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Abstract. Despite the rapid growth of technology and the constant demand for IT
specialists, the cognitive processes underlying computational thinking and the brain’s ability to
understand code remain poorly understood, especially in younger children. Following the
Covid-19 pandemic, many countries have included coding lessons into their curricula. Coding
is closely linked to complex cognitive skills in STEM (science, technology, engineering, and
mathematics), such as computational and algorithmic thinking. However, confusion persists
regarding the relationship between these forms of thinking and other cognitive skills. This
review has two objectives: first, to investigate the methodologies used by cognitive scientists in
studying the transfer effects of coding lessons on children’s computational thinking skills; and,
second, to examine contemporary research related to coding lessons and computational thinking.
Our findings indicate that many teachers lack adequate training in coding and digital literacy,
resulting in low competence and confidence in teaching these subjects. In addition, the absence
of universal teaching platforms and methods complicates the implementation of coding lessons
in primary schools. Finally, there is also a general shortage of longitudinal studies (over six
months) focusing on the cognitive skills developed through coding lessons. Addressing these
issues is essential for improving educational practices in coding and computational thinking.

Keywords: cognitive skills, K-12 curricula, computational thinking, coding lessons,
neuroscience, schoolchildren, COVID-19, EEG

Introduction

Programming languages are designed specifically for conveying commands
and solving issues with computers, and children as young as 3—4 years old are
already able to comprehend basic coding concepts (Relkin et al., 2021). Schools
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around the world have begun to include coding lessons into their K-12 curricula,
but no standardized assessment protocols have been proposed as yet. Teaching
methods for coding are still in their infancy. Moreover, most studies of computational
thinking and code comprehension persist to focus on adult participants. Code
comprehension and programming are widely associated with computational
thinking. Although it is difficult to define, computational thinking is a problem-
solving process that involves breaking down complex problems into smaller, easier-
to-interpret parts and using algorithmic thinking and programming concepts (such
as loops, conditionals, or functions) to analyze them and develop solutions (Scherer,
etal., 2021). It is a fundamental skill in computer science and other fields that involve
solving problems using computational tools and techniques (Relkin et al., 2021).
Educational programs that develop computational thinking in middle and high
schools are becoming increasingly popular. At the same time, there is still much
room for improvement in this area, as more initiatives and programs are needed for
younger students and their teachers. In particular, more research is required to
understand the impact of coding on children’s cognitive development and to
determine the best ways to advance computational thinking skills (Relkin et al.,
2021). In adults, neuroimaging methods have shown that constant experience in
one’s field of expertise affects an individual’s cognitive skills. In their eye-tracking
study, D. K. Davis and F. Zhu (2022) analyzed the varying strategies that advanced
programmers use when coding by examining eye-tracking data. Experienced
programmers tend to have more efficient and focused gaze patterns than novice
programmers. They spend less overall time gazing at irrelevant areas of the code,
such as whitespace or non-functional areas, and they fixate on relevant areas of the
code for a shorter period. The experienced programmers tend to make fewer
fixations to understand a certain part of the code due to their ability to recognize
patterns and familiarity with programming languages. Moreover, experienced
programmers tend to fixate more frequently on function and variable names, since
they need to read these identifiers to know what the program is doing. Unlike their
novice counterparts, the experienced programmers also look at code blocks more
often, as they read its entirety at once rather than line by line. However, novice
programmers often need to read code more than once to understand each line and
the code syntax, the structure of loops or conditional statements, and how to assign
variables (Davis & Zhu, 2022). fMRI studies focusing on brain activity during
coding, although rare, have been immensely informative. J. Castelhano and
colleagues (2022) report activity in the insula during deep source-code
comprehension. Specifically, when there were no errors in the participants’ code
spreadsheet, the dominant causal directions were mostly bottom-up, but when errors
occurred, there were notable top-down effects from the frontal regions, particularly
the anterior cingulate cortex (Castelhano et al., 2022). However, to date, very few
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neuroimaging studies have been conducted with younger participants learning to
code. Recent advances in eye tracking methods have led to the development of less
intrusive devices, creating an opportunity to better understand how children interact
with digital technologies, providing fresh insights into their cognitive functioning.
(Sim & Bond, 2021). Unfortunately, such studies remain rare.

Literature search procedure

In this review, we conducted a comprehensive literature search using Google
Scholar and PubMed as our primary databases. We used a combination of keywords
and terms related to cognitive skills in coding lessons at school, including “coding
education,” “K-12”, “computational thinking,” (and\or) “algorithmic thinking,”,
“and “cognitive skills.” We also searched for relevant articles by reviewing the
identified reference lists. Our search strategy was designed to capture all the relevant
studies published up to the search date. We were particularly interested in papers
published after 2019, and inquiries that used extensive neuroimaging,
psychophysiological or testing methods.

Inclusion criteria:

— Studies published after 2018;

— Inquiries that were conducted on schoolchildren, grades K-12;

— Studies that employed extensive cognitive skill testing or neuroscreening
methodology;

— Works that focused on computational thinking training.

Exclusion criteria:

— Works published in a language other than English;

— Inquiries that involved participants over school age;

— Review articles, scoping reviews or meta-analyses;

— Studies that focused on neurodivergent or atypically developing students.

Although our study primarily focused on the educational landscape in the post-
pandemic context, we included two research papers from 2018 and 2019. This
inclusion is explained by our aim to examine the methodologies used by cognitive
scientists in investigating the concept of computational thinking (CT). The selected
papers represent distinctive methodological approaches that contribute valuable
insights to our work. The papers included in our review can be seen in Table 1.
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Through this structured approach, we aim to provide a thorough examination of
the literature relevant to our topic. By synthesizing the results of various studies,
this review highlights effective practices in coding education and identifies gaps in
the current research landscape. Ultimately, our goal is to inform educators and
policymakers about the cognitive benefits of coding lessons and to advocate for
improved training and resources for teachers in this critical area of education. The
COVID-19 pandemic has significantly accelerated the shift to online learning and
the integration of digital tools into educational frameworks. This shift has made
computational thinking a critical competency for navigating modern educational
environments (Koh & Daniel, 2022). Both students and teachers have been forced
to adapt to remote learning platforms, which requires the development of problem-
solving, algorithmic thinking, and data analysis skills. These skills are essential for
effectively engaging with educational content and facilitating collaborative
interactions in a virtual context. To date, it is still unknown how this shift has
affected cognitive skills.

Results

We report a total of 18 studies that examine various aspects of coding education,
focusing on both plugged and unplugged programming approaches. The studies
used a range of methodologies to assess the effectiveness of these teaching methods
for developing cognitive skills in K-12 students. Notably, only a few of the included
studies employed neuroscreening methods, highlighting a potential gap in the
literature regarding the neurocognitive impacts of programming instruction. This
diversity in research methods highlights the complexity of evaluating coding
education and its effects on learning outcomes. We will synthesize the principal
concepts derived from current research in the following sub-chapters.

Coding and cognition. Technology and coding have been incorporated into
modern curricula to develop a variety of cognitive skills, from reading ability to
mathematics (McCray, & Chen, 2012). There is an inherent relationship between
computational thinking and mathematics, particularly in terms of logical structure
and the ability to explore and create models for mathematical relationships.
Integrating computational thinking into the teaching of mathematics has the
potential to improve and broaden understanding of both subjects (Chan et al., 2021).
According to C. Robledo-Castro and colleagues (2023), computational thinking has
become more widely recognized in recent years due to its role in facilitating the
growth and development of STEM (Science, Technology, Engineering, and
Mathematics) competencies. The meta-study suggests that, indeed, computer use
and programming lessons from an early age have had long-lasting positive effects
on students’ logic, reasoning and problem-solving skills. These effects may be due
to the fact that the parts of the prefrontal cortex responsible for executive control are
highly dependent on the stimuli the brain receives from the environment, and
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computer lessons in early childhood have been shown to facilitate the maturation of
the prefrontal cortex. These findings have important implications for computer
intervention programs targeting children. Although studies of such interventions
are rare, they have shown that learning to code is correlated with schoolchildren’s
performance in tasks involving working memory and creative thinking (Robledo-
Castro et al., 2023). Few studies have focused on the interaction between
computational thinking and other cognitive skills in younger children. A. Gerosa
and colleagues (2021) recruited 102 (N = 102) kindergarteners aged 4—6. They
combined various cognitive test batteries with a robotics-based intervention
designed for young children. Their study aimed to determine which cognitive skills
served as potent predictors of CT competence. Two cognitive skills were found to
be highly correlated with CT competence, i.e., temporal sequencing ability (assessed
by the Langdon and Coltheart task) and symbolic magnitude comparison (assessed
by the Moyer and Landauer task). Temporal sequencing ability refers to an
individual’s ability to understand and reproduce the correct order of events or
stimuli in relation to time. The authors note that, although their findings are definitive
and serve to improve our understanding of the interactions between CT and other
early cognitive skills, more research is needed (Gerosa et al., 2021).

Computational skills have been linked to mathematical ability. Moreover,
computers have become indispensable in modern mathematics, influencing the way
mathematicians conduct research, teach, and apply mathematical concepts across
disciplines. S.-W. Chan and colleagues (2021) investigated whether integrating
computational thinking concepts into math lessons would improve students’ number
pattern skills. They recruited 106 (N = 106) Singaporean secondary school students
(13 years old). The participants attended classes, where they were taught number
sequences. They passed both pre- and post-testing. During the intervention, the
students were exposed to both unplugged and plugged activities. During the post-
test, the Rasch analysis showed that the mean score for the experimental condition
was 1.49, while for the control group it was 1.48. The authors argue that the
similarity of the results was unexpected, as previous studies have shown some gains
in math ability after CT intervention. One possible explanation for this lack of
improvement may be the short duration of the intervention, i.e., the for the plugged
activities it was only an hour and a half, while for the unplugged activities it was
less than 2 hours. Additionally, the authors report several extreme improvements
only in the experimental conditions, with no such outliers observed in the control
group, which never received the intervention (Chan et al., 2021).

M.S. Ozcan and colleagues (2021) conducted their inquiry on 4th grade students
(Mage = 10). They recruited students from Turkey (N = 174), because this country
introduced coding lessons into its mandatory curricula in 2018. The authors tested
how a 10-week coding intervention affected the participants’ cognitive skills. On
the one hand, the authors hypothesized that coding could promote the development
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of students’ near-transfer skills (in this case, computational thinking). On the other
hand, they suggest some positive effects could be observed on far-transfer skills (in
this study, fluid intelligence and spatial ability). The participants were divided into
three conditions: “learn-to-code”, “reading” and “maths”. They completed both
pre- and post-tests. The testing consisted of the Matrix Reasoning task from the
Wechsler Abbreviated Scale of Intelligence (WASI), the Computational Thinking
scale taken from Tran (2018); and the Spatial Reasoning task subtest (Ramful et al.,
2017). The results of a one-way ANOVA indicate that the “learn-to-code” condition
showed higher scores at the post-test (M = 3.67, SD = 2.14) than at the pre-test
(M =3.08, SD =1.71, p = .04, d = .29). The students in the “math” condition
also showed higher results at the post-test (M =3.56, SD = 1.84) than at the pre-
test (M = 3.11, SD = 1.58), although the difference was not significant at
p=.10,d = .26. A slight improvement was noted in the “reading” condition, which
was also treated as a control group in the present study: at the pre-test (M = 3.00,
SD = 1.77), p = .26, d = .15 compared to the post-test (M = 3.26, SD = 1.64),
p = .26, d = .15. The study demonstrated some effects on computational thinking
after the coding intervention, but no significant effects on far-transfer skills, such as
fluid intelligence or, surprisingly, spatial ability (Ozcan et al., 2021). In summary,
coding lessons, math ability and computational thinking are interconnected, with
coding facilitating mathematical thinking and problem-solving skills, and
computational thinking skills being a part of mathematical thinking. Integrating
coding into various subjects can promote computational thinking and enhance
students’ understanding of the subject matter.

Computational thinking vs. algorithmic thinking. Computational thinking and
algorithmic thinking are related concepts, but they focus on different aspects of
problem-solving and problem analysis. On the one hand, computational thinking
involves using a mixture of creativity, logic and problem-solving skills to solve
complex problems in a way that a computer or a machine can understand and
execute efficiently. It is a broader concept that encompasses various abilities, such
as breaking problems down into smaller components, identifying patterns and
abstractions, designing algorithms and models, and making use of logical and
analytical reasoning (Angeli, 2022). Algorithmic thinking, on the other hand,
specifically focuses on the design and analysis of algorithms, i.e., a step-by-step
procedure for solving a problem or completing a task. Algorithmic thinking
emphasizes the formulation of steps or instructions that can be executed in a specific
sequence to efficiently solve a problem (Bacelo & Goémez-Chacon, 2023). It
involves determining the appropriate data structures, identifying efficient steps and
considering issues such as time complexity and space complexity. In other words,
computational thinking is a more general approach to problem solving in a
computational context, while algorithmic thinking is a narrower focus on the design
and analysis of algorithms to efficiently solve problems. However, the scientific
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community continues to debate the precise definition of both computational and
algorithmic thinking, as what we know today is vague and highly context-dependent.
This lack of a clear definition leads to lackluster guidelines on how to measure and
evaluate computational thinking, which is a cause for concern and should be
acknowledged. Without appropriate assessment methods, computational thinking is
unlikely to be effectively integrated into any educational program. Furthermore, to
determine the success of a curriculum that includes computational thinking, it is
essential to establish reliable measures that will allow educators to assess students’
learning outcomes (Roman-Gonzalez et al., 2017). Another contentious issue is,
simply put, what to teach and when. Previous research has shown that introducing
the concept of algorithmic thinking as a first step to computational thinking enhances
the learning experience, thereby emphasizing the importance of teaching
programming from an early age at all educational levels (Angeli, 2022).

Plugged vs. unplugged programming in school curricula. Most authors agree
that, when it comes to teaching CT in schools, it is no longer a question of “if”, but
“when” and “how”: the demand for IT professionals is constantly growing, and
even primary school students are able to acquire some elements of programming
code (Zeng et al., 2023). Another focus of interest in modern scientific literature is
the issue of plugged and unplugged programming. In unplugged programming, the
activities typically do not require a computer at all. Instead, they include offline
activities and games to explain programming concepts, logic, algorithms,
computational thinking, and more. They are often used with beginners or younger
learners to introduce, explain, and analogize complex concepts in a tangible, hands-
on way without the layer of abstraction or potential distractions that a computer
may introduce (Chen et al., 2023). Conversely plugged programming involves the
use of actual computer hardware and software. It can include writing code in a
specific programming language (such as Python or JavaScript), working with
a graphical interface in block-based programming environments (like Scratch or
Blockly), and using specific educational robotics kits or programmable devices.
This is a more traditional and direct method of learning programming, where
students write code, execute it and see the results immediately (Kirgali & Ozdener,
2023). It remains unclear at what age plugged programming should be introduced.
J. Del Olmo-Muiioz and colleagues (2020) examined whether computational skill
lessons would yield better results if second graders were exposed to plugged or
unplugged programming. Their study was twofold: (1) to test the effects of plugged
vs. unplugged programming lessons on the students’ CT; and (2) to examine any
possible correlations between the participants’ gender, CT skills and motivation.
They recruited 84 participants (N = 84) from the second grade. During the initial
session, the students completed a computational thinking pre-assessment to
determine their initial competence in the relevant skills. Following this assessment,
a three-session instructional period commenced. During this phase, the control
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group, referred to as the unplugged group, engaged in activities without the use of
computers. In contrast, the experimental group, referred to as the plugged-in group,
participated in activities that involved the use of computers. Following this
instructional phase, the students completed a mid-assessment focusing on their
computational thinking abilities and a survey designed to assess their level of
interest and enthusiasm for the tasks they had just had. The second stage spanned
two sessions and standardized the activity type for all the participants to be computer-
based (plugged-in). After this second instructional phase, the students completed
final assessments to re-assess their computational thinking (CT) abilities and
motivation levels. The unplugged group showed better CT scores for both easy
(U=1317.50, p <.001) and difficult (U = 538.50, p = .285) problems. There were no
statistically significant differences in motivation at the pre-test (U = 718.00,
p = .814) or at the post-test (U = 715.50, p = .413). Additionally, no significant
differences were found in terms of gender, but it was concluded that the boys
demonstrated slightly higher motivation in the plugged motivation domain
(U=116.50, p=.030). The authors suggested combining the plugged and unplugged
activities for younger students as this approach improved both students’ CT skills
and motivation levels (Del Olmo-Muioz et al., 2020). Unplugged activities, which
involve learning computing concepts without digital tools, are particularly useful
for younger children. These activities help them understand fundamental concepts
such as algorithms, logical prediction, debugging, problem decomposition, structure
recognition, and algorithm design. Unplugged activities are recommended as a
starting point before moving on to the plugged activities to build a solid foundation
in computational thinking and programming skills.

Teacher competence. Another contentious issue regarding the introduction of
coding into school curricula is teacher readiness. Most primary and/or secondary
school teachers do not have experience with computers or computer science, as
they are not required to take any related courses during their studies (Ertimit, &
Sahin, 2020). Moreover, they do not have formal training or exposure to instructional
strategies to effectively teach computational thinking, which may reduce their
confidence in this area (El-Hamamsy et al., 2023). Additionally, students who are
less experienced with computers or have learning disabilities may find it difficult to
keep pace with the lesson plan (Chan et al., 2021). S.-C. Kong and colleagues
examined how well a teacher development program could promote critical thinking
in primary education, and whether it is scalable and sustainable. The 2023 report
covered two separate studies. The first one evaluated whether two different
programming environments (“Scratch” and “App Inventor”) could effectively
develop teachers’ computational thinking skills. A total of 245 teachers (N = 245)
from several primary schools participated in two 12-hour sessions that used the
Technological Pedagogical Content Knowledge (TPACK) framework. This
framework is a theoretical model that highlights both the complex interactions and
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integration between technology, pedagogy and content knowledge in education. It
was developed to provide a basis for understanding how technology could be
effectively used to enhance teaching and learning. TPACK suggests that effective
technology integration requires teachers to have knowledge and understanding of
the interactions between technology, pedagogy and content, as well as the ability to
apply this knowledge in practice. In summary, the TPACK framework identifies a
set of knowledge domains that teachers need to master in order to effectively
integrate technology into their teaching. These domains include technology,
pedagogy and content, all of which interact in complex ways in the classroom. The
research found that the program significantly improved the teachers’ knowledge
and understanding of content-related dimensions, and helped them grasp advanced
computational thinking concepts such as “data structures and procedures” (Kong
et al., 2023). The second study conducted a thematic analysis on computational
thinking strategies used in 47 primary schools during 94 school visits. The most
commonly mentioned strategies included the “forming teaching teams”, “lesson
co-planning”, and “integrating computational thinking with subject teaching”. The
most frequently encountered challenges were “teacher readiness, lesson time, and
diversity in learners’ abilities”, interests, and approaches (Kong et al., 2023). The
results suggested that a training program using different programming environments
and teaching experience could effectively improve teacher’s skills. However,
ongoing support was needed to help the teachers implement the strategies they
learned after completing the program. Addressing the diversity in the learners’
abilities and interests and integrating computational thinking with subject teaching
requires continued support. Specifically, for computer science education, it is
important for teachers to be technologically literate, as they may be required to
teach computer science even if they have no experience in the subject. Moreover, it
is crucial that school and district administrators emphasize teacher’s digital literacy
to avoid policies that simply mandate technology use step by step. Instead, digitally
literate teachers should be encouraged to see technology for all its creative potential
and collaborate with peers to improve their students’ learning outcomes.

Coding in schools. As mentioned earlier, computational thinking can be
introduced into the curricula in a variety of ways. A meta-review conducted by
Z. Zhan and colleagues (2022) sought to find the optimal trajectory through which
programming could potentially be taught in schools. Their answer was gamification,
“a learning process in which learners solve problems and overcome challenges in
game-based settings to achieve desired learning outcomes” (Zhan et al., 2022). The
authors reviewed 21 studies published over the last decade. The studies included in
this paper proposed a variety of game-based teaching methods that addressed
computer technology/programming lessons in schools and considered different age
groups of learners. For instance, although it can be argued that programming is a
very tedious subject for schoolchildren, many unusual techniques and methods
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have been introduced ranging from already existing apps and games for children to
more complex activities designed to teach students to create their own on-line
games. Z. Zhan and colleagues (2022) examined the effects of various interactive
coding- and computer-based games on students’ learning motivation, academic
performance and thinking skills. The results of the study showed that gamification
had a greater overall impact on teaching code programming compared to graphical
programming (Zhan et al., 2022). The authors concluded that introducing games
into computer classes improved students’ motivation (SMD = 0.77), academic
performance (SMD = 0.75) and thinking skills (SMD = 0.48).

It is important to note that although there are few separate interventions that
focus solely on coding, the introduction of computers into the classroom is no
longer contentious point for educators or cognitive scientists. A study by M. Mousa
and colleagues (2020) presented an educational program that used computer-based
training to help develop the inductive reasoning skills in 9- to 11-year-old students.
The study evaluated the program and its outcomes. It was designed based on
Klauer’s model and the Cognitive Training for Children approach to inductive
reasoning. It included 120 engaging problem-solving exercises that were presented
in an online environment. All the problems were integrated into mathematical
content, making the program easily applicable during regular mathematics lessons
(Mousa & Molnar, 2020). The results showed that the implementation of this
program resulted in measurable improvements in the students’ academic
performance, regardless of gender and/or maternal education level, which were
additional variables in the study, compared to the control group (Mexp = 58.6,
SDexp = 14.5, t = 13.1, p < .001). It should be noted that although there are few
interventions that focus exclusively on programming and/or coding, many use
techniques and exercises derived from programming.

Indeed, since coding involves a variety of cognitive abilities, coding lessons
allow students to practice not only computational skills but also writing and
mathematics. According to J. Thompson & G. Childers (2021), today’s rapidly
evolving technologies have impacted every aspect of the modern written language,
which has changed our views on literacy. In their work, the authors examined a
group of fifth-graders that were enrolled in school-based summer sessions focused
on storytelling. The school district’s summer program conducted instructional
sessions that focused on creating stories using coding. The learners were assessed
before and after their writing sessions regarding their (1) writing ability,
(2) improvement in idea generation, writing organization, syntax and usage, as well
as mechanical skills, and (3) writing endurance. The results showed that there were
definite improvements in their endurance and overall descriptive abilities, while
interviews revealed an increase in their motivation and desire to continue their
coding lessons (Thompson & Childers, 2021). Similar results were obtained by
E. Relkin and colleagues (2022). Their study involved a large sample size (N = 667
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in the experimental condition vs. N = 181 in the control condition) and was aimed
at examining the benefits of teaching age-appropriate coding to first- and second-
grade schoolchildren. The participants’ computational skills were assessed post-
hoc. The “Coding as Another Language” or “CAL” curriculum was designed to last
for seven weeks and employed the KIBO robot in a way that combined programming
and literacy skills, essentially treating coding as a language. The KIBO robot is an
educational tool designed for young children aged 4-7 years to introduce them to
coding, robotics, and STEM concepts. This interactive robot can be programmed
using colorful blocks, allowing children to learn programming concepts through
physical play. KIBO includes motors, sensors and sound to perform actions based
on programs children create using tangible blocks. Designed for use in the classroom
or at home, KIBO encourages hands-on exploration and experimentation, and
teaches children important skills in critical thinking, problem-solving and creativity.
The results showed that CAL-KIBO increased the children’s competences in
algorithms, modularity and representation in the computational thinking domains
(Mchange = 0.94, p < .001) compared to the control group (Mchange = 0.27,
p =.07). These results suggest that a context-appropriate curriculum for children to
learn coding can improve their computational thinking abilities (Relkin ez al., 2021).

We know very little about the effects of computational thinking interventions
on students’ brain development. This is partly because there have been few studies
on school-aged participants exposed to CT interventions, especially studies based
on neurophysiological methodology. We know that successful coding requires
potent executive functions, which largely rely on the coder’s frontal lobes (Arfé
etal., 2019). C. Robledo-Castro and colleagues (2023) used the Neuropsychological
Battery of Executive Functions and Frontal Lobes (BANFE - 2) to test how an
8-week CT-based intervention affected the anterior prefrontal cortex (aPFC) and the
dorsolateral cortex (dIPFC) in schoolchildren. These are two parts of the brain
located within the prefrontal cortex, the area responsible for many aspects of
executive functions. The dIPFC has many interbrain connections, allowing it to
integrate information from different resources. This region is heavily involved in
executive functions, particularly working memory and cognitive flexibility. It helps
manage tasks, when multiple steps, adjustments or simultaneous goals are required.
In other words, the dIPFC plays a key role in coordinating thoughts and actions in
accordance with internal goals. The aPFC, also sometimes referred to as the
frontopolar prefrontal cortex, is another region that is critical to many aspects of
executive function. In particular, we know that it contributes to high-level functions
such as multi-tasking, integrating information over time, thinking about future
outcomes, and analyzing complex situations. The aPFC is often considered the
most evolutionarily advanced part of our brain. The exact extent and nature of
functional specialization within these regions are ongoing areas of research within
cognitive neuroscience. It is also important to note that the brain functions as a
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highly interconnected network; therefore, while one can speak meaningfully of a
certain region being “involved” in certain functions, this does not mean that the
functions are strictly “localized” to that region only (Panikratova et al., 2020).
Following the intervention, the authors reported pre- to post-test changes in the
executive functions of the experimental condition controlled by the anterior
prefrontal and the dorsolateral cortex (£ (1, 28) = 22.00 p < .001 ®2 = 0.13).
However, C. Robledo-Castro and colleagues reported no statistically significant
changes in the executive functions of the experimental condition controlled by the
orbitofrontal cortex (Robledo-Castro et al., 2023).

B. Arfé and colleagues (2019) conducted two studies to investigate the effects
of a 1-month coding intervention on the planning and response inhibition skills in
first and second-grade students. In the first study, they compared the performance of
76 first graders (N = 76) who participated in coding activities to that of a control
group who participated in standard STEM activities. In the second study, they
compared the performance of 17 second graders (N =17) who participated in coding
activities to that of the same children who participated in standard activities over an
extended period, as well as to that of a control group of 19 second graders (N = 19)
who participated in standard STEM activities. A significant correlation was found
between the reduction in planning time for coding tasks from the first pre-test to the
post-test and coding accuracy r (76) = —0.61, p < 0.001. Furthermore, there were
significant correlations between the reduction in planning time and improvements
in accuracy for the Elithorn and ToL (Tower of London) tasks from the pre-test to
the post-test with 7 (76) =—0.29, p =0.01 and  (76) = —0.31, p < 0.01, respectively.
The changes in coding accuracy between the pre-test and the post-test were
positively linked with the changes in accuracy on the Elithorn task » (76) = 0.26,
p < 0.05. Moreover, the reduction in planning time between the post-test and the
delayed post-test was significantly associated with the improvements in encoding
accuracy in the same time interval » (76) = —0.70, p < 0.001. The improvements in
accuracy on the Elithorn and ToL tests » (76) =—0.38, p = 0.001 and r (76) = —0.47,
p <0.001 were associated with the reductions in inhibition errors on the NEPSY-II
r (76) = 0.23, p < 0.05 and Stroop tasks » (76) = 0.45, p < 0.001. Furthermore,
improvements in coding accuracy between the post-test and the delayed post-test
were positively associated with improvements in accuracy on the Elithorn
r(76) =0.33, p <0.005 and ToL tasks  (76) = 0.42, p < 0.001 and were negatively
associated with the reductions in inhibition errors on the Stroop test » (76) = —0.35,
p <0.005. The authors concluded that just one month of coding lessons had a greater
effect on the participants’ planning and inhibition than 7 months of regular STEM-
based activities (Arfé et al., 2019).

One way to introduce coding to younger students is through analogies. Analogies
serve as tools to convey understanding through meaningful depictions across
various subjects (Harsch & Kendeou, 2023). The biggest challenge lies in identifying
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valuable correlations between distinct symbolic portrayals of subjects that allow
knowledge to be shared quickly and effectively. Learning through analogies is
generally split into two subdivisions:

1) Near transfer, a situation where the origin and the desired area of knowledge
are already similar, allowing solutions to be conveyed almost word-for-word.

2) Far transfer, a context where the domains differ significantly at the superficial
level, requiring knowledge to be transferred through deeper abstractions.

In modern education, several examples of coding analogies are presented,
namely maps, electrical grids, correspondence and traffic (Adamovi¢ & Ivetic,
2024). In terms of teaching software design and programming (e.g., using Scratch),
both metaphors and analogies are often used. They can develop students’
understanding of abstract computing concepts by relating them to tangible real-
world examples. Students can be taught such complex programming concepts as
variables, conditional statements, loops, and debugging strategies using examples
from their everyday lives. M. B. Adamovi¢ & D. V. Iveti¢ (2024) presented a video
game that combined programming concepts and traffic for a group of children aged
7-9 years (N = 112). Similarly, D. Pérez-Marin and colleagues validated a
pedagogical methodology that combined metaphors with Scratch, a block-based
visual programming language primarily aimed at children (Pérez-Marin, D. at al.,
2020). Created by the Lifelong Kindergarten group at the MIT Media Lab, Scratch
allows users to create projects using a block-like interface (Dto-Terron, 2023). In
their study, D. Pérez-Marin and colleagues (2020) explained programming using
food- and recipe-based analogies (called “metaphors” by the authors). They
recruited 132 (N = 132) participants aged 9—12 years. The authors used three tests
both before and after the intervention: a test that assessed children’s computational
thinking skills, validated for this age group (“ROMT?”); a test created specifically
for the pre-assessment (“CONT”); and a new test, based on scientific literature,
created to test the participants’ computational thinking (“PCNT”). After a 6-week
(1 hour per week) intervention, a significant improvement (Rosenthal r) was noted
for the 4th grade condition in the CONT test (» = 0.62). The 5th grade condition
showed a small increase for the PCNT variable (» = 0.27) as well as for the ROMT
variable (» = 0.23), and a notable improvement in the CONT variable (» = 0.57).
The 6th grade condition showed a large effect (» = 0.55) (Pérez-Marin et al., 2020).
This was not the first instance that educators used recipe or food comparison to
illustrate programming in a school setting. In their 2023 observational study,
G. Heim & O.J. Wang (2023) analyzed the feedback from a group of 6th grade
students (N = 44). The students were part of two classes that participated in lessons
on two topics: mathematics (where the students were introduced to block
programming), and food/health (where students followed a recipe, an example of
unplugged programming). Since Norway introduced programming into their school
curricula, the authors wanted to know whether students would be able to envision
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uses for coding within the food and health topic. Although only 36 students provided
feedback (N = 36), seven participants answered in a way that suggested they could
see the connection between the topics, correctly indicating that they followed steps
in a recipe that they thought were similar to the blocks in their coding classes.
However, the small number of students who were able to see some connection was
not necessarily a fault in the analogy used (Heim & Wang, 2023). Since algorithmic
thinking is a large category within computational thinking, the recipe analogy is
applicable when it comes to programming, as it serves to implement many aspects
of algorithms in a way that is easy for younger students to understand. Like coding,
following a recipe involves following instructions, doing things in the correct order
and analyzing the results of each step.

Debugging is an essential aspect of programming and software development, as
it helps identify and fix errors or bugs in the software source code. It is crucial to
determine why an operating system, application, or program is misbehaving and
plays a significant role in improving both software quality and end-user experience.
Studies have shown that different programmers have their own strategies when it
comes to the debugging process, namely, experience in the area affects eye
movement patterns while searching for code errors (Davis & Zhu, 2022). A. Misirli
& V. Komis (2023) suggested that young children can develop their own debugging
strategies, even those with no prior experience. Of the 526 recruited participants
aged 4-6 years (N = 526), 84 (f = 284, rf'= 53.99) demonstrated fully consistent
programming behavior without errors in their programs. Furthermore, 184 of the
526 children (f = 184, rf = 34.98) demonstrated semantic or logical errors, and
36 (=36, rf=6.84) showed a combination of syntactic and semantic/logical errors,
while the remaining 22 children (f = 22, rf = 4.18) had only syntax errors. The
authors concluded that the participants in their study, regardless of their age, were
guided to identify and correct errors in a way that was consistent with their intuition
and logical reasoning, allowing them to adjust their programs and solve the perceived
problem (Misirli & Komis, 2023).

This work is intended for educators, researchers and policymakers interested in
improving coding education in K-12 settings. Our results distinguish computational
thinking from algorithmic thinking, highlighting that, while both are essential for
effective coding instruction, they serve different cognitive purposes. Additionally,
we have explored the benefits of both plugged and unplugged programming
approaches, noting that each method offers unique advantages for engaging students
in coding concepts. However, a significant challenge identified in the literature is
the lack of universal methods for assessing coding skills and cognitive development,
which complicates the ability to consistently measure the effectiveness of various
instructional strategies. This gap highlights the need for standardized assessment
tools to better understand and improve coding education practices.
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Discussion

The current inquiry is an attempt to review scientific articles that not only
describe computational thinking in the K-12 curricula but also use cognitive or
neuroscientific methodology. The author was particularly interested in papers
published in the post-Covid era, as it has been a paramount turning point in modern
education. Global social distancing efforts have led to a shift in education with
increased screen time and reliance on technology for learning (Koh & Daniel,
2022). We acknowledge that this review is multi-faceted in nature, but this is
because this is the state of current research in the field of K-12 programming lessons
and computational thinking. The articles addressing these topics explore different
aspects of the problem, and the definition itself of computational thinking remains
vague. It is also unclear whether computational and algorithmic thinking can be
improved and, if so, what methods should be implemented (Sun et al., 2021). The
author reports several drawbacks that continue to persist when it comes to
computational thinking and programming education. First, one of the major
drawbacks is that coding lessons are not universally available in all countries. The
United Kingdom introduced computing into its national curriculum as a compulsory
subject in 2014, and France followed suit in 2016 (Grout & Houlden, 2014). Given
the prevalence of technology in our lives, it is expected that more curricula will
include coding in the coming years. However, these schools will face significant
challenges, as little is known about coding as a cognitive ability.

Another contentious point is assessment. While it is possible to assess older
students’ understanding of program by asking them to complete a project, younger
students are unable to perform such complex activities. One possible assessment
method would be to test younger students’ understanding by breaking down a
coding-based task into its computational and algorithmic parts. There are challenges
related to the mismatch between the types of skills assessed, the complexity of
tasks, and the age groups, which makes it difficult to draw consistent conclusions.
Assessing computational thinking is an evolving field, and ongoing research is
underway to develop new assessment methods and tools (Tang et al., 2020).
Unfortunately, there is currently no established way to accurately measure how well
a student has learned computational thinking concepts. This lack of standardization
may make it difficult for educators and researchers to accurately assess the
effectiveness of their teaching methods or the efficacy of different learning materials.
Furthermore, while there have been previous attempts to assess computational
thinking concepts, such assessments have often failed to consider the role of visual
engagement in the learning process. Eye-gaze measures, for example, can provide
valuable insights into how students interact with various concepts and learning
materials. However, these measures are often overlooked in traditional assessments
of computational thinking concepts, leading to potential gaps in our understanding
of how students learn and retain these fundamental skills (Jarodzka et al., 2021). In
light of these challenges, there is a growing need for new and innovative approaches
to measuring and assessing computational thinking concepts. By incorporating eye-
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gaze measures and other advanced evaluation techniques, we can gain a more
comprehensive understanding of how students interact with computational thinking
concepts and identify areas for improvement in teaching methods and learning
materials (Arslanyilmaz & Sullins, 2023). As technology continues to advance,
coding will become increasingly important. By teaching children to code, we can
help prepare them for a future where technology will play an even greater role in
our lives (Sim & Bond, 2021). Finally, what seems to matter is children’s attitude
towards coding. According to a 2018 study that recruited 44 participants aged
8-17 years, their attitude towards coding impacted their gaze patterns during a
coding exercise to a great extent (Papavlasopoulou et al., 2018).

Future studies should focus on neuroimaging and psychophysiological methods
to expand our understanding of the effects of coding on brain development.
Additional research efforts should be directed at defining the concepts of
computational and algorithmic thinking, and identifying the cognitive processes
most involved in both. Assessments of schoolchildren’s computational and
algorithmic thinking have been proposed, but at the time of publication of this
article, none have been formally implemented. The PISA 2024 Science framework,
for example, includes a set of competencies related to informatics that could be
considered for inclusion within the PISA 2024 Science framework (OECD, 2024).
These competencies include understanding the nature of problems that are worthy
of an algorithmic solution, being able to assess the efficiency and correctness of
simple algorithms, as well as defining, implementing, and validating programs and
systems that model or simulate simple physical systems or familiar processes that
occur in the real world or are studied in other disciplines.

Conclusion

Many countries around the world have integrated coding lessons into their
educational curricula, but many more have yet to do so. Administrators of these
future schools will face numerous challenges that many educators and researchers
are already struggling with. Technology is of paramount importance in the modern
era, and coding is called a new form of literacy. This poses many questions to the
scientific community that researchers continue to ask. First, most teachers do not
receive adequate training in coding and digital literacy. This, in turn, often leads to
their lack of competence and confidence in teaching related subjects. Moreover, the
lack of universal teaching platforms and methods creates additional challenges
when it comes to implementing coding lessons in primary schools. The results show
that many teachers do not have sufficient training in coding and digital literacy,
resulting in low competence and confidence in teaching these subjects. Additionally,
the absence of universal teaching platforms and methods complicates the
implementation of coding lessons in primary schools.

In terms of research, longitudinal studies (over 6 months) on the cognitive skills
of school-based coding lessons are limited due to various factors. One reason is the
relatively recent integration of coding into school curricula, which means there has
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not been enough time to conduct long-term studies that track students’ cognitive
development over several years. Additionally, the dynamic nature of technology
and coding languages makes it difficult to design studies that can accurately measure
the long-term impact of coding lessons on cognitive skills. Longitudinal studies,
especially those involving psychophysiological methods, are needed to better
understand the effect of code comprehension on brain development. Coding can be
a great outlet for students who enjoy creative activities. By learning to code, children
can develop skills like critical thinking, perseverance, and attention to detail.
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BaHMA B CBOM yueOHBIE IUIaHbl. [IporpaMMupoBaHue TECHO CBSI3aHO CO CIOKHBIMM KOTHUTHB-
HbIMU HaBbIkamu B oOnactu STEM (Hayka, TEXHOJIOTUH, UH)KEHEPUS U MaTeMaTHKa), TAKUMHU
KaK BBIYHCIIMTEIBHOE U aJIrOPUTMUYECKOoe MbllieHne. OTHaKO B IUTepaType CylIecTBYET Iy-
TaHHIA B OTHOIIICHUH B3aUMOCBSI3U MEXKIY STHMHU (HOPMaMHU MBIIIIICHUS U JPYTHMHU KOTHHTHB-
HBIMH HaBbIKaMu. Lleran 0630pa: mpoaHan3upoBaTh METOIOJIOTHH, HCIIOIb3YeMbIe KOTHHTHB-
HBIMH YYEHBIMH JUIS U3Y4eHUs 3((PEKTOB NMEpEeHOCa HABBIKOB, MOIYYECHHBIX HAa ypOKax Ipo-
rpaMMHUPOBAHUS, HA Pa3BUTHE HABBIKOB BHIYMCINUTEIBHOTO MBIIIICHUS y IE€TEH; PaCCMOTPETh
COBpPEMEHHBIE HCCIICOBAaHMs, HApPABICHHbIC HA M3y4YE€HUE MPOOJIEMbl CBSA3M 3aHATHHA MpPO-
rpaMMHUPOBAHUEM U PA3BUTHUEM BBIYHMCIMTEIBHOIO MBILIUIEHUS. Hamm pesynsrarsl nokasaiu,
YTO MHOTHM YYHTEISIM HE XBaTaeT aJeKBaTHOH IMOATOTOBKU B OONACTH MPOTPAMMHUPOBAHUS H
U(PPOBOI TPAMOTHOCTH, YTO IIPUBOIUT K HU3KOI KOMITETCHTHOCTH M HEYBEPEHHOCTH B TIPETIO-
JIaBaHUM 3THX IpeAMeToB. KpoMme Toro, OTCyTCTBHE YHHUBEPCATBHBIX IUIATPOPM U METOIOB
00yueHHs yCIOXKHSIET BHEPEHUE YPOKOB MPOrpaMMUPOBAHUS B HAUaIbHBIX MIKoiax. Cyie-
CTBYET TAK)KE HEXBATKA JIOHTUTIOJHBIX UCCE0BaHUM (0ojee MIeCTH MECALEB), KOTOPhIE U3y-
YaroT KOTHUTHUBHBIE HABBIKU, Pa3BUBAEMbIE B XOJI€ YPOKOB IPOrpaMMUpOBaHus. Perenue 3Tux
po0IIeM BayKHO VIS YITYUIICHHsT 00pa30BaTeIbHBIX MTPAKTHK.

KuroueBble cj10Ba: KOTHUTHBHBIC HaBBIKH, yueOHbIC Mmanbl K-12, BRIYUCIUTEIBHOE MBIIILIIE-
HHUE, YPOKHU NMPOrpaMMHUPOBAHUS, IKOIBHUKH, HelipoHayka, COVID-19, 30T
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