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ABSTRACT

Background: Traditional mathematical education primarily engages the verbal-phonological loop of working memory. This
systematic review evaluates the cognitive impact of Abacus-Based Mental Calculation (AMC), a specialized mental
arithmetic (MA) training that facilitates a transition from linguistic processing to a dynamic "mental blackboard"
representational format. The study aims to characterize the causal relationship between systematic practice and the
optimization of neurocognitive plasticity, fluid intelligence, and executive functions.

Methods: A thematic synthesis was conducted on high-quality, peer-reviewed studies (primarily 2019-2026), including
randomized controlled trials (RCTs) and longitudinal interventions involving children aged 6—12. The review integrates
behavioral outcomes, such as standardized 1Q scores (Raven’s Matrices), with neurobiological markers obtained via fMRI
and Diffusion Tensor Imaging (DTT).

Results: Evidence confirms that long-term MA training (12—24 months) induces significant "far-transfer" effects, notably
enhancing fluid intelligence and visuospatial reasoning. Neuroimaging data reveal structural reorganization, including
increased gray matter volume in the superior parietal lobule (SPL) and medial temporal lobe (MTL), alongside improved
white matter integrity in the superior longitudinal fasciculus. Furthermore, experts demonstrate higher neural efficiency in
prefrontal regions and enhanced specialized activation in the frontal pole (BA10) during executive tasks.

Conclusion: Mental arithmetic serves as a powerful, low-cost cognitive technology that fundamentally reshapes the brain's
functional architecture. The findings underscore the importance of intervention intensity, where sustained practice leads to
permanent neurocognitive reorganization. Integrating MA into early childhood education offers a strategic framework for
enhancing intellectual potential and fostering cognitive resilience in an information-dense world.
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Introduction

The development of mathematical proficiency during primary education is increasingly recognized as a
critical factor in global neurocognitive maturation, extending beyond simple academic achievement [5, 14, 15].
Research demonstrates that early mathematical skills are uniquely supported by a complex mixture of domain-
specific numerical abilities and domain-general cognitive functions, such as logical reasoning and working
memory [10, 16]. Traditional pedagogical methods, which rely heavily on symbolic and linguistic
manipulation of numerical data, primarily engage the phonological loop of working memory [1, 5]. However,
contemporary evidence indicates that specialized mental arithmetic (MA) training, specifically abacus-based
mental calculation (AMC), can fundamentally reshape these cognitive architectures [3, 11].

AMC expertise is acquired through a structured, multi-stage intervention. Initially, students utilize a
physical abacus (PA) to perform operations, fostering a concrete understanding of numerical magnitude and
place value. As proficiency increases, the physical device is internalized, allowing practitioners to manipulate
a "virtual" or "mental" abacus within their mental workspace [5, 13]. This transition necessitates a functional
shift from verbal-phonological processing to a dynamic visuospatial representational format, characterized as
a "mental blackboard" [7, 15]. Such a shift effectively expands the brain's internal representational capacity
and mediates individual differences in cognitive development during school years [14].
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Aim

The primary objective of this review is to evaluate the influence of mental arithmetic (MA) training on
the global cognitive development of school-aged children. By synthesizing evidence from recent controlled
trials and neuroimaging studies, this study seeks to characterize how the abacus-based mental calculation
(AMC) method serves as a catalyst for broader cognitive enhancement. Specifically, this review aims to
evaluate the evidence regarding the causal relationship between systematic practice and the optimization of
neurocognitive plasticity, fluid intelligence, and spatial reasoning. Ultimately, this review provides a
theoretical foundation for understanding MA as a strategic technology for enhancing intellectual potential
within early childhood developmental frameworks. While traditional mathematics emphasizes verbal memory,
this review explores how MA training targets visuospatial networks and induces structural changes in brain
regions associated with long-term memory and executive control.

Materials and Methods

The methodology for this review was structured as a thematic synthesis of high-quality, peer-reviewed
literature published primarily between 2019 and 2026. To ensure a robust analysis of cognitive development,
the selection process focused on experimental and longitudinal studies that utilized randomized controlled
trials (RCTs) or quasi-experimental designs with active control groups. Such designs were prioritized to isolate
the specific impact of mental arithmetic (MA) training from general maturation effects and traditional
pedagogical influences.

Search Strategy and Data Sources

Literature was identified through comprehensive searches of major electronic databases, including
PubMed, PMC (PubMed Central), ScienceDirect, and Google Scholar. The search strategy employed specific
keywords and Boolean operators: ("mental arithmetic" OR "abacus-based mental calculation") AND
("cognitive development" OR "neuroplasticity" OR "executive functions" OR "fluid intelligence").
Additionally, ancestral searches were conducted by reviewing the reference lists of identified meta-analyses
and systematic reviews to capture relevant longitudinal data not identified in the initial search.

Inclusion and Exclusion Criteria

Studies were selected based on the following eligibility criteria:

e Target Population: Pediatric populations consisting of typically developing school-aged children,
primarily in the 612 age range.

e Study Design: Longitudinal interventions, randomized controlled trials, and cross-sectional
comparisons between trained (AMC/MA) and abacus-naive groups.

e Cognitive Domains: Assessment of diverse domains, including visuospatial working memory,
executive functions (specifically inhibition, shifting, and updating), and fluid reasoning.

e Measurement Tools: Utilization of objective metrics, such as standardized IQ assessments (e.g.,
Raven’s Progressive Matrices), memory span tasks (e.g., Digit Span, Corsi Block-Tapping), or neuroimaging
techniques, including functional Magnetic Resonance Imaging (fMRI) and Diffusion Tensor Imaging (DTI).

Studies were excluded if they focused on atypically developing populations, such as children with
clinical ADHD or dyscalculia. Further exclusion criteria included a lack of quantitative performance data, case
studies with sample sizes smaller than ten participants, and publications not written in English.

Data Categorization and Synthesis

The identified studies were categorized thematically to provide a coherent narrative of how mental
arithmetic affects various facets of cognitive architecture. Data were synthesized by contrasting behavioral
outcomes, such as IQ gains and memory span improvements, with corresponding neurobiological markers,
including gray matter volume, white matter integrity, and functional connectivity. This approach allowed for
the identification of far-transfer effects, where mathematical training yields measurable gains in non-
mathematical domains such as spatial reasoning and attentional control.
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Results

Enhancement of Global Cognitive Architecture and Fluid Intelligence

Longitudinal data analysis indicates that children undergoing systematic mental arithmetic (MA)
training consistently outperform abacus-naive control groups in standardized measures of fluid intelligence [2,
11]. Studies utilizing Raven’s Progressive Matrices report statistically significant improvements in inductive
reasoning and novel problem-solving capabilities [1, 5, 8]. This intellectual gain is strongly correlated with
intervention duration, with significant differences typically emerging after 12 to 24 months of practice [1, 3].
Comparative assessments reveal that while both traditional mathematics and MA-based instruction improve
basic numerical fluency [1, 5], only the MA cohorts demonstrate a measurable increase in abstract reasoning
tasks and cognitive flexibility [5, 15].

Visuospatial Cognitive Transformation and the '""Mental Blackboard"

The reviewed literature confirms a fundamental strategy shift from verbal-phonological rehearsal to a
dynamic visuospatial representational format during numerical tasks [5, 11, 15]. MA-trained children exhibit
superior accuracy in mental rotation and complex 3D visualization tasks [2, 11]. This process is mediated by
the stabilization of an internal "mental blackboard", which facilitates the encoding and transformation of
information without reliance on external aids [7, 11]. Furthermore, cross-modal transfer effects have been
documented; MA practice accelerates auditory spatial maturation, leading to enhanced source segregation and
improved orientation within acoustic environments [8].

Neuroplasticity and Structural Brain Reorganization

Neuroimaging evidence from fMRI, MRI, and Diffusion Tensor Imaging (DTI) reveals large-scale
functional and structural reorganization induced by systematic MA training [3, 11, 14]:

e Gray Matter Volume: Increased gray matter volume was observed in the bilateral superior parietal
lobule (SPL) and occipital regions [11, 14]. Additionally, structural changes in the medial temporal lobe (MTL)
and right fusiform gyrus were identified, which are associated with long-term memory consolidation of abacus
bead representations [14].

e White Matter Integrity: DTI data demonstrate improved microstructural integrity of the superior
longitudinal fasciculus. These adaptations facilitate more efficient signal transmission between the frontal and
parietal lobes [11, 14].

e Neural Efficiency and Specialization: MA experts demonstrate decreased activation in certain
prefrontal regions during calculation, suggesting higher neural efficiency [9, 13, 15]. Conversely, complex
executive tasks trigger specialized activation in the frontal pole (Brodmann area 10, BA10), reflecting the
development of advanced executive control [13].

Working Memory Capacity and Attentional Control

Systematic MA practice significantly expands both verbal and visuospatial working memory capacity
[3, 10, 16]. In visuospatial n-back tasks, MA cohorts achieve higher discrimination indices (d' scores) and
shorter reaction times compared to controls [11]. Significant improvements are also reported in inhibitory
control and selective attention, as evidenced by performance in Flanker and Go/No-go paradigms [7, 12]. The
cognitive discipline required to stabilize mental images acts as a robust training mechanism for top-down
attentional systems [6, 13].

Variability, Transfer Effects, and Long-term Retention

Transfer effects are most potent in cognitive domains that share neural substrates with visuospatial
processing, such as geometry and spatial orientation [6, 11]. In contrast, transfer to linguistic skills and reading
fluency remains measurably lower [5, 16]. Training efficacy is governed by an intensity effect: short-term
interventions (under 6 months) may improve speed but fail to induce permanent structural reorganization,
which requires 2 to 5 years of consistent practice [3, 11, 14]. Notably, cognitive gains remain detectable for
several months after formal training has ceased [3, 12].
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Discussion

The synthesis of the sixteen reviewed studies establishes mental arithmetic (MA) not merely as a
numerical skill, but as a transformative cognitive intervention [3, 15]. The primary significance of these
findings lies in the robust evidence of "far-transfer" effects: systematic abacus-based mental calculation (AMC)
yields measurable improvements in domain-general faculties, such as fluid intelligence and executive control
[8, 11, 13]. This discussion interprets the mechanisms of this transformation, the neurobiological implications
of the intensity effect [11, 14], and the broader educational consequences of these findings [4, 13].

The Mechanism of Visuospatial Internalization and Cognitive Load

A central contribution of the analyzed literature is the clarification of how AMC facilitates a shift from
verbal-phonological processing to a dynamic visuospatial representational format [5, 11, 15]. Traditional
arithmetic relies heavily on the phonological loop, which often acts as a "bottleneck" for complex operations
due to its limited capacity and susceptibility to interference [16]. AMC bypasses this limitation by internalizing
the physical abacus into a "mental blackboard" [4, 7, 9].

This internal representation acts as a cognitive scaffold that expands the total workspace of working
memory [11, 13]. When a child manipulates virtual beads, they engage in a high-level executive task involving
simultaneous storage, updating, and shifting of information [13, 16]. The superior performance of MA-trained
children in mental rotation and 3D visualization tasks suggests that this practice strengthens the "visuospatial
sketchpad," providing a concrete structure for abstract logical operations [2, 11]. Furthermore, the evidence of
auditory spatial maturation suggests that this visualization expertise may refine cross-modal spatial acuity,
allowing for better navigation of complex sensory environments [8].

Neuroplasticity, Frontoparietal Synergy, and the Fusiform Gyrus

From a neurobiological perspective, the structural reorganization reported in the literature provides a
physical basis for behavioral gains [11, 14, 15]. Increased gray matter volume in the bilateral superior parietal
lobule (SPL) confirms that the brain undergoes physical adaptation to the visuospatial demands of AMC [11,
14]. The parietal lobe, a hub for numerical magnitude processing [6, 15], shows enhanced functional
connectivity with the prefrontal cortex, facilitating more efficient "top-down" attentional control [14, 15].

The recruitment of the right fusiform gyrus and the medial temporal lobe (MTL) is particularly
noteworthy [14]. The fusiform gyrus is typically associated with high-level visual object recognition [12]; its
activation in MA experts suggests that "mental beads" are treated as stable, recognizable objects rather than
abstract symbols [12, 14]. This transformation, coupled with improved microstructural integrity of the superior
longitudinal fasciculus [11, 14], explains the observed "neural efficiency" [13, 15]. By optimizing these
pathways, the brain performs complex calculations with lower metabolic effort [12, 15], reallocating cognitive
resources to higher-level reasoning and multitasking [11, 13].

Enhancing Fluid Intelligence and the Limits of Transfer

The consistent gains in fluid intelligence suggest that AMC targets the foundations of reasoning:
memory, visualization, and logical rules [8, 11]. Fluid intelligence is traditionally viewed as resistant to
pedagogical intervention; however, AMC bolsters inhibitory control—the capacity to suppress the urge for
verbal counting and maintain a complex internal image [12, 13]. This discipline acts as intensive attentional
training, fostering "cognitive dedifferentiation" where executive functions and numerical reasoning become
more integrated [13, 15].

However, the discussion must also address the specificity of these effects. While transfer to visuospatial
and mathematical domains is robust [5, 11], the impact on linguistic skills and reading fluency is measurably
lower [5, 16]. This supports the "shared resource" hypothesis, suggesting that MA is most effective when the
target task (e.g., geometry or spatial reasoning) recruits the same neural circuits as the training itself [6, 11].
Unlike general "brain training" games, which often fail to produce far-transfer [3, 15], the long-term, structured
nature of AMC provides a unique multi-modal challenge that impacts global cognitive architecture [3, 13, 14].

Critical Nuances: The Intensity Effect and Sensitive Periods

A crucial finding is the intensity effect: short-term interventions (< 6 months) primarily improve
calculation speed without inducing permanent neurocognitive reorganization [3, 11, 14]. Structural changes,
such as increased white matter integrity, require 12—24 months of consistent practice to "solidify" [3, 11]. This
implies that neuroplasticity in children is not an immediate reaction but a cumulative developmental process
[11,14,15].

Furthermore, the 6—12 age range appears to be a "sensitive period" for this training, capitalizing on peak
neuroplasticity and the maturation of frontoparietal networks [5, 8, 11]. Starting MA during this window
maximizes the potential for the internalization of the mental abacus and the resulting far-transfer effects [8,
14]. These findings emphasize that timing and consistency are as important as the method itself [11, 14].
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Educational and Socio-Economic Implications

The practical implications of these findings are profound. If AMC can reliably enhance fluid intelligence
and executive functions, it should be recognized as a foundational cognitive technology rather than an optional
activity [13, 15]. As a low-cost, high-impact tool, MA requires only a simple physical abacus and trained
educators, making it highly accessible for narrowing the achievement gap in diverse socio-economic settings
[4, 11, 14]. By fostering a more robust cognitive architecture in early childhood, MA provides a strategic
framework for enhancing intellectual potential in an increasingly information-heavy future [2, 13, 15].

Conclusions

The systematic analysis presented in this review demonstrates that mental arithmetic (MA) is a
transformative cognitive intervention that significantly alters the trajectory of neurocognitive development in
school-aged children. By synthesizing evidence from experimental and neuroimaging studies, this paper
clarifies the multifaceted impact of abacus-based training on the developing brain. Several overarching
conclusions can be drawn:

e Representational Shift: The research confirms that MA training facilitates a fundamental shift in
cognitive strategy, transitioning from verbal-phonological rehearsal to a dynamic visuospatial representational
format. This "mental blackboard" is not merely a calculation technique but a broader enhancement of the
mind’s internal workspace, yielding significant gains in fluid intelligence and abstract reasoning.

o Structural Neuroplasticity: The structural and functional neuroplasticity observed in the literature
provides a robust biological foundation for these cognitive gains. The strengthening of frontoparietal networks,
increased gray matter volume in the Superior Parietal Lobule and Medial Temporal Lobe, and improved white
matter integrity in the superior longitudinal fasciculus indicate that systematic calculation exploits the brain's
heightened plasticity during primary school years.

¢ Executive Optimization: Working memory acts as a critical mediator of this growth. The intensive
demand for the simultaneous storage and manipulation of mental images expands overall mental capacity,
leading to superior attentional control and executive processing efficiency.

e Intensity and Duration: The magnitude of these effects is strictly dependent on the intervention
intensity. While short-term practice improves fluency, long-term commitment (12—24 months) is required to
induce permanent neurocognitive reorganization and stable 1Q enhancements.

In summary, mental arithmetic should be viewed as a powerful, low-cost cognitive technology capable
of optimizing intellectual potential. The current evidence strongly supports the integration of MA into early
childhood educational frameworks as a strategic tool for fostering a more robust cognitive architecture,
providing children with the foundational mental tools necessary for success in an increasingly information-
dense world.
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