cognitive control tasks [6].

The Raven’s Standard Progressive Matrices (RSPM) is a non-verbal test that measures fluid
intelligence by evaluating the ability to break down complex problems into smaller, manageable parts
and to think abstractly [7,8]. The RSPM test challenges participants to identify the correct piece to
complete a visual pattern, focusing on at-tributes like sameness, symmetry, and analogy, as well as
form, color, and linear arrangement. Its language-free format helps reduce cultural and linguistic
biases, making it a valuable tool for assessing intelligence across different cultural backgrounds [8].

This test is reliant on the visual processing abilities mediated by the occipital cortex, particularly
Brodmann areas 18 and 19. These areas are crucial for processing complex visual stimuli through two
distinct pathways: the ventral stream, which runs from the occipital cortex to the temporal lobe and
is mainly involved in object recognition, and the dorsal stream, which extends to the parietal lobe
and handles the processing of spatial relationships and motion [9]. The performance on the RSPM
likely depends on the functionality and efficiency of these visual processing areas, as the test requires
both abstract pattern recognition and spatial reasoning skills [10,11].

Neuroimaging research has revealed two primary models that describe the neuroanatomical
and functional foundations of human fluid intelligence. The Parie-to-Frontal Integration Theory (P-
FIT), as described by Jung and Haier [12], suggests that general intelligence arises from coordinated
activity across distributed cortical networks. This theory highlights the importance of integrative
processing across several brain regions, beginning with the initial sensory inputs processed in the
occipital and temporal cortices, which handle basic perceptual and semantic tasks. This sensory data
is then forwarded to the parietal cortex, which plays a role in abstracting and integrating this
information into higher-order cognitive representations. The dorsolateral prefrontal cortex is thought
to manage complex problem-solving, working memory, and executive functions that are critical for
fluid reasoning. Additionally, the anterior cingulate cortex is believed to aid cognitive control by
regulating response se-lection and conflict monitoring [13].

An alternate model, the Neural Efficiency Hypothesis, is primarily supported by findings from
Positron Emission Tomography (PET) studies. This hypothesis, as evi-denced by the work of Haier
et al. [14], indicates that repeated exposure to a task leads to a decrease in regional cerebral glucose
metabolism, suggesting a more efficient neural function. This reduction in metabolic activity implies
that individuals with higher intelligence may utilize more focused and task-specific neural
activations, thereby optimizing the allocation of cognitive resources by only activating the essential
brain regions for task performance. Conversely, those with lower intelligence may engage broader
and less efficient networks, possibly as a compensatory or less specialized processing approach. This
hypothesis is further supported by neurophysiological methods like electroencephalography (EEG),
which assesses patterns of cortical activation. Studies analyzing event-related synchronization (ERS)
and desynchronization (ERD) in EEG data have shown that individuals with higher intelligence
levels display distinct patterns of neural oscillatory activity, aligning with efficient cognitive
processing and resource utilization [15].

Event-related potentials (ERPs) are a non-invasive electrophysiological tool for examining brain
activity related to cognitive information processing. ERPs measure the average electrophysiological
response to a stimulus, with a significant P300 com-ponent emerging as the third positive deflection
when stimuli are attentively processed, and a specific target is consciously identified [16]. This
method is considered highly effective for exploring the correlations between brain electrical activity
and the dynamic processes involved in handling cognitive stimuli [17]. The P300 component is
particularly notable for its association with higher-level cognitive processing and the attentional
mechanisms that are crucial for evaluating the context when focusing on specific stimuli [18].

The latency of the P300 component is thought to mirror complex cognitive functions such as
categorization and sensory evaluation, acting as a temporal marker of brain activity that facilitates
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more efficient allocation of attention and refreshes working memory processes [4]. Longer P300
latencies often suggest slower cognitive processing and are commonly associated with cognitive
impairments [4,19]. Additionally, the P300 component has shown relevance to learning and memory,
as studies involving memory recall and new learning tasks have found notable correlations be-tween
P300 responses and performance [20].

In educational settings, the relationship between P300 latencies and intelligence is particularly
significant because these latencies can reflect the efficiency of cognitive processing, which correlates
closely with intelligence and, by extension, academic performance [21]. By linking P300 latencies with
intelligence metrics, educators and psychologists can better understand a student's cognitive
strengths or challenges, paving the way for tailored educational support and interventions [22,23].
Research by Walhovd and Fjell [24] suggests that individuals with higher cognitive capabilities tend
to have shorter P300 latencies, reinforcing the notion that rapid neural processing is associated with
greater intelligence and learning capacity. Polich [25] also supports this, highlighting that the P300
component is indicative of cognitive capacity, with shorter latencies associated with higher cognitive
functions, thus presenting a potential objective measure of intellectual capacity that aligns with
educational achievements.

Furthermore, understanding cognitive processes such as attention and decision-making, which
can be evaluated through reaction time measures, is crucial. Reaction time is closely linked to
intelligence. It is suggested that reaction time can be a predictor of academic success that may vary
in impact at different educational levels [26]. P300 latency and reaction time are vital
neurophysiological markers for defining students' cognitive profiles, offering essential insights for
crafting interventions to enhance learning and memory in environments that demand rapid cognitive
processing and strong attentional control. Although systematic reviews indicate that the correlation
between intelligence and academic achievement tends to decrease as students’ progress in their
education [27], integrating core cognitive metrics with intelligence assessments provides a robust
framework for educational psychologists and neuroeducators to examine cognitive dynamics within
learning environments [27,28]. This approach aids in refining teaching strategies to better match
individual neural and cognitive profiles, enhancing neural efficiency and optimizing educational
outcomes. Leveraging intelligence research and cognitive assessments can help educators devise
precise interventions tailored to diverse cognitive processing needs, supporting more effective
neuroeducational practices [28].

Several studies have employed P300 latency within the oddball paradigm to explore the
dynamics of intelligence [eg. 28,30-33]. It is suggested that individuals with higher cognitive
capabilities tend to have shorter P300 latency compared to those with standard cognitive function,
aligning with the mental speed theory that posits quicker intellectual processing and better
attentional control in those with greater intellectual abilities [25,28,34-36]. However, this association
between intelligence and P300 latency does not consistently extend to other cognitive tasks. For
instance, conflicting results have emerged from studies employing the Sternberg memory scanning
task and response-conflict paradigms [37,38].

In contrast, the linkage between intelligence scores and reaction time when responding to
oddbeall target stimuli appears more stable. Consistently, research indicates that individuals with
higher intelligence levels process information more swiftly, as evidenced by shorter reaction times
during straightforward cognitive tasks—a conclusion supported by meta-analytic findings [39].
Additionally, these individuals often show faster reaction times than control groups, reflecting their
superior attentional mechanisms, working memory capacity, and engagement with tasks [37].

While previous research has often focused on P300 latency or reaction time separately in relation
to intelligence (e.g., [23,33] for P300 latency; [40,41] for reaction time), no studies to date have
concurrently examined these metrics within the context of intelligence categorization. This combined
approach could provide a more comprehensive view of cognitive processing speed and attentional
dynamics. Furthermore, while existing studies on P300 latency and reaction time have primarily
targeted adult or mixed-age populations (e.g., [33,35]), the current study is different in its focus on
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children. This emphasis on a developmental group allows for an analysis of cognitive profiles during
pivotal educational phases. Additionally, this research aims to establish a direct correlation between
scores on Raven’s Standard Progressive Matrices (RSPM) and both P300 latency and reaction times.
Previous studies generally analyzed these variables separately or linked them to broader intelligence
measures (e.g., [11,29]). The present study seeks to bridge this gap by associating specific fluid
intelligence scores with both electrophysiological and behavioral indicators.

The present study aims to examine variations in electrophysiological brain activity, measured
by ERPs, among children categorized by cognitive abilities into groups labeled as possessing "high
mental abilities" or "average mental abilities" based on RSPM performance. Building on earlier
neuropsychological investigations into electrophysiological markers across varying intelligence
levels [24,40,41], the first hypothesis of this study expects significant differences in P300 latency
between the groups, reflecting variations in cognitive processing speed and efficiency. The second
hypothesis assumes these groups show different reaction times, indicative of differences in
attentional and executive functions. Lastly, the third hypothesis suggests that both P300 latency and
reaction time will correlate with RSPM scores across groups, proposing these measures as potential
indicators of fluid intelligence in the developing brain.

2. Materials and Methods

2.1. Participants

Twenty-four male students aged between 10 and 12 years (mean age = 11.33, SD = 1.03)
participated in this study. The cohort was divided into two groups based on their scores on the
Raven's Standard Progressive Matrices (RSPM). The first group consisted of twelve right-handed
children who scored highly on the RSPM (M =137.33, SD =11.65), and the second group also included
twelve right-handed children but with average RSPM scores (M = 100.33, SD = 3.50). Selection for
each group was strictly based on these RSPM performance metrics. It is important to note that none
of the participants had undergone prior assessments of mental ability or electrophysiological
evaluations. Additionally, all participants were screened to ensure they had no psycho-pathological
disorders, learning difficulties, developmental disorders, or significant visual or hearing
impairments, verified through detailed interviews with both the children and their parents.

Recruitment for the study occurred in primary schools, starting with interviews with teachers to
confirm good academic performance among potential participants. The RSPM tests were then
administered by a licensed psychologist [39], while another psychologist conducted interviews with
the children’s parents to gather further developmental and health-related information. Based on the
outcomes of the RSPM, the children were assigned to their respective groups. Subsequently, EEG
recordings were administered to explore electrophysiological correlations of cognitive functioning.

Participation in the study required informed consent from all participants' parents or guardians,
in line with ethical standards. All human data included in this manuscript were collected in
compliance with the Helsinki Declaration and the guidelines established by the Internal Research
Ethics Committee (EHDE) under protocol code 227092023. Lastly, this study employed the use of
ChatGPT [48] to enhance the clarity and quality of the English writing in the manuscript.

Table 1. Procedural Flow of Study Implementation.

Step Procedure Description

Step 1: Informed
Consent

Parents/guardians receive a detailed explanation of

1.1 Ethical Briefi
thical Briefing the study’s aims, procedures, and potential risks.

Written informed consent is obtained from
parents/guardians in accordance with ethical
guidelines.

1.2 Consent Form
Signing

2.3 Clinical interview Children, parents/guardians and educators
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Step Procedure Description

Step 2: Cognitive Children are given instructions and sample items to

2.1 Instruction Phase

Assessment familiarize them with RSPM format.
2.2 RSPM Test Children complete the RSPM to assess fluid
Completion intelligence and abstract reasoning.

A short break is provided to ensure sustained

23B if
3 Break (if needed) attention and optimal performance.

Step 3: EEG Data
Acquisition

Electrode placement, impedance checks, and EEG
system calibration are conducted.

3.2 Auditory Oddball ~ Children perform an auditory oddball task to elicit

Paradigm (ERP Task)  the P300 component while EEG data are recorded.

3.3 Reaction Time Behavioral responses (button presses) are recorded
Recording concurrently with EEG to measure reaction time.

3.1 EEG Preparation

EEG data undergoes visual inspection to ensure

4D lity Check
34 Data Quality Chec artifact-free, high-quality recordings.

2.2. Implementation

All children participating in the study were assessed using Raven’s Standard Progressive
Matrices (RSPM) to evaluate their nonverbal IQ. The RSPM comprises 36 items divided into three
sets—A, Ab, and B—with each set containing 12 matrices that increase progressively in complexity.
In each matrix, participants encounter an in-complete visual pattern and must choose the correct
piece from six options to logically complete the pattern.

Set A introduces participants to basic principles of pattern recognition and visual-spatial
reasoning, featuring simple and easily discernible designs. Moving to Set Ab, the complexity
escalates, bridging the gap between Sets A and B by demanding greater attention to detail and
enhanced relational reasoning. Set B challenges participants with intricate visual relationships and
abstract patterns, requiring advanced cognitive processing and sophisticated problem-solving
strategies.

Participants were instructed to select the option that logically completes each pattern. Scoring is
based on the total number of correct responses, which are then compared to age-specific normative
data to gauge the child’s cognitive performance relative to their peers. High scores on this scale are
indicative of robust abstract reasoning abilities and cognitive flexibility, whereas lower scores may
suggest difficulties in visual-spatial processing or problem-solving capabilities.

The assessment was carried out at the Digital Neuropsychological Assessment Laboratory of the
University of Thessaly, within a specially designated research space. A psychologist was present
throughout the session to provide instructions and ensure adherence to the timing specifications
outlined in the test manual [7,8,42], ensuring a standardized testing environment conducive to
accurate measurement of cognitive abilities.

2.3. Electrophysiological Assessment

2.3.1. Electrode Placement and Data Recording

ERPs were measured using a Medtronic device (710 Medtronic Parkway, Minneapolis, MN,
USA. Ag-AgCl electrodes were placed at 15 sites (FP1, FPz, FP2, F3, Fz, F4, T3, T4, C3, Cz, C4, P3, Pz,
P4, and Oz) in accordance with the 10-20 International System [43]. The ground electrode was placed
at the nasion, and all channels were referenced to linked mastoids. Also, EOG electrodes were placed
below the eye (for vertical movements) and the other at the outer canthi (for horizontal movements).
Electrode impedance was maintained at <5 kQ. Recordings were made at a sampling rate of 256 Hz,
with a bandpass filter set between 0.16 Hz and 70 Hz. EEG data were segmented into epochs spanning
200 ms pre-stimulus to 800 ms post-stimulus
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2.3.2. P300 Component Detection

The P300 component latency was measured for both target and non-target stimuli across all
channels. The P300 waveform, identified by its long positive peak occurring 250-500 ms after the
N200 waveform, was visually inspected for accurate detection. It is noteworthy that the researchers
did not employ algorithmic approaches for the identification of P300 latencies. While automated
methods offer certain advantages, such as increased efficiency, they also present limitations that can
be influenced by factors including data quality, signal filtering parameters, the nature of the cognitive
task, and the specific research objectives. To address potential shortcomings associated with
automated detection, the researchers conducted visual inspections of the electrophysiological data
and implemented manual adjustments to ensure the accuracy and reliability of P300 latency
measurements. If a reliable P300 peak was not observed, the data for that ERP were marked invalid
[44]. Participants were seated comfortably with their eyes closed to minimize visual distractions and
reduce ocular artifacts during EEG recording.

2.3.3. Auditory Stimuli

A passive auditory oddball paradigm was employed to generate the P300 component of ERPs.
Auditory stimuli were delivered binaurally through headphones, featuring 200 auditory tones at 85
dB SPL. Each tone lasted for 40 ms with 10 ms rise and fall times, aimed at reducing sudden auditory
shifts. The stimuli were distributed with a fixed interstimulus interval (ISI) of 1500 ms, enhancing the
time frame for cognitive processing and minimizing the overlap of neural responses. The standard
(non-target) stimuli were tones at 1000 Hz, occurring with an 80% probability, while the oddball
stimuli were 2000 Hz tones, occurring less frequently (20%) to elicit the P300 response. Participants
were instructed to sit comfortably and respond to the target tones by pressing a button with their
right hand quickly and accurately upon recognition. The response times were recorded with high
precision using a response box, which was synchronized with the stimulus presentation software,
ensuring millisecond precision in capturing both stimulus onset and response timing within the EEG
data stream. Following EEG data collection, reaction times were obtained from the event markers
and assessed together with P300 latencies. Software designed to identify correct and erroneous
responses (provided by Medtronic) was used to selectively remove epochs associated with incorrect
responses from the analysis dataset.

2.3.4. Data Preprocessing and Artifact Removal

To ensure high-quality data, trials were excluded if the voltage exceeded 70 pV in any of the 15
channels (excluding EOG) or if participants provided incorrect responses. A notch filter was applied
at 50 Hz to remove power line artifacts, as recommended in EEG processing guidelines [44]. Baseline
correction was performed using the 200 ms pre-stimulus period, and epochs were averaged
separately for target and non-target stimuli [45,46]. Only children with at least 30 artifact-free trials
for both conditions were included in the analysis [47]. Recordings took place in a soundproof room
to prevent external interruptions. This methodology ensured reliable electrophysiological
measurements and established correlations between cognitive ability and P300 latency [45].

2.4. Statistical Analysis

Initially, descriptive statistics were conducted to outline the demographic and clinical
characteristics of the participants. The Kolmogorov-Smirnov test was then utilized to check the
distribution of the data, confirming its conformity to a normal distribution. Following this, a t-test
was employed to explore the differences in P300 latency between groups of children categorized as
having high versus average mental abilities. The Benjamini-Hochberg (BH) procedure was calculated
to manage the False Discovery Rate (FDR), which measures the expected rate of incorrect rejections
of the null hypothesis among all the hypotheses tested. This approach was used in the present study
as it involved multiple comparisons. Additionally, reaction times were compared between the two
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groups using another t-test. To quantify the size of the observed differences, effect sizes were
calculated using Cohen’s d [49]. This measure provides a standardized method of assessing the
practical significance of the findings, offering a clearer understanding of the impact of cognitive
abilities on these neurophysiological responses. Finally, correlation analyses were conducted to
examine the relationships between P300 latency and the children’s scores on Raven’s Standard
Progressive Matrices (RSPM). Given that RSPM scores might exhibit non-normal distribution due to
developmental variability and the relatively small sample sizes typical in such studies, these analyses
were crucial for understanding how these scores related to neurophysiological measurements. This
approach aimed to elucidate further the interplay between standardized intelligence measures and
underlying brain activities.

3. Results

In assessing cognitive processing through electrophysiological metrics, a T-test was employed
to elucidate differences between cohorts of children exhibiting high mental abilities and those
demonstrating average mental abilities according to RSPM. The analytic focus included mean scores
and variability, expressed as standard deviations, of P300 latency across 15 electroencephalographic
sites. Additionally, the magnitude of observed differences was quantified using Cohen’s d to present
effect sizes. Table 2 details these findings, presenting mean scores, standard deviations, levels of
statistical significance, and effect sizes pertaining to P300 latency for each site.

Table 2. Descriptive Statistics, T-test Results, and Effect Sizes for P300 Latencies Between Children with High
and Average Mental Abilities.

Electro/ P300 Latency of P300 Latency of

h Al
Encephalographic ~ Children with high SD  Children with average  SD t o dens
Sites mental abilities mental abilities
Fpl 304.48 6.21 316.58 364'5'89<0i00 241
FPz 305.44 7.64 318.41 4:'36 '5'89<0i00 205
Fp2 307.55 6.33 320.53 5; '5‘03<0i00 2.12
F3 307.00 7.14 326.65 765 '5'03<0i00 2.67
Fz 307.87 6.05 32553 2i2'5'18<0i00 3.88
F4 313.15 10:3 336.38 19-518<0.00 5
1 9 1
3 306.28 10.0 329,00 48-654<0.00 , o5
3 2 1
T4 308.32 11.8 32585 24-654<0.00 , o
5 5 1
c3 306.78 131 33045 6.3-9.49<0.00 , 1,
0 7 1
Cz 311.69 158 337.53 3.2-9.49<0.00 -,
4 2 1
c4 317.77 9.41 338.19 2§8'7'66<0i00 293
P3 309.51 13'0 329.96 5i2'7'66<0i00 256
Pz 311.98 14.9 336.37 54707000, 0

8 5 1
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Electro/ P300 Latency of P300 Latency of Cohen's
Encephalographic ~ Children with high SD  Children with average = SD t d
Sites mental abilities mental abilities
P4 313.39 175 339.68 3:6-7.07<0.00 2.07
6 7 1
. ./ -0.01<0.
Oz 316.91 1%3 337.87 517 >01 0100 2.50

P300 latency exhibited statistically significant variations correlating with scores on RSPM.
Specifically, children characterized by higher mental abilities demonstrated shorter P300 latencies
compared to their peers with average mental abilities. The negative values observed, ranging from -
9.49 to -5.89, consistently indicated longer mean P300 latencies for children with average mental
abilities across all electroencephalographic recording sites. Moreover, Cohen's d values, ranging from
3.88 to 2.05, present the differences in cognitive response times between the two cohorts.

For a comprehensive visual representation, median P300 latencies were calculated for each child
across all 15 electrodes, providing a measure of cognitive response time. The resulting boxplots in
Figure 1 effectively illustrate the median, interquartile range, and variability within each group,
enhancing the interpretability of how cognitive processing speeds differ between children with high
and average mental abilities.

I —
335¢
3301
TEE — ——
— 325}
>
e — s
[
© 320}
-
o
A
a 315t
S
b
< 310}
305
300 —_—
P300 Latency of P300 Latency of
Children with High Mental Abilities Children with Average Mental Abilities

Figure 1. Comparison of P300 latency of children with high and average mental abilities.

The findings facilitate an examination of neural processing speeds, revealing that children with
high mental abilities typically demonstrate faster and more equal neural responses. This is reflected
in shorter P300 latencies along with reduced variability in these measurements, suggesting enhanced
efficiency in cognitive processing.

To ensure the findings of these observations, the Benjamini-Hochberg procedure was employed
to control the False Discovery Rate (FDR) among multiple comparisons across various EEG recording
sites. This statistical approach aids in observing the true differences in P300 latencies between groups,
categorized by differing mental abilities, minimizing the risk of Type I errors in the analysis. Table 3
encapsulates the outcomes of applying this procedure, offering a detailed account of the controlled
FDR values across the multiple EEG sites involved in the study.
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Table 3. Summary of 15 EEG Site Analysis Using the Benjamini-Hochberg test.

Electro/ P-Value BH Critical Value
Encephalographic Sites

Fpl <0.05 0.02
FPz <0.05 0.01
Fp2 <0.05 0.03
F3 <0.05 0.01
Fz <0.05 0.01
F4 <0.05 0.01
T3 <0.05 0.01
T4 <0.05 0.05
C3 <0.05 0.03
Cz <0.05 0.04
C4 <0.05 0.01
P3 <0.05 0.02
Pz <0.05 0.04
P4 <0.05 0.04
Oz <0.05 0.02

Each of the 15 EEG sites demonstrated statistically significant differences in P300 latency,
indicating consistent differences in neural processing speeds across the complete spectrum of
measured sites between the two groups. The low p-values observed offer substantive evidence
against the null hypothesis, which posits no difference in latencies between the groups. Further
examination through comparison of these p-values against the Benjamini-Hochberg (BH) values
confirms that the observed differences are indeed statistically significant, even after adjusting for
multiple comparisons. This methodology confirms that the conclusions are not merely the result of
random chance, thereby supporting the reliability of the findings.

Next, the analysis focused on examining the reaction times of children with high mental abilities
compared to those with average mental abilities. It's important to remember that all participants were
asked to press a button as quickly and accurately as possible when they detected the target stimulus
(oddball). Table 4 displays the mean scores, standard deviations, statistical significance, and effect
sizes for the reaction times from both groups of participants.

Table 4. Mean scores, standard deviations, t-test results, significance and Cohen’s d of reaction time for children

that participated in each group of mental abilities.

Reaction High Mental Average Mental
Time Abilities Abilities
M SD M SD t p Cohen’s d
319.70 6.54 35230  11.76 -8.39 <0.001 3.43

As shown in Table 4, children with high mental abilities demonstrated shorter reaction times
than their peers with average mental abilities, with statistical significance differences. Additionally,
the negative t-value presents that the average reaction times for children with average mental abilities
were generally longer than those for children with higher mental abilities. Furthermore, a high
Cohen's D value suggests a significant effect size in these differences.

To further explore the relationship between cognitive metrics, a Spearman's @ correlation
analysis was conducted. This analysis assessed the associations between the latency of the P300
waveform and the RSPM scores of children, covering all 15 topographic brain areas. The findings
from this correlation analysis are detailed in Table 5.
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Table 5. Correlation analysis between P300 latency and RSPM scores.

Electro/ . Correlation Sign
encephalographic sites

FP1 -0.844 0.001
FPZ -0.804 0.001
FP2 -0.742 0.001
F3 -0.862 0.001
FZ -0.889 0.001
F4 -0.813 0.001
T3 -0.818 0.001
T4 -0.893 0.001
c3 -0.844 0.001
Ccz -0.865 0.001
C4 -0.770 0.001
P3 -0.853 0.001
Pz -0.803 0.001
P4 -0.790 0.001
8V4 -0.781 0.001

The results showed a range of findings, with correlations varying from o = -0.742 at the FP2
electrode site to o = -0.893 at the T4 electrode site. The analysis highlighted a strong negative
correlation, suggesting that higher RSPM scores are associated with shorter P300 latencies.

Following the same statistical approach, the correlation between reaction time and RSPM scores
was also examined. A significant negative correlation (o =-0.877) was observed, indicating that higher
RSPM scores tend to correlate with quicker reaction times.

4, Discussion

In this study, we aimed to explore differences in electrophysiological brain activity between
children classified by Raven's Standard Progressive Matrices as having "high mental abilities" and
those with "average mental abilities." Our first hypothesis, in the same line of earlier research (e.g.,
[23,24,30-33]), examined whether P300 latency differs between these two groups. Our findings
confirmed this, showing that children with high mental abilities consistently had shorter 300
latencies across various electroencephalographic sites compared to their peers with average abilities.

This pattern of shorter P300 latencies in children with higher cognitive abilities, consistent with
results from other studies (e.g., [30-33]), might explain their superior performance on the RSPM. A
shorter P300 latency suggests better memory and attentional functions [50], reflecting quicker
stimulus assessment and more efficient cognitive processing. This efficiency is significant as studies
have found that individuals with better memory capabilities often exhibit shorter auditory P300
latencies [52,53], while a longer P300 latency might indicate attentional disorders [53].

Overall, longer P300 latencies are generally associated with lower cognitive performance [47].
These results not only support our hypothesis but also align with the neural efficiency model, which
suggests that cognitive efficiency varies with task complexity. This model is further supported by our
use of the auditory oddball paradigm, a task that requires selective attention and swift decision-
making. This task seems particularly effective at highlighting cognitive differences, supporting the
suggestions that brain efficiency is task-dependent and varies between individuals with different
levels of cognitive abilities [5].

The Benjamini-Hochberg (BH) correction was used to minimize the likelihood of Type I
statistical errors that could arise from the multiple comparisons across 15 EEG sites. This adjustment
of the significance threshold helps ensure the reliability and validity of the study's results, given the
extensive number of statistical tests performed. Significant differences in P300 latency between
children with high and average mental abilities were noted at all EEG sites, with p-values falling well
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below the adjusted threshold. These results highlight notable differences in cognitive processing
speed and efficiency between the two groups, providing further evidence in support of the neural
efficiency theory. Additionally, these findings emphasize the value of P300 latency as a
neurophysiological marker for discerning and understanding variations in cognitive abilities,
reinforcing its practical importance in educational and developmental settings.

The second hypothesis of this study was encouraged by prior research suggesting that
individuals with higher mental abilities often exhibit shorter reaction times [18,52,53,55-57].
Consistent with these findings, our study observed that children with higher mental abilities
demonstrated statistically significant shorter reaction times compared to their peers with average
abilities.

This reduction in reaction time may reflect superior memory and attentional functions, as it has
been proposed that children and adolescents with higher mental abilities are better at inhibiting
premature responses, allowing them to answer with greater confidence [58]. Additionally, shorter
reaction times are thought to be indicative of enhanced self-regulation capabilities, suggesting that
highly intelligent children may possess more effective self-regulation strategies [6].

By integrating both electrophysiological and behavioral data, as it is suggested, children with
higher intelligence levels display more mature and efficient neural functioning in cognitive tasks
[15,56]. The ability for rapid stimulus detection and response proposes improved sensory processing
and motor execution, facilitated by reduced neural "noise" and more optimized cortical activation
patterns in those with elevated cognitive abilities [60]. These observations align with neuroscientific
research indicating that as intelligence increases, reaction time variability decreases, pointing to more
stable and efficient cognitive processing across various tasks [38].

The considerable Cohen’s d values reported for both P300 latency and reaction time not only
reinforce the statistical significance of these findings but also their practical relevance. These large
effect sizes illuminate the profound impact of cognitive differences on neural processing speeds and
serve as crucial metrics in this study, highlighting the practical implications of our findings,
particularly in the contexts of cognitive and educational development.

The third hypothesis anticipated a correlation between P300 latency and reaction time with
RSPM scores, based on other studies that noted a positive correlation between P300 amplitude and
RSPM scores, and a negative correlation between P300 latency and RSPM scores [31,69]. Our analysis
suggested negative correlations between both P300 latency and reaction time with RSPM scores
across the two groups, linking higher intelligence scores to shorter P300 latencies and reaction times.

4.1. Psychoeducational implications of the study using ERPs and RSPM results in identifying children’s
mental abilities.

The combination of P300 and RSPM in cognitive classification has meaningful applications in
psychoeducational contexts. By considering both P300 latency and RSPM scores, it becomes possible
to identify gifted individuals at an early stage, which can support timely educational interventions
[61]. Distinguishing between children with high and average mental abilities allows educators to
develop personalized learning strategies that cater to their cognitive profiles [62]. For instance,
children with shorter P300 latencies may benefit from accelerated learning programs, while those
with average latencies might need more structured, scaffolded instruction to optimize their learning
experience [63,64].

Additionally, longitudinal research that incorporates both P300 waveforms and RSPM scores
provides a valuable framework for monitoring cognitive development over time. These studies
contribute to understanding neurodevelopmental trajectories by examining how cognitive
processing and executive functioning mature across different age groups [24]. The integration of
electrophysiological markers such as P300 latency with behavioral assessments from the RSPM
facilitates an evaluation of how educational interventions impact attentional control, working
memory, and fluid intelligence at various developmental stages [65]. This approach provides insights
into the ways in which cognitive functions influence learning, ultimately guiding evidence-based
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teaching practices. By classifying children based on cognitive abilities, such methodologies help
acknowledge the diversity of intelligence and inform educational policies that support the
development of all learners [66,67]. In this way, neuroscience contributes to practical solutions in
education, bridging the gap between research and real-world applications [68].

4.2. Limitations

There are several methodological considerations to consider when interpreting the findings of
this study. One limitation is the relatively small sample size, which resulted from the challenges of
recruiting children with high RSPM scores. Additionally, the average participant age remained low
due to strict exclusion criteria. A larger sample could have provided stronger statistical power, but
even within this limited group, the study yielded meaningful insights. Another consideration is the
reliance on the RSPM as the sole measure of intelligence, which does not assess verbal abilities. Future
research could incorporate additional cognitive assessments to provide a more comprehensive
understanding. Lastly, the study focused specifically on the P300 waveform, even though other ERPs
waveforms have been explored in cognitive research. The decision to emphasize P300 was based on
its well-documented relevance to studies on cognitive abilities and higher-order cognitive functions.

5. Conclusions

In summary, while this study has certain limitations, its findings align with previous research
showing that children with high intelligence tend to have shorter P300 latencies and faster reaction
times. These results point to an association between higher cognitive abilities and more efficient
neural processing, suggesting advantages in attention, memory, and inhibitory control. These
cognitive strengths likely contribute to better academic performance and overall cognitive efficiency.
The observed links between P300 latency, reaction time, and RSPM scores further support trends
related in earlier studies. By categorizing participants based on fluid intelligence, this study
highlights the developmental processes in children aged 10 to 12, offering valuable insights into
cognitive functioning at a critical stage of learning.

Moreover, these findings provide empirical support for the neural efficiency theory, which helps
explain cognitive differences among children. The combination of P300 latency and reaction time as
indicators of neural efficiency presents a useful framework for understanding the neurophysiological
mechanisms underlying intelligence. Future research could build on these insights by exploring these
relationships over longer periods and within more diverse populations to gain a deeper
understanding of how developmental and environmental factors shape cognitive efficiency.
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