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Introduction
Relevance

In the context of digitalization and the widespread use of quantitative data
processing, the role of mathematical skills is essential: arithmetic operations remain a
core component of cognitive activity, underpinning the understanding, monitoring, and
interpretation of numerical information. At the same time, arithmetic skills are
fundamental both in ontogenesis and in sociogenesis: their acquisition is not an innate
modular property, but a cultural-historical achievement linked to the development of
education, universal literacy, trade, and monetary systems. Accordingly, arithmetic
learning should be considered not only as the acquisition of knowledge, but also as a
driver of cognitive development, in line with the cultural-historical theory of higher
mental functions (Vygotsky, 1978). In other words, the acquisition of arithmetic
operations is not merely a learning outcome, but a process that itself becomes a source
of cognitive growth, reciprocally influencing working memory, mental attention, and

the functional organization of the brain that supports numerical processing.

Historically, mental calculation has been more than a computational technique;
it has been a key cultural practice that formed a cognitive toolkit and discipline of mind.
In the contemporary digital era, however, there is a fundamental shift from “in-mind”
to “in-device” computation (e.g., on gadgets, calculators, computers). This transition
from internal execution of procedures to their external algorithmization and automation
can be viewed as a large-scale experiment in the externalization and, potentially,
attrition of specific cognitive skills. The disappearance of mental calculation as an
everyday practice raises a critical question about the future of the brain’s functional
architecture that evolved to support arithmetic: which components of this system may
weaken (e.g., maintaining and manipulating numerical representations in working
memory) and which, on the contrary, may gain prominence (e.g., cognitive control and
interpretation of machine-generated outputs). This historical context makes the

neurocognitive investigation of basic arithmetic operations particularly timely, since it
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allows documenting and analysing the neural mechanisms of this fundamental human
ability before its regular use is irreversibly transformed by digital technologies. Central
to these mechanisms are the four basic arithmetic operations — addition, subtraction,
multiplication, and division — which structure both school mathematics and more
abstract forms of mathematical thinking. In most educational systems, international
reports indicate that basic arithmetic operations occupy a central place in primary
curricula and constitute a cornerstone for the development of mathematical competence
in children across countries. Their acquisition is characterized by considerable
interindividual variability even in adulthood, both at the behavioural (Santos et al.,
2020; Santos & Evans, 2023) and neurophysiological levels (Evans et al., 2016;
Heidekum et al., 2021; Amalric & Cantlon, 2022). Despite the applied importance of
arithmetic skills, the brain mechanisms supporting successful performance of basic

operations remain only partially understood.

The relevance of the present research is determined by the need for an integrated
approach to the study of neurophysiological and neuroanatomical correlates of
arithmetic operations and by the scarcity of neuroimaging studies that jointly consider
different age groups, operation types, and difficulty levels. Combining functional
Magnetic Resonance Imaging (fMRI), Diffusion Tensor Imaging (DTI), and
coordinate-based quantitative meta-analysis of fMRI studies, makes it possible not
only to refine the neurocognitive architecture of mathematical problem solving, but

also to develop objective criteria for assessing the efficiency of these processes.

The object of the dissertation is the neurophysiological and neuroanatomical

correlates of arithmetic operations — addition, subtraction, multiplication, and division.

The subject of the study comprises: (1) patterns of functional brain activity
associated with arithmetic operations of different type and complexity in children and
adults; (2) associations between microstructural characteristics of the middle
longitudinal fasciculus (MdLF) and performance in arithmetic operations of different

type and complexity in children and adults.
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The main aim of the study is to identify and characterize the brain mechanisms
that support performance of arithmetic operations of varying complexity in children
and adults through the integration of functional and diffusion magnetic resonance
imaging. The project targets the neurocartography of mathematical problem solving,
the 1dentification of microstructural biomarkers of successful mental calculation, and

a deeper theoretical understanding of brain—behaviour relationships in arithmetic.

In line with this aim, the dissertation includes the successful completion of the

following tasks:

1. Conducting a quantitative coordinate-based meta-analysis of fMRI data on basic
arithmetic operations in children and adults in order to identify common and
specific brain activation patterns as a function of age and operation type.

2. Performing an empirical fMRI study assessing the involvement of distinct brain
regions during mental solution of arithmetic problems of varying difficulty.

3. Exploring microstructural properties of the bilateral MdALF using
diffusion-weighted MRI, in an empirical study with children and adults, to
establish their relation with performance in arithmetic operations, and to assess

hemispheric asymmetry of this tract.
Theoretical and practical significance

Theoretically, the study advances current knowledge about the neural bases of
arithmetic operations in a developmental perspective, comparing school-age children
and adults. For the first time, methods of functional and diffusion MRI are integrated
to obtain a more comprehensive view of the neural architecture underlying arithmetic
processing. This integration refines the understanding of how fronto-parietal and
cingulo-opercular networks contribute to solving problems of varying complexity. The
dissertation also develops concepts of hemispheric asymmetry and white-matter
maturation — specifically, of the MdLF as a structural substrate of cognitive strategies

and efficiency in mental calculation. The findings are interpreted within the framework
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of the theory of constructive operators of cognitive development, thereby extending
accounts of how brain resources are functionally distributed and how their maturity

varies across age.

The practical significance of the work lies in its potential to inform objective
neurobiological criteria for assessing mastery of basic mathematical operations and
levels of cognitive development. Stereotactic coordinates of the identified activation
foci can be used in neuropsychological and clinical studies aimed at early detection of
developmental deviations. In the longer term, synthesizing evidence on brain
mechanisms of arithmetic based on these coordinates may support the design of
adaptive educational programmes tailored to learners’ neurophysiological
characteristics.  Furthermore, the results can contribute to improving
diffusion-tractography protocols, enabling more precise assessment of the

microanatomy of white-matter pathways involved in arithmetic performance.
Methodology and methods

The dissertation investigates neuroanatomical and neurophysiological correlates
of arithmetic problem solving, addressing both functional and microstructural aspects
of brain organization. An integrated neuroimaging approach is employed, combining
fMRI and DTI. fMRI is used to measure task-related changes in cerebral blood flow
during arithmetic operations, while DTI characterizes microstructural properties of
white matter, in particular the integrity and orientation of the MdLF. These methods
are applied in the context of solving addition, subtraction, multiplication, and division
problems at three levels of difficulty. Within this integrated framework, a systematic
literature review and coordinate-based meta-analysis of existing fMRI studies on
arithmetic in children and adults are also conducted, providing contextual information

and revealing robust age-specific neurophysiological patterns.

Statistical analyses include ALE meta-analysis using GingerALE (version 3.0.2;

www.brainmap.org/ale/), as well as ANOVA, correlation and regression analyses, and
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multivariate generalised mixed-effects modelling (3dMEMA) implemented in AFNI
for macOS (versions 10.9—15) for the fMRI data (Cox, 1996).

Research hypotheses

1. Theoretical hypothesis: patterns of microstructural and functional brain
organization observed during arithmetic calculations conform to the
predictions of the theory of constructive operators; age differences are
reflected primarily in the redistribution of cognitive and neural resources
rather than in a complete change of basic information-processing
mechanisms.

2. Patterns of brain activation during basic arithmetic operations in children and
adults partly overlap.

3. The extent of activation in specific brain structures varies as a function of
task difficulty.

4. Microstructural properties of the MALF — fractional anisotropy, mean
diffusivity, radial diffusivity, and axial diffusivity derived from
diffusion-weighted MRI — change with age and correlate with performance

in arithmetic operations of different complexity.
Key statements to be defended

1. The fronto-parietal and cingulo-opercular networks constitute a universal
neurofunctional substrate of arithmetic computations in children and adults:
in children, arithmetic performance is predominantly supported by the
cingulo-opercular network, whereas in adults it relies mainly on frontal and
parietal cortical regions.

2. Task difficulty exerts a stronger influence on brain activation patterns than
operation type. With increasing difficulty, adults show broader recruitment

of frontal, parietal, temporal regions and the cerebellum.
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3. Arithmetic operations engage both common and operation-specific neural
mechanisms.

4. The MdLF exhibits hemispheric asymmetry: diffusion metrics such as axial
(AD), radial (RD), and mean diffusivity (MD) are substantially lower in the
right than in the left hemisphere in middle-school children, adolescents, and
young adults.

5. Accuracy in easier problems is primarily associated with microstructural
characteristics of the right MdLF, whereas speed in more complex problems

is linked to properties of the left MdLF.

The validity of the findings is ensured by solid theoretical grounding and the
use of stringent statistical thresholds. The results challenge some previous conceptions
posed by models of mental arithmetic yet are consistent with general constructivist
theory and previous research based on samples covering several age groups (children,
adolescents, adults), which allows robust developmental regularities to be established.
The use of spatially precise activation coordinates and validated methods of
white-matter analysis supports the reproducibility and stability of the conclusions.
Moreover, the findings have successfully undergone peer review in established

scientific journals, which further attests to their robustness and objectivity.
Scientific novelty and significance

1. This is the first systematic review and coordinate-based ALE meta-analysis
of fMRI activation associated with individual arithmetic operations (addition,
subtraction, multiplication, division) in school-age children and adults,
including direct comparison of operation-specific activation patterns.

2. For the first time, a two-factor fMRI experiment demonstrates that mental
performance of the four basic arithmetic operations at three difficulty levels
in healthy adults recruits distinct brain networks depending on operation type
and task complexity. Easier problems predominantly engage the left inferior

parietal lobule and left angular gyrus, whereas more demanding problems
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elicit bilateral activation of frontal and parietal cortices, the cerebellum, and
the insula. These results reveal differentiated neural systems underlying
arithmetic processing at different levels of difficulty.

3. The study is also the first to show that microstructural properties of the MdLF
constitute a significant neurobiological factor associated with performance in
arithmetic operations of varying complexity. This finding extends current
understanding of brain—behaviour relations in mathematical cognition and is

of particular interest for clinical research on neurodevelopment and learning.
Publications and approbation of the research

The main results of my dissertation are presented in 8 publications, comprised

of 3 articles in well-respected, peer-reviewed scientific journals indexed in Web of

Science and Scopus, and 5 abstracts in conference proceedings. All publications adhere

to the core thematic focus of the research and reflect key aspects of the obtained results.

Articles:

1.

|l\)

|UJ

Istomina, A., & Arsalidou, M. (2024). Add, subtract and multiply: Meta-

analyses of brain correlates of arithmetic operations in children and
adults. Developmental Cognitive Neuroscience, 101419.

doi:10.1016/5.dcn.2024.101419

. Istomina, A., Faber, A., Manzhurtsev, A., Ublinskiy, M., Arsalidou, M. (in

press). Neural correlates of solving arithmetic problems in adults. ZHURNAL
VYSSHEI NERVNOI DEYATELNOSTI IMENI IP PAVLOVA, 75(1),31-53
https://doi.org/10.31857/50044467725010047

. Buianova, 1., Istomina, A., Manzhurtsev, A., Ublinskiy, M., Karpychev, V., &

Arsalidou, M. (2025). Math skills and microstructure of the middle
longitudinal fasciculus: A developmental investigation. PLoS One, 20(6),

€0324802. do1:10.1371/journal.pone.0324802



https://www.sciencedirect.com/science/article/pii/S187892932400080X
https://doi.org/10.31857/S0044467725010047
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0324802

Conferences:

1. Istomina, A., Faber, A., Manzhurtsev, A., Ublinskiy, M., Arsalidou, M.

(2023, June 5-8). Neural correlates of subtraction and multiplication in
adolescents. The Mathematical Cognition and Learning Society (MCLS) 6™
annual conference, Loughborough, UK (oral presentation).

2. Istomina A., Faber A., Ublinskiy M., Manzhurtsev A., Arsalidou M. (2024,
February 25-March 1). Brain responses to complex addition problems in
children, adolescents and adults. European Congress of Radiology (ECR),
Vienna, Austria (oral presentation).

3. Istomina A., Faber A., Ublinskiy M., Manzhurtsev A., Arsalidou M. (2024,
May 4-9). A functional magnetic resonance imaging (fMRI) study of
adolescents solving complex mathematical operations. ISMRM & ISMRT
Annual Meeting & Exhibition, Singapore (poster presentation).

4. Istomina A., Faber A., Ublinskiy M., Manzhurtsev A., Arsalidou M. (2024,
June 23-27). Brain responses to complex division problems in children,
adolescents and adults. Organization for Human Brain Mapping (OHBM)
Annual Meeting, Seoul, Korea (poster presentation).

5. Istomina A., Buianova I., Manzhurtsev A., Ublinskiy M., Karpychev V.,
Arsalidou M. (2025, June 09-11). Math skills and microstructure metrics of
the middle longitudinal fasciculus in children and adolescents. The
Mathematical Cognition and Learning Society (MCLS) 8" annual

conference, Hong Kong (oral presentation).

Structure of the Thesis

The Introduction substantiates the relevance of studying the neural
foundations of arithmetic operations. The research objective is formulated as a
comprehensive investigation of the brain mechanisms underlying arithmetic
performance in children and adults through quantitative meta-analysis, fMRI, and DTI.

Specific research tasks are outlined, along with the novelty and significance of the
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dissertation. The following four chapters present the methodological framework of the
study, including the protocol of coordinate-based quantitative meta-analysis of fMRI
data, the design of the “Parametric Mathematical Task (PMT)” developed for fMRI but
also applied in DTI experiments, and the application of fMRI and DTI techniques. The
results of all four stages are integrated into a unified theoretical model, demonstrating
the relations among functional activation, microstructural characteristics of white

matter, and successful performance of arithmetic tasks.

The First Chapter provides the theoretical and empirical foundations for
investigating the neurocognitive mechanisms of basic arithmetic operations,
integrating behavioural findings, developmental cognitive theories, and contemporary
neuroimaging methods. It demonstrates that even “school-level” operations — addition,
subtraction, multiplication, and division — rely on complex systems of strategies
constrained by mental-attention resources and implemented in distributed brain

networks.

The chapter first considers behavioural characteristics of performing arithmetic
problems with multi-digit numbers. Such problems require the sequential use of a
series of concepts and strategies, including access to long-term memory, regrouping of
place values, borrowing, decomposition of an example into smaller steps, switching
between operations, and monitoring intermediate results (Moore et al., 2015). These
operations place differential demands on working memory and executive functions:
carrying across place values during addition increases reaction time and strengthens
the requirements for maintaining and updating numerical representations (Caviola et
al., 2012; Gobel et al., 2014); borrowing in subtraction strongly recruits cognitive
control and verbal components of working memory (Imbo & LeFevre, 2010;
Artemenko, 2021); simple multiplication primarily relies on automatic retrieval of facts
from memory, whereas more complex examples require additional processing and
combination of partial results; division is described as the most cognitively demanding
operation, especially when multi-digit numbers and potentially fractional outcomes are

involved. At the same time, division remains the least studied operation in both
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behavioural and neuroimaging studies, despite the fact that multi-digit computations
are already widespread in primary school and are regularly used by adults in everyday

situations.

The chapter then emphasizes the discrepancy between the complexity of real-life
arithmetic tasks and typical laboratory paradigms (Safiati & Prastiti, 2021). Most fMRI
studies focus on single-digit operations, which affords stricter experimental control
over stimuli but limits the generalizability of findings to multi-digit calculations. This
creates a methodological gap: behavioural data point to the high resource demands of
real tasks, whereas existing neuroimaging studies often capture a more simplified level

of arithmetic complexity.

The next section addresses the developmental perspective and Pascual-Leone’s
theory of mental attention. It is noted that existing cognitive theories rarely fully
incorporate age-related regularities (Morra et al., 2012; Johnson & de Haan, 2015), and
even less frequently link these regularities to specific neurophysiological mechanisms
(Pascual-Leone, 1970; Pascual-Leone & Johnson, 2021). In this context, arithmetic
tasks are considered a convenient tool for studying ontogenesis: they impose
differentiated demands on memory, attention, and control while remaining well
structured, which allows data from different age groups to be compared. Direct
comparison of children and adults is, however, challenging, because in younger age
groups basic operations are still being mastered and standard paradigms designed for
adults are often too difficult or inappropriate for children’s level of skill (Crone et al.,

2006; Arsalidou & Pascual-Leone, 2016).

A key construct introduced in this chapter is the capacity of mental attention,
conceptualised as a developing component of working memory and as a measure of
how much information can be maintained and transformed simultaneously. The theory
of constructive operators describes mental attention as a limited resource that
determines the number of cognitive schemes that can be activated and coordinated at a

given moment (Pascual-Leone, 1970, 1987). Within this framework, several specific



12

operators are distinguished (executive, attentional, inhibitory, field operator, affective
component), whose joint action is illustrated in a schematic model (Fig. 1). This model
shows that mental arithmetic directly depends on the capacity of mental attention, as it
requires concurrent maintenance of initial numbers, intermediate results, and

transformation rules, often in a quasi-spatial format.

The chapter separately discusses the “right—left-right”
interhemispheric-switching hypothesis derived from the theory of constructive
operators. According to this hypothesis, the engagement of right and left hemispheres
is determined by the interplay between task novelty and available mental-attention
capacity: simple and automatized tasks rely mainly on the right hemisphere; more
complex but manageable tasks recruit the left; exceedingly difficult tasks that exceed
capacity again lead to predominance of the right hemisphere, associated with more
global and less differentiated strategies (Arsalidou et al., 2018). Empirical data indicate
a linear increase in mental-attention capacity from preschool age to mid-adolescence,
reaching an “adult” level around 15—16 years (Pascual-Leone, 1970; Pascual-Leone &
Johnson, 2021; Arsalidou & Pascual-Leone, 2016). This trajectory aligns with Miller’s
classic “7+2” limit of adult short-term memory and is supported by studies showing
that growth in mental-attention capacity parallels transitions between stages of
cognitive development and is closely linked to both academic achievement and
performance on standard intelligence tests (Miller, 1956). In its contemporary
formulations, the theory posits correspondences between cognitive schemes and
neuroanatomical structures, which opens the possibility of directly testing its
predictions using neuroimaging and makes arithmetic tasks a particularly suitable

model for such investigations.

The following section of Chapter 1 examines the contribution of different
neuroimaging methods to the study of arithmetic operations. It outlines the advantages
of fMRI for detecting task-related changes in cerebral blood flow, as well as of
diffusion tensor imaging (DTI) for characterising the microstructure of white matter.

In addition, the chapter discusses electroencephalography (EEG), near-infrared
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spectroscopy (NIRS), and magnetoencephalography (MEG), which offer high
temporal resolution and thus allow detailed tracking of the dynamics of neural
processes. Across these methods, even simple arithmetic operations are shown to
recruit an extensive network of regions, including frontal cortex, posterior parietal
areas, occipito-temporal regions, and the hippocampus (Arsalidou & Taylor, 2011;
Pollack & Ashby, 2018; Hawes et al., 2019; Sokolowski et al., 2023). These structures
undergo marked functional and structural changes across development, consistent with
evidence on the maturation of fronto-parietal and associative networks (Fair et al.,

2008; Dosenbach et al., 2010).

A review of meta-analytic work highlights that addition has been studied much
more extensively than subtraction, multiplication, and especially division, with this
imbalance being particularly pronounced in child samples. Existing data make it
possible to distinguish network components common to all operations and regions that
are more specific for particular operations and difficulty levels. However, the lack of
comprehensive studies that examine all four basic operations under comparable
conditions and across age groups currently limits the development of an integrated
model of the functional organization of arithmetic (Davis et al., 2009; Kucian et al.,

2008).

Chapter 1 concludes by formulating theoretical implications and outlining
directions for further research, which subsequently shape the design of the empirical
chapters of the dissertation. It is noted that, to date, no single neuroimaging study has
investigated all four arithmetic operations at multiple difficulty levels within one
experimental paradigm. Available evidence suggests that simple tasks predominantly
activate the left inferior parietal lobule and angular gyrus, whereas more complex tasks
require engagement of additional frontal and parietal areas, the supplementary motor
area, and the cerebellum (Peters & De Smedt, 2018). Division is emphasised as
particularly under-researched, although behavioural findings indicate that it is the most
resource-demanding operation and likely entails a broad range of cognitive-control and

strategic-planning processes.
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Mental attention

Working memory

Repertoire of schemes

Fig. 1 Model of mental attention (working-memory capacity). The simplified model depicts the main
operators (E, M, I, F, A) and the SOP component, highlighted in red: M-operator (mental-attention
operator), I-operator (inhibition / interruption operator), E-operator (executive operator),
F-operator (field-factor operator), A-operator (affective operator), and SOP principle
(scheme-overdetermination principle). (Adapted from Arsalidou et al., 2019)

Finally, the focus shifts from functional activation to the microstructure of white
matter as a potential substrate of individual differences in mathematical abilities. The
chapter reviews studies linking the integrity of associative tracts such as the superior
and inferior longitudinal fasciculi and the inferior fronto-occipital fasciculus to success
in arithmetic and the development of mathematical skills. Against this backdrop, the
middle longitudinal fasciculus (MdLF) is highlighted as a tract that, according to a
small number of studies, participates in the integration of semantic knowledge and
cognitive control, yet remains largely unexplored in the context of arithmetic and its
developmental changes. Preliminary evidence on hemispheric asymmetry of the MdLF

and its associations with performance on arithmetic problems of varying complexity in
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adults (Klein et al., 2013) motivates new questions about how maturation of this tract

relates to the emergence of mathematical abilities in childhood and adolescence.

Thus, Chapter 1 serves a dual purpose. On the one hand, it systematises existing
behavioural, theoretical, and neuroimaging evidence on basic arithmetic operations and
their developmental dynamics. On the other hand, the identified gaps — namely, the
lack of comprehensive studies covering all operations and difficulty levels, the limited
investigation of division, and the scarcity of data on white-matter tracts, particularly
the MdLF — provide a logical rationale for the three empirical studies that constitute

the core of the dissertation.

The Second Chapter is devoted to a meta-analytic investigation of brain
activation patterns associated with arithmetic operations in children and adults.
Arithmetic skills, including addition, subtraction, multiplication, and division, are
fundamental to cognitive development and academic success. Behavioral studies
demonstrate that mastery of these skills is a key predictor of academic achievement,
while fMRI research reveals the engagement of broad brain networks in numerical
problem solving. In adults, activation encompasses frontal, parietal, temporal,
cingulate, and insular cortices, whereas in children activation is more consistently
localized in parietal, cingulate, and insular regions, with weaker involvement of frontal
and temporal areas. Comparisons across operations indicate that addition and
multiplication are more strongly associated with memory retrieval, while subtraction
relies on procedural strategies. Developmental theories suggest that these differences
are largely driven not by task type per se, but by the attentional and cognitive demands

imposed.

To provide a systematic account of the literature, a review of publications was
conducted following the PRISMA protocol. A PubMed search (June 2023) with the
keywords: fMRI and arithmetic or calculation or math or addition or subtraction or
multiplication or division identified 1032 studies; after removing duplicates, 641

remained.
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At the first stage, studies were retained if they included whole-brain fMRI
analyses, reported stereotactic activation coordinates in MNI or Talairach space,
involved basic arithmetic operations, presented stimuli as digits, words, or symbols,
and examined samples of healthy children under 14 years and adults older than 18. At
the second stage, studies with adolescents aged 14—18 were excluded, as well as those
employing compound expressions (e.g., 3+2—4) or advanced mathematics (e.g.,
algebraic equations). For addition, subtraction, and multiplication, inclusion criteria for
meta-analytic contrasts were formulated. Task comparisons such as “difficult > easy”
were retained only when supported by behavioral evidence (e.g., differences in
accuracy or reaction time). No studies on division in children were found, and only
four in adults (Fehr et al., 2007; Wood et al., 2008; Ischebeck et al., 2009; Rosenberg-
Lee et al., 2011). The stages of article selection are presented in Fig.2.

Coordinate-based meta-analyses were performed using the Activation
Likelihood Estimation (ALE) method implemented in GingerALE 3.0.2

(www.brainmap.org/ale/). Separate analyses were conducted for adults and children

across addition, subtraction, and multiplication. Although the number of child studies
on multiplication (11 experiments) was below the recommended threshold (Eickhoff
et al., 2017), this condition was nevertheless included to reveal general patterns.
Cluster-level correction was applied at p = 0.05 with a cluster-forming threshold of p
< 0.001 (Eickhoff et al., 2012; 2016). Both conjunction and contrast analyses were
carried out to identify shared and distinct regions of activation across tasks and age

groups.

The study included a total of 1,811 participants across both age groups. The adult
group comprised 376 participants (151 male, mean age 25.8+4.93 years) for addition
tasks, 424 participants (208 male, mean age 28.18+6.62 years) for subtraction tasks,
and 424 participants (247 male, mean age 28.18+6.62 years) for multiplication tasks.

The pediatric group included 653 participants (253 male, mean age 9.43+1.7
years) for addition tasks, 268 participants (110 male, mean age 10.09+1.43 years) for
subtraction tasks, and 266 participants (118 male, mean age 10.73+0.85 years) for


http://www.brainmap.org/ale/
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multiplication tasks. This sample size provided sufficient statistical power for the
coordinate-based meta-analysis while maintaining demographic homogeneity within

each operation category.

c Keywords: fMRI AND
o Keywords: fMRI AND arithmetic Keywords: fMRI AND calculations Keywords: fMRI AND math addition/subtraction/
o — n=223 n=110 n=94 multiplication/division
""u' n=605
g ——— e
om— e =i
4 o / QT
c e
@ ; ;
L =] After removing duplicates
) n=641
No TD group or number of case
Not fMRI + mathematical task ~ |n studies
n=375 n=49
Screened
n=641
. Age: Older teenagers 14-18 years
Reviews or meta-analyses old or no age specified
n=19 n=12
[-11]
L=
'E Analysis between mathematical
operations (for instance, No whole brain analysis
[
multiplication > subtraction) n=42
(7] P
| = n=7
(8] Screened
w Multiple math operations included n=186
in one task (for instance, 3+5-1) or / | Between age group analyses only
complex problems (i.e. integration, b n=18
logarithm)
n=37
Eligible: 4 math operations for
children and adults
n=82
’_l_/—f-_’#f/ E \E\HH‘_‘
B W e —
"+" - addition "-" - subtraction """ - multiplication "" - division
n=43 n=26 n=29 n=4
" children " adults
g "+"children | = "#" adults "-" children " adults "*" children "*" adults n=0 n=4
L o] n=20 n=25 n=9 n=19 n=8 n=23
= Experiments=26 | Experiments=39 Experiments=17 | Experiments=25 Experiments=11 Experiments=32
— Participants=653 | Participants=376 Participants=268 | Participants=424 Participants=266 | Participants=508
g Foci=257 Foci=432 Foci=106 Foci=345 Foci=84 Foci=281
—_
Single dataset analyses, conjunction and contrast analyses Not included in meta-analyses

Fig. 2 PRISMA flowchart showing the stages of searching for articles for this study (template by
Page et al., 2021), n = number of papers, TD =typically developing

Areas of consistent activation for all operations in adults and children are
illustrated in Fig.3 and Fig.4.

Comparative analysis revealed both shared and distinct neurofunctional patterns
between adults and children. The highest ALE values in children were observed in the

right insular cortex and left superior frontal gyrus, an area adjacent to the dorsal
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cingulate, indicating similar neural activation during arithmetic operations. Contrast
analyses showed broader involvement of frontal and temporal regions in adults,

suggesting age-related differences in cognitive strategies.

s
=
g
<

Fig. 3 Single dataset ALE maps of addition, subtraction, multiplication, and a visual overlay of all
operations (addition, subtraction, multiplications) in adults. These maps were generated in AFNI
using a cluster-level correction of 0.05 with 1000 threshold permutations and a cluster-forming
threshold of p < 0.001

Three key conclusions emerge from the meta-analysis:

(a) Adults exhibited stable activation of a wide network of bilateral regions,
primarily within the fronto-parietal network. Activation intensity varied by operation:
addition engaged the left superior frontal gyrus, subtraction the right precuneus, and
multiplication the left inferior frontal gyrus. Subtraction-specific activation was found
in the middle frontal gyrus and parietal areas, indicating increased working memory
demands.

(b) Children showed widespread activation but with predominant involvement

of the cingulo-opercular network (e.g., insular cortex and cingulate gyrus). No
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statistically significant differences were found between operations, highlighting the
central role of this network in mathematical processing during childhood.

(c) Comparative analysis revealed a shared network architecture between
groups. However, adults demonstrated higher consistency of activation in frontal,
parietal, and temporal regions. These findings confirm age-related modulation of
network engagement while preserving the overall functional structure.

The meta-analysis reveals that mathematical thinking is mediated by two key
brain networks: the fronto-parietal network and the cingulo-opercular network, whose
engagement depends on age and type of arithmetic operation. The fronto-parietal
network, comprising regions of the frontal and parietal cortex, is associated with
cognitive processes including voluntary attention, working memory, and decision-
making (Vincent et al., 2008; Arsalidou et al., 2013; Yaple et al., 2021). The cingulo-
opercular network, which includes the anterior cingulate and insular cortex, is involved
in cognitive control (Dosenbach et al., 2007; Sestieri et al., 2014), including cognitive
control needed during mathematical problem-solving (Arsalidou et al., 2018; Pollack
& Ashby, 2018). Co-activation of these networks is frequently observed.

Comparative analysis revealed age-related specificity: children show higher
activation in structures of the cingulo-opercular network, traditionally associated with
affective functions and motivation (Servaas et al., 2015; Arsalidou & Pascual-Leone,
2016). In contrast, adults demonstrate higher consistency of activation in regions of the
fronto-parietal network, which supports cognitive processes (Kaufmann et al., 2011).
These findings confirm the theoretical proposition that affective motivation is
necessary for cognitive action (Arsalidou & Pascual-Leone, 2016).

In adults, arithmetic performance activates extensive areas of both networks
(Arsalidou & Taylor, 2011; Hawes et al., 2019). Subtraction requires enhanced
engagement of the right inferior frontal gyrus, associated with cognitive control and
inhibition (Cai et al., 2014; Sebastian et al., 2016), as well as the parietal cortex, which
is explained by increased working memory demands (Campbell, 2008; Pascual-Leone

& Johnson, 2021).
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Children also activate both networks, but with dominance of the cingulo-
opercular network (insular cortex, cingulate gyrus), which is linked to mechanisms of
motivational engagement and task switching (Menon & Uddin, 2010; Arsalidou et al.,
2018). No statistically significant differences were found between operations in
children, which may be explained by their comparable experience with these operations

and performance within the limits of mental attention capacity (Agostino et al., 2010;

Evans et al., 2016).

Fig. 4 Single dataset ALE maps of addition, subtraction, multiplication, and a visual overlay of all
operations (addition, subtraction, multiplications) in children. These maps were generated in AFNI

using a cluster-level correction of 0.05 with 1000 threshold permutations and a cluster-forming
threshold of p < 0.001

Adults showed more consistent activation in frontal (inferior and middle frontal
gyri), parietal (angular gyrus, precuneus), and temporal (fusiform gyrus) regions. This
may reflect age-related changes in functional specialization and greater use of

linguistic strategies in adults (Kwon et al., 2002; Rivera et al., 2005; Binder, 2017).
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Methodological limitations should be considered, including variability in
statistical procedures across primary studies and the limited number of experiments
involving multiplication in children (11 studies versus the recommended minimum of
17 according to Eickhoff et al., 2017). The theoretical significance of this research lies
in refining our understanding of the cognitive architecture of mathematical thinking.
The practical 1mplications include establishing benchmarks for diagnosing
mathematical disabilities and studying the neurocognitive characteristics of individuals
with highly developed mathematical abilities.

The results of Chapter Two justify the choice of multi-digit arithmetic tasks as
a methodology that adequately reflects the complex cognitive processes required for
real-life calculations. Behavioral studies indicate that solving such tasks requires the
sequential use of strategies, including long-term memory retrieval, regrouping,
borrowing, decomposition into subtasks, switching between operations, and
monitoring results (Moore et al., 2015). Addition with carryover demonstrates
increased working memory load (Caviola et al., 2012), while borrowing in subtraction
requires cognitive control and verbal components of working memory (Artemenko,
2021). Multiplication is characterized by memory retrieval, whereas complex problems
require combining partial results. Division is recognized as the most cognitively
demanding operation, especially with multi-digit numbers, yet its neural mechanisms
remain understudied due to the limited number of relevant studies.

Most fMRI studies have focused on single-digit tasks, which limits our
understanding of the neural underpinnings of arithmetic complexity, despite the fact
that multi-digit calculations (e.g., two-digit or three-digit) are acquired by children in
elementary school and regularly applied by adults in everyday life (Nuerk et al., 2015).

Chapters 3 and 4 present the two empirical studies (fMRI and DTI) and an
integrated discussion.

The present Chapter Three aims to map the brain regions of adult participants
engaged in solving the four arithmetic operations at three levels of complexity. It was
hypothesized that: (1) single-digit tasks would be solved more quickly and accurately
than multi-digit tasks; (2) division would induce the highest cognitive load; (3)
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increasing task complexity would be associated with increased activation of the fronto-
parietal network; (4) previously undescribed activation areas might be revealed. Thus,
the study contributes to clarifying the neurocognitive foundations of arithmetic activity
and expands understanding of the dynamics of brain activation with increasing task
complexity.

The study was conducted in accordance with a protocol approved by the HSE
University Ethics Committee and in compliance with the Declaration of Helsinki.
Adult volunteers participated in the experiment, performing the Parametric Math Task
(PMT) with three levels of complexity during fMRI scanning. Behavioral measures of
accuracy and reaction time were recorded. In addition to fMRI and structural MRI
scanning, participants’ data were also collected using diffusion tensor imaging (DTI)
to examine the microstructure of brain white matter. The results of the DTI study are
presented in Chapter 3 of the dissertation.

The study included 20 right-handed Russian-speaking adults (11 women, 9 men)
aged 18-30 years (M = 23 £+ 4). All participants had normal vision, no neurological or
psychiatric diagnoses, and typical academic performance in mathematics. Recruitment
was carried out through announcements at HSE University and on social media. All
participants provided informed consent and received monetary compensation (800

rubles) along with a copy of their anatomical MRI image.

The Parametric Math Task (PMT) (Konopkina & Arsalidou, 2019) included four
arithmetic operations at three levels of complexity, determined by the number of digits
in the numbers. A detailed description of the PMT method is provided in Study 2.
Stimuli were presented with four answer choices differing from the correct one by 1-

2, 10-20, or 100-200 units depending on the complexity level (see Fig.5a).

The experiment consisted of 12 arithmetic and 3 control conditions, each
repeated three times (45 blocks). The duration of each block was 32 seconds, after
which participants rated task difficulty on a 4-point scale (see Fig. 5b). Levels of
complexity ranged from single-digit to three-digit operations. Control tasks required

identification of numbers by font. For each condition, 100 stimuli were prepared and
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presented in random order. Accuracy and reaction times were recorded. The
experiment was implemented in Presentation® using MRI-compatible response pads.
The total duration of scanning was about 33 minutes. A brief one-minute practice

session was conducted before scanning.
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Fig.5 (a) Types of problems and levels of difficulty in the Parametric Math Task (PMT); (b) Sequence
of events and their duration in the Parametric Math Task (PMT)

Scanning was performed on a 3T MRI scanner using a T1-weighted sequence to
obtain structural images (voxel size 1x1x1 mm) and an EPI sequence for functional

imaging (TR =2500 ms, TE = 35 ms, voxel size 3x3x3 mm). Foam pads were used to
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minimize motion artifacts. All participants received detailed instructions before

scanning.

Statistical analysis was conducted using Python 3.11 and RStudio. Behavioral
data were analyzed with repeated measures ANOVA, followed by pairwise
comparisons with Bonferroni correction (p <0.05). Preprocessing and analysis of fMRI
data were performed in AFNI. After conversion to NIfTI, the first two volumes were
discarded, motion correction was applied, normalization to MNI space was performed,
and spatial smoothing was applied (FWHM = 8 mm). Quality control included

excluding volumes with displacement > 0.5 mm.

At the individual level, activation maps were generated for contrasts [operation]
> [control] at each level of complexity. Group analysis was performed using a
generalized linear mixed-effects model (3dMEMA). Statistical maps were corrected

using FDR correction with cluster size thresholding.

Analysis of accuracy in arithmetic tasks revealed a consistent decrease in correct
responses with increasing task complexity. At Level 1 (easy), accuracy ranged from
94.4% to 96.7%; at Level 2 (medium) from 85.7% to 90.2%; and at Level 3 (difficult)
from 68.4% to 83.3%. ANOVA showed significant effects of task type, complexity
level, and their interaction (p < 0.001). Addition was the most accurate operation across

all levels, especially at difficulty level three (see Fig. 6a).

Analysis of reaction times revealed a steady increase with increasing task
complexity for all arithmetic tasks as well as for the control task. At Level 1, reaction
times ranged from 1.275 to 1.609 seconds; at Level 2, from 3.756 to 6.341 seconds;
and at Level 3, from 6.833 to 10.742 seconds. Repeated measures ANOV A among the
adult sample revealed significant main effects of task type (F(4, 76) = 124.70, p <
0.001), complexity level (F(2,38) =329.16, p <0.001), and their interaction (F(8, 152)
= 50.99, p < 0.001). These results indicate that both task type and task complexity

significantly affect reaction time, and their effects are interdependent.
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Fig.6 (a) Accuracy on addition, subtraction, multiplication and division plus control task in

adults at three levels of difficulty (1, 2, 3). Statistically significant differences between tasks within
each of the three levels: *p < 0.05; (b) Reaction time on addition, subtraction, multiplication and
division plus control task in adults at three levels of difficulty (1, 2, 3). Statistically significant
differences between tasks within each of the three levels: *p < 0.05

Pairwise comparisons with Bonferroni correction revealed statistically
significant differences between most task pairs at Levels 1 and 3 (p < 0.05), except for
division—multiplication, division—subtraction, and multiplication—subtraction. Similar
differences were found at Level 2, except for division vs. multiplication and
multiplication vs. subtraction. Comparative analysis for Level 2 showed that the
control task had the shortest mean reaction time (M = 1.49 s, SD = 0.35), while
arithmetic tasks were significantly slower. The fastest arithmetic operation was
addition with two-digit numbers (M = 3.76 s, SD = 0.88), followed by subtraction (M
= 5.10 s, SD = 1.43), multiplication (M = 5.44 s, SD = 1.43), and division, which
required the most time (M = 6.34 s, SD = 2.06) (see Fig. 6b).

Additional within-operation analyses across complexity levels also confirmed

statistically significant differences (p < 0.05): single-digit tasks were solved
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significantly faster than two-digit and three-digit tasks, reflecting sensitivity to

increased cognitive load associated with computational complexity.

fMRI analysis revealed progressive strengthening and expansion of brain
activation zones when moving from single-digit to three-digit arithmetic tasks.

Statistical maps of selected contrasts are presented in Fig. 7 (a, b, c).

For single-digit tasks, significant activation was found for subtraction in the
left angular gyrus and inferior parietal lobule (Seghier, 2013). Additional activation
was observed in the left inferior frontal gyrus, a region associated with working

memory and executive functions (Gabrieli et al., 1998).

Two-digit tasks were characterized by expansion of activation zones including
temporal gyri (semantic processing) and the supplementary motor area (Rottschy et
al., 2012). Activation of the middle temporal gyrus may reflect semantic associations

between numerical operations (Delazer et al., 2004).

Three-digit tasks demonstrated the most complex activation pattern, including
bilateral insular cortex (Uddin et al., 2017), temporal regions, supplementary motor
area, and cerebellum. Insular cortex activation may reflect emotional processes and

motivation during complex task performance.
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Fig.7 Selected slices in (X, Y, Z) coordinates in MNI space illustrate activity when calculating
contrasts: (a) LEVEL 1: DIVISION > CONTROL TASK: left inferior parietal lobule and angular
gyrus (cluster peak at the intersection of the green lines), left supplementary motor area, and right
cerebellum; (b) LEVEL 2: DIVISION > CONTROL TASK: left (91 voxels — cluster peak at the
intersection of the green lines) middle and inferior temporal gyri; (¢) LEVEL 3: DIVISION >
CONTROL TASK: left (125 voxels — cluster peak at the intersection of the green lines) and right (115
voxels) insular cortex and inferior frontal gyrus; p < 0.005 (with correction for multiple
comparisons). The minimum cluster size is 50 voxels at p < 0.005 (with correction for multiple
comparisons). Note: L — left, R — right, A — anterior, P — posterior

The cerebellum showed consistent activation in tasks of higher complexity
(Arsalidou & Taylor, 2011). The right cerebellar hemispheres were predominantly

activated during verbal processing, while the left were activated during visuospatial
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processing (Stoodley & Schmahmann, 2009). The strongest activation was observed
during three-digit tasks, reflecting the cerebellum’s role in planning sequential

cognitive actions (Emch et al., 2019).

The present study makes a unique contribution to the neuro-mapping of
mathematical thinking by comprehensively investigating the neural correlates of four
arithmetic operations across three levels of complexity during mental performance by
adult participants. The findings demonstrate the involvement of a distributed network
including fronto-parietal, temporal, insular regions, and the cerebellum, with the degree

of activation depending more on task complexity rather than operation type.

Brain activation reflects both universal cognitive processes (visual perception,
memory) and specific computational procedures: planning action sequences,
verbalization, regrouping, and monitoring intermediate results. The spatially
distributed activation patterns described in this study provide an empirical basis for
investigating neurocognitive differences in mathematical learning and potentially for
developing diagnostic approaches. The main results are presented in Study 2. When
interpreting the findings, limitations related to sample size (n = 20) and potential
motion artifacts should be considered. To minimize the latter, strict quality control
criteria were applied, including exclusion of volumes with displacement > 0.5 mm.
Despite these limitations, the study demonstrates high validity of results and expands

understanding of the neural underpinnings of mathematical thinking.

Chapter Four investigates the relation between performance in arithmetic tasks
and the microstructure of white matter using diffusion tensor imaging (DTI). This
method allows the assessment of water diffusion directionality in axonal fibers and is
the most widely used approach for studying structural bases of cognitive functions

(Basser & Jones, 2002; Alexander et al., 2007).

Diffusion metrics obtained through DTI reflect the magnitude of water diffusion

in a given direction within each voxel. They are derived from the diffusion tensor
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matrix, consisting of three eigenvalues representing one parallel (A1) and two
perpendicular (A2 and A3) directions of the diffusion tensor. Based on these values,
four key metrics are calculated: fractional anisotropy (FA), axial diffusivity (AD),
radial diffusivity (RD), and mean diffusivity (MD). FA reflects the degree of diffusion
directionality, AD measures diffusion along fibers, RD - perpendicular to fibers, and
MD represents the average diffusion across all directions (Pierpaoli & Basser, 1996;
Basser & Pierpaoli, 1996). Although none of these metrics directly indicate
myelination or fiber density, their combined analysis allows characterization of

different aspects of white matter microstructure.

Studies on structural bases of mathematical cognition mostly focus on fronto-
parietal pathways, including the superior longitudinal fasciculus (SLF), inferior fronto-
occipital fasciculus (IFOF), and inferior longitudinal fasciculus (ILF). FA values in the
left SLF have been shown to positively correlate with arithmetic task performance
(Tsang et al., 2009; Jolles et al., 2016). Temporo-parieto-occipital tracts also participate
in mathematical processing, and children with dyscalculia show reduced FA in these

tracts (van Eimeren et al., 2010; Matejko et al., 2013).

Special attention is given to the middle longitudinal fasciculus (MdLF), an
associative tract connecting parietal, temporal, and occipital regions. Despite limited
research, its involvement in language functions, audio-visual integration, and executive
processes makes it promising for studying its role in mathematical cognition (Makris
etal., 2009; Latini et al., 2021) (see Fig. 8). Functional areas associated with the MdLF
include the angular and supramarginal gyri, which are engaged in number
representation and semantic processing of mathematical information (Prado et al.,
2014; Lietal., 2013). Temporal regions play a key role in storing arithmetic knowledge
and conceptual reasoning (Binder et al., 2009; Cheng et al., 2022). Asymmetry in the
engagement of the inferior parietal lobule reflects hemispheric functional
specialization: the right hemisphere processes complex information with high

cognitive load, while the left specializes in familiar arithmetic operations within
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manageable cognitive load (Arsalidou et al., 2018). This contradicts the “material-

specific” hypothesis that emphasizes the type of processed material (verbal or spatial).

The present study aimed to examine the relations between MdLF microstructure
and performance in arithmetic tasks of varying complexity in children, adolescents,
and adults using the Parametric Mathematical Task (PMT), as described in Chapter
Three and in Study 2. Comparative analyses of DTI metrics and behavioral measures
were performed, along with regression modeling. It was hypothesized that FA values
in the MdLF would increase with age, whereas RD and MD values would decrease
(Buyanova & Arsalidou, 2021). Behavioral measures were expected to show age-
related improvements in accuracy and reductions in reaction time, with declining

performance as task complexity increased.

Fig. 8 Illustration of the sagittal view of the left (a) and right (b) middle longitudinal fascicles on a
T1 template in an adult participant obtained in the current study

According to the “right-left-right” interhemispheric switching hypothesis, low-
complexity tasks were expected to preferentially activate the right hemisphere, whereas
high-complexity tasks would engage the left (Arsalidou et al., 2018). It was also
expected that the relations between MdLF microstructural metrics and behavioral

performance would be stronger for task complexity level than for arithmetic operation

type.
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The final sample was distributed across age groups as follows: children (10-13
years, n = 22, mean age = 11.68 = 1.21 years), adolescents (14—17 years, n = 20, mean
age = 15.45+£1.23 years), and adults (18-29 years, n = 14, mean age = 23.86+2.51

years).

T1-weighted anatomical images were acquired with parameters: TR = 2300 ms,
TE = 3.7 ms, isotropic voxel 1 mm. DTI data were acquired using a DW-SE-EPI
sequence with parameters: TR = 7000 ms, TE = 72 ms, matrix 128%128, 32 gradient
directions, slice thickness 2 mm. The sequence was repeated once in the anterior-

posterior phase encoding direction.

Data processing was performed using the QIT package, including motion artifact
correction, normalization to Talairach space, and segmentation based on the Desikan-
Killiany atlas. MdLF tract reconstruction was performed using hybrid tractography.

Four diffusion metrics were analyzed: FA, AD, RD, and MD.

Statistical analysis was conducted in RStudio using ANOVA, t-tests, and
Pearson correlations. Age-related changes in PMT and microstructural metrics,
intergroup differences, and interhemispheric asymmetry were examined. Linear
regression models assessed relations between DTI metrics and behavioral
performance, with age as a covariate. Significance was set at p < 0.05 with correction
for multiple comparisons. Analyses included correlations and regressions between

PMT performance, age, and MdLF microstructural parameters.

Accuracy generally increased with age, although statistically significant
correlations with age were observed only for single-digit addition and for two- and
three-digit multiplication (see Fig. 9a). Reaction time showed negative associations

with age across all tasks except three-digit division (see Fig. 9b).
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Fig. 9 Scatterplots showing the distribution of PMT accuracy scores (a) and reaction time in seconds
(b) across three levels of addition, subtraction, multiplication, and division tasks as a function of age
(vears), Pearson correlation coefficients (r), and corresponding significance levels (p). The
regression line represents the direction of the linear relation between PMT performance (accuracy
and reaction time) and age, p-values at < 0.05 are considered statistically significant

Anatomically, the MdLF fibers pass through superior and inferior parietal gyri,
occipital cortex, and terminate in the superior temporal gyrus and temporal pole. Strong
positive correlations were observed between RD and MD in both hemispheres (r = 0.8—
0.9). AD positively correlated with RD, MD, and FA. In the left hemisphere, FA values
correlated positively with age, whereas RD showed a negative correlation. MD

demonstrated a similar, albeit non-significant, decreasing trend with age.

Mean task accuracy was 0.89-0.97 (level 1), 0.72-0.92 (level 2), and 0.36-0.81
(level 3). Significant age group differences were found: for level 1 addition (children
vs. adults, p < 0.05) and level 3 multiplication (children vs. adolescents and children

vs. adults, p < 0.05), with children showing lower accuracy (see Fig. 10a).

Mean reaction time ranged from 1.31-3.33 s (level 1) to 7.2-14.24 s (level 3).
Children were significantly slower than adolescents (p < 0.01) and adults (p < 0.001)
for all operations except level 3 division (see Fig. 10b).
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Mean DTI metric values were: FA 0.282—-0.301, AD 1.00-1.06 x10%, RD 0.631—
0.684 x10°, MD 0.751-0.808 x103. Significant age differences were observed: in the
left MdLF, FA was lower in children than in adolescents and adults (p < 0.05), while
in the right MdLF, RD and MD were higher in children than in adults (p < 0.05).

All age groups showed pronounced lateralization: AD, RD, and MD values in
the left MdLF were significantly higher than in the right hemisphere (p < 0.001).
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Fig. 10 Violin plots of the values of PMT accuracy (a) and reaction time (b) in children, adolescents,
and adults. Statistically significant differences between age groups are outlined: #—p < 0.05, ## —
p <0.01, and ###—p < 0.001 for the differences between children and adolescents; * —p < 0.05, **
—p < 0.01, and *** — p < 0.001 for the differences between children and adults. The dashed line

denotes differences between corresponding levels

Regression analyses revealed significant associations between MdALF
microstructural metrics and arithmetic task performance. Increased right-hemisphere
FA was associated with decreased accuracy in level 1 division (f =-1.30, p = 0.030).
Decreases in right-hemisphere AD, RD, and MD predicted improved performance in

division tasks at levels 1 and 2, with effects diminishing with age.

Reaction times negatively correlated with left-hemisphere AD, RD, and MD for
complex division tasks. A significant right-hemisphere MD effect was observed on
reaction time for level 3 subtraction (B = -1.14, p = 0.044). The influence of
microstructural metrics on behavioral performance decreased with age, reflecting

maturation of cognitive processing strategies.
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The study demonstrated significant links between MdLF microstructure and
arithmetic task performance. FA increased with age, whereas RD and MD decreased,
reflecting white matter maturation. Interhemispheric asymmetry was observed: right-
hemisphere AD, RD, and MD values were lower than left, suggesting earlier

maturation of the right MdLF.

Differential associations between microstructural metrics and behavioral
measures were observed: accuracy in simple tasks correlated with right-hemisphere
metrics, while reaction times in complex tasks correlated with left-hemisphere metrics.
The strongest associations were observed for division tasks, highlighting the special

role of MdLF in this operation.

These findings support the “right-left-right” cognitive function distribution
model and underscore the importance of MdLF in mathematical cognition. Key
limitations include motion artifacts and DTI methodological constraints. Future
directions include longitudinal studies and application of advanced white matter

assessment methods. Main results of Chapter Four are presented in Study 3.
Main results and conclusions

This dissertation presents a comprehensive investigation aimed at deepening the
understanding of brain mechanisms underlying the solution of arithmetic problems of
varying complexity in children and adults. The focus was on characterising the
functional organization of cortical and subcortical structures that support arithmetic
operations, as well as their microstructural substrates examined using functional and

diffusion magnetic resonance imaging.
The following results were obtained:

1. A quantitative coordinate-based meta-analysis of fMRI data was conducted to

identify neural correlates of basic arithmetic operations in children and adults,
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revealing common and operation-specific activation patterns as a function of age
and operation type. In this way, Hypotheses 1 and 2 were tested.

2. An experimental fMRI study was carried out to assess the involvement of
different brain regions during mental solution of arithmetic problems of varying
difficulty in adults. In this way, Hypothesis 3 was tested.

3. Microstructural characteristics of the bilateral middle longitudinal fasciculus
(MdLF) were examined using diffusion-weighted MRI, their associations with
performance in arithmetic operations were established, and the degree of

hemispheric asymmetry was evaluated. Thus, Hypotheses 1 and 4 were tested.
Conclusion

This research constitutes a comprehensive contribution to the neurocognitive
study of mathematical thinking, integrating meta-analytic, functional, and
microstructural approaches to the analysis of arithmetic operations. Its relevance stems
from the need for a systematic account of the neural mechanisms that support basic
calculations and from the paucity of neuroimaging studies simultaneously considering
different age groups, operation types, and difficulty levels. For the first time within a
single dissertation project, data from coordinate-based meta-analysis (ALE), functional
MRI, and diffusion tensor imaging (DTI) were integrated, which made it possible not
only to map brain activation, but also to identify microstructural biomarkers of

successful arithmetic performance.

The second part of the work was devoted to a systematic review and quantitative
meta-analysis of fMRI studies investigating neural correlates of individual arithmetic
operations — addition, subtraction, multiplication, and division — in children and adults.
For the first time, activation coordinates were compared separately for each operation
(with the exception of division, which lacked sufficient data), allowing both common
and operation-specific patterns of neural activity to be identified. Division was not
included in the meta-analysis because of an insufficient number of studies, which

defines an important direction for future research. Studies of multiplication in child
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samples were also limited, yet were included to detect emerging trends. The results
showed that in adults arithmetic tasks recruit a widespread bilateral network including
frontal, parietal, and insular regions, with subtraction requiring particularly strong
engagement of the fronto-parietal network. In children, by contrast, the highest
concordance was observed in structures of the cingulo-opercular network, such as the
insula and dorsal anterior cingulate cortex, likely reflecting age-specific aspects of
attentional and motivational control. Despite differences in activation strength, both
age groups exhibited common regions, including the left superior frontal gyrus, right
insular cortex, and left precentral gyrus, which supports the universality of core neural

mechanisms of arithmetic thinking.

Overall, the findings of the first part indicate that arithmetic problem solving
relies on coordinated cognitive resources implemented in the fronto-parietal and
cingulo-opercular networks, with their relative contribution varying by age and
operation type. The resulting coordinate maps of brain activation can serve as
neurobiological reference points for future research on neurodevelopment and the
diagnosis of neurocognitive disorders. One major limitation of the meta-analysis is the
lack of studies in which participants solved three-digit problems and the relatively

small number of two-digit tasks compared with single-digit ones.

The third study addressed this limitation by including division alongside the
other basic operations and by examining each of the four operations at three difficulty
levels defined by number of digits. An fMRI experiment was conducted to investigate
the neural mechanisms of mental arithmetic across these levels. The Parametric
Mathematical Task (PMT) paradigm (Konopkina & Arsalidou, 2019) was employed,
comprising easy, medium, and difficult problems with three-digit numbers. The data
revealed consistent activation patterns within the fronto-parietal and cingulo-opercular
networks, with the degree of engagement modulated primarily by task difficulty rather
than operation type. Simple problems elicited activation of the left inferior parietal
lobule and angular gyrus, reflecting retrieval from long-term memory, as well as the

inferior frontal gyrus, associated with procedural strategies. Increasing task difficulty
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led to bilateral activation of these regions and additional recruitment of the superior
frontal gyrus, supplementary motor area, inferior temporal gyrus, and cerebellum,
indicating increased cognitive load and the need to mobilise additional neural
resources. Of particular interest was insular activation during three-digit division,
pointing to integration of affective and cognitive components. Although neural patterns
were largely shared across operations, behavioural data showed statistically significant
differences between operation types, underscoring the diversity of strategies used. The
fMRI findings refine current views on the neurocognitive architecture of arithmetic in
adults and demonstrate that successful mental calculation requires coordination of
multiple brain systems, including visual processing, long-term memory, planning,
verbal rehearsal, and monitoring of intermediate results. These data can inform further
development of neurocartography of cognitive processes and the design of personalised

models of instruction and assessment.

The fourth study focused on microstructural characteristics of the MdLF, one of
the white matter tracts, which was associated with performance on more demanding
tasks. These findings contradict classical models of unidominant hemispheric
specialization and are consistent instead with the “right-left-right” dominance pattern

proposed within the theory of constructive operators of cognitive development.

The results broaden current understanding of the role of white matter in
mathematical cognition by demonstrating that MdALF microstructure can serve as a
biomarker of cognitive maturity and efficiency of problem-solving strategies. Linear
relations between diffusion metrics and age, as well as between tract properties and
arithmetic operation type, highlight the need for an integrated approach to studying the
neural bases of mathematical abilities. Beyond their theoretical value, these findings
have practical implications, opening prospects for early diagnostics and individualized

interventions in education and neurocognitive rehabilitation.

The practical significance of the dissertation lies in the possibility of using the

obtained data to refine models of functional brain organization supporting arithmetic



38

in children and adolescents. Coordinate activation maps derived from the meta-analysis
offer a reference framework for future work in neuropsychological assessment and
educational design. The identified functional patterns and microstructural features,
including diffusion indices in the MdLF, reveal trends that can guide subsequent
research on neurocognitive development and the evaluation of intervention efficacy.
The comprehensive approach to the neural mechanisms of arithmetic computations
implemented in this project can serve as a methodological template for future clinical

and educational studies.

In sum, the dissertation not only confirms the importance of neuroimaging
approaches for the study of cognitive functions, but also lays the groundwork for
further research integrating structural and functional data, incorporating genetic and

strategic factors, and developing applied solutions in cognitive diagnostics.
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