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Abstract: The representation format of math problems can manifest dissimilarly in people with varying levels of math
performance. The aim of this study was to investigate the neurocognitive underpinnings of two-digit exact calculation tasks in
different formats: numerical and word. Fifty-three students were divided into groups with high and low levels of math performance
based on their ability to solve math problems. They were asked to calculate addition problems with two-digit numbers and to
read math problems that did not require calculations. Brain activation was recorded using functional near-infrared spectroscopy
(fNIRS). General linear model (GLM) analysis revealed that reading math problems without calculation led to increased activation
in the inferior temporal and fusiform gyri in a group of high-level performers, while a group of low-level performers demonstrated
increased activation in Broca’s area and the inferior frontal gyrus in the same experimental condition, as well as during solving
arithmetic problems in a word format of the exact calculation task. Analysis after bootstrapping revealed similar activation patterns
in both groups. Both domain-specific and domain-general regions of the frontal and parietal brain areas were involved in the
calculations. Right and left hemisphere activation was found both in low and high math performers. Comparing experimental
conditions with resting state revealed significant activation in Broca's area in all conditions in a group of high-level performers
and in a word format of arithmetic problems in a group of low-level performers. Thus, the observed brain patterns suggest the
involvement of complex sentence comprehension, especially in high-performing students. These results could be used in future
to improve educational practice for students with varying levels of math competence.
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Introduction

People use two cognitive systems to understand and operate numbers - non-symbolic system,
primarily relying on magnitude estimation without symbols (e.g., Arabic numerals), and symbolic system,
based on processing of numbers in symbolic form (Ansari, 2008; Feigenson, Dehaene and Spelke, 2004;
Waring and Penner-Wilger, 2017). Development of numerical cognition is a gradual process that started
from the nonsymbolic or approximate number system. Approximate number system is an innate cognitive
system that supports the estimation of the magnitude without relying on language or symbols. However,
the role of symbolic representations of quantity and basic arithmetic skills increases with age (Artemenko,
2021). Basic arithmetic skills are of great importance in everyday life, in STEM education, and in many
sciences that involve math: in physics, chemistry, technology and engineering, in various IT applications.
Better understanding the underlying brain mechanisms of simple and complex exact calculations is
important for numerical cognition and gives an insight into the relation between different brain areas
within a network associated within the approximate number system and exact symbolic representation
system. In practice, this knowledge can be used in the future in order to improve a person’s numerical
skills, eliminate problems associated with their lack (decrease in arithmetic and mathematical literacy,
dyscalculia). It has been shown that all these shortcomings can have negative consequences for both
the economy and society as a whole (Butterworth, Varma and Laurillard, 2011). Therefore, the practical
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significance of the results is substantiated by public demand.

Previous studies at the behavioral level aim to investigate the development of numerical abilities
based on both approximate non-symbolic and exact symbolic representations from infancy to adult-hood.
Experimental evidence shows that infants as young as six months old can differentiate between two
arrays of dots as consisting of a different number of objects (Xu and Spelke, 2000). By the age of eighteen
months, toddlers can distinguish the order of numbers and choose the larger array of dots, indicating
their understanding of relative quantity (Brannon, 2002). At the age of three, children can accurately
estimate the number, a concept known as cardinality. In elementary school, children learn about numbers
as a representation of numerical values in a non-symbolic format, which is followed by the development
of an exact symbolic representation system (Ansari and Karmiloff-Smith, 2002). The symbolic system
allows for the processing of discrete numbers and is considered the foundation for math skills such as
counting, estimation, addition, subtraction, and other precise numerical calculations (Ansari, 2008; Mundy
and Gilmore, 2009; Waring and Penner-Wilger, 2017). Calculations are studied immediately after digits at
the same stage of numerical cognition, indicating the importance of the symbolic system (Von Aster and
Shalev, 2007; Vanbinst et al., 2016; Schneider et al., 2017).

Reviews on neurophysiological mechanisms associated with exact calculations, indicate the
predominant role of the fronto-parietal network in numerical processing, the role of which changes with
age (Moelleretal., 2015; Nieder et al., 2016; Clark et al., 2017; Peters and Smedt, 2018; Vogel and Smedt,
2021). Intraparietal sulcus and precuneus in the parietal region, the frontal cortex (e.g., superior and
medial frontal gyri), the claustrum, the insula and cingulate are the main structures involved in numerical
cognition (Arsalidou and Taylor, 2011). Additionally, inferior temporal and fusiform gyri are associated with
processing the numerical shapes and symbols, necessary for calculations with Arabic digits (Piazza and
Eger, 2016). Exact calculations are associated with dorsolateral prefrontal cortex, ventrolateral prefrontal
cortex, posterior superior parietal lobe, intraparietal sulcus, supramarginal gyrus, angular gyrus, fusiform
gyrus, and hippocampus (Vogel and Smedt, 2021). Activation in the frontal cortex overlaps with areas
implicated in language processing (Broca’s area), working memory and cognitive control (Stuss and
Knight, 2013; Devlin, Matthews and Rushworth, 2003; Fadiga and Craighero, 2006; Gentilucci et al, 2006;
Barbey, Koenigs and Grafman, 2013).

The role of brain structures depends on the specificity of operations such as addition, subtraction,
multiplication and division, as well as task characteristics such as format (numerical and word problems)
(Obersteiner et al., 2010; Dresler et al., 2009), complexity of arithmetic problems (simple or complex no-
carry or no-borrow or carry and borrow, respectively) (Artemenko et al. 2018a), age (Peters and Smedt,
2018; Vogel and De Smedt, 2021), and level of math performance (Meiri et al., 2012; Artemenko et al.
2018b). Studies have shown that arithmetic operations such as addition and subtraction are determined
by the necessity of carry/borrow effects and processing of magnitude, with carry and borrow operations
increasing the difficulty of such problems (Klein et al., 2010). The carry means a digit that is transferred
from units to tens if the sum of units is more than ten when addition is performed. The borrow means
a digit that is transferred from tens to units, if minuend is less than subtrahend when subtraction is
performed. The activation of both frontal and parietal regions, including the left inferior frontal gyrus,
bilateral middle frontal gyrus, superior frontal gyrus, and left intraparietal sulcus, accompanies carry and
borrow effects (Artemenko et al. 2018b). The two-digit calculations require greater working memory load
for processing magnitude information and visual identification, with Broca’s area, inferior frontal gyrus and
left fusiform gyrus being among the neural correlates of complex addition and subtraction, associated with
phonological processing, verbal working memory, and visual identification of digits (Dahaene and Cohen,
1995; Pollack and Ashby, 2018).

Recent studies have discussed the role of interconnected areas associated with arithmetic
calculations, including the prefrontal, posterior parietal, occipito-temporal, and hippocampal areas, in
children compared to adults. (Peters and Smedt, 2018). Mental calculation based on the manipulation
of numerical symbols develops with age, and structures associated with symbolic numerical processing
may also become more prominent as children grow older. The dynamics is supposed to be influenced by
an increase in mathematical competencies; thereby, math skills can influence neural changes in the brain
networks involved in the math performance. Thus, Soltanlou et. all (2018) state that the development of
psychophysiological mechanisms for the calculations occurs in accordance with the fron-to-parietal shift,
known as a shift in brain activation during calculations from frontal structures, in particular precentral
premotor and motor areas in children, to parietal regions in adults, reflecting a shift from a labor-intensive
procedural to more automatic strategies between ages 8 and 19 (Rivera et al., 2005; Kaufmann et al.,
2006; Kucian et al., 2008; Artemenko et al., 2018b).

Individuals may develop mathematical competencies differently, and their level of performance
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in math may reflect different neural representations of numerical skills. Some researchers have found
differences in activation dependent on math ability in the intraparietal sulcus (Park et al. 2012; Prado et
al. 2011). As reported by Artemenko et. all (2018a), some researchers found activation differences in the
left angular gyrus (Grabner et al. 2007, 2011; Menon et al., 2000). These differences in activation may
be associated with increased or decreased angular gyrus activation depending on processing efficiency
or experience/training (Amalric and Dehaene 2016; Grabner et al. 2007, 2011). Additionally, low math
performers have shown higher activation in the dorsolateral prefrontal cortex during error processing
(Ansari et al., 2011). The intraparietal sulcus, right dorsolateral prefrontal cortex, and left angular gyrus
may be influenced by math ability during single-digit arithmetic in multiple ways (Artemenko et al. 2018a),
but the underlying process remains unknown. Furthermore, adults with high mathematical abilities
demonstrate higher activation in frontal regions during calculations accompanied by carry and borrow
effects, which contradicts the fronto-parietal shift (Artemenko et al. 2018a).

Overall, exact calculation, whether it involves complex or simple math problems, rely on parietal
brain areas (intraparietal gyrus, angular gyrus, supramarginal gyrus), which represent domain-specific
processes, occipital (inferior temporal gyrus and fusiform gyrus) and frontal areas (interior frontal gyrus
and middle frontal gyrus), which represent domain-general processes. There are various mechanisms
involved in arithmetic processing and mental calculation, which can be attributed to either domain-general
processes that are related to cognitive processing in general or domain-specific processes that are
specifically linked to mathematical performance (Gilmore et al., 2018). Number magnitude processing,
which is associated with domain-specific processes, is located in the intraparietal sulcus (IPS) (Artemenko,
2021). Among domain-general processes that play an important role in calculation are working memory,
which is represented in left inferior frontal gyrus (IFG) and bilateral middle frontal gyrus (MFG, and fact
retrieval, which is represented in supramarginal gyrus (SMG) and angular gyrus (AG).

According to the most influential model of numerical cognition (Triple-Code Model) there are
three representative codes for number: analogue non-symbolic representations of quantity (in particular,
the ability to estimate the number of objects without counting), verbal-phonological representations
of quantity (words denoting Arabic numbers, and oral counting), and visual representations of Arabic
numbers (Dahaene and Cohen, 1995; Dehaene et al., 1999). Each of these representations is provided
by functionally separate brain mechanisms (Lavander-Ferreira, 2020). Numerical representations of
number activate the lower parietal regions of both hemispheres, while tasks with numerical codes (Arabic
numbers) activate the fusiform gyrus of both hemispheres. Finally, the semantic designations of the
number, represented by verbal information, cause activity in the left perisylvian areas and the left angular
gyrus. However, most studies investigate only one specific representations, rather than all three at the
same time. Moreover, the Triple-Code Model does not explain how the brain performs calculations for math
word problems. Monti, Parsons and Osherson (2012) demonstrated the role of different areas of the brain
in syntactic tasks and algebraic operations. Fuchs et al. (2006) showed the importance of arithmetic word
problems as a cognitive predictor of arithmetic calculations in the Assessment of Math Fact Fluency test
of the Math Battery, which incorporates two subtests: Addition Fact Fluency and Subtraction Fact Fluency.
Differences in brain activation patterns are found in the calculation or simple reading of two-digit addition
problems involving a numerical or text format (Richter et al., 2009). In another study (Dresler et al., 2009),
higher average oxygenation is demonstrated in the parietal and posterior frontal regions for calculation
compared to reading in word problems in primary and secondary school students. Comprehension skills
influence arithmetic word problem performance. Thus, it is shown that even for successful word problem
solvers, performance decreases if the text of the word problem is semantically complex (Boonen et al.,
2016). Daroczy et al. (2015) consider some components of word problem difficulty, such as the linguistic
complexity of the problem text itself, the numerical complexity of the arithmetic problem, and the relation
between the linguistic and numerical complexity of a problem. Moreover, two factors complicate the
solution of word problems: linguistic and numerical complexity (Verschaffel, Greer and De Corte, 2000).
However, most researchers do not consider these factors together in their study.

The problem of exact calculations has been examined in various studies. However, tasks that
require different formats, such as reading or basic calculation have not been thoroughly investigated.
Studying the neural mechanisms of different formats of exact calculation tasks might help to provide
evidence for or against the Triple-code model. Recent studies provide arguments against Triple-code
model. For example, Skagenholt et al. (2018) examined all three modes of representative codes for
number simultaneously to identify the neural correlates of number processing in adults (N=46) using fMRI.
The analysis of the task-control condition contrast revealed task-dependent activity, which can be seen as
partial support for the Triple-Code model, but also revealed a complex distributed fron-to-parietal network
involved in all numerical codes. The results show that the Triple-Code Model correctly predicts the existence
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of some functionally dissociated neural substrates, but needs to be up-dated to consider the interactions
with attentional processes. Contrasts corresponding to differences in task complexity revealed specific
neural correlates of the numerical distance effect (i.e., numbers that are close together are more difficult
to distinguish than numbers that are farther apart). The connectivity analysis demonstrated overlapping of
neural correlates in all tasks, confirming the notion of a fron-to-parietal number processing network. Thus,
the authors offer arguments in favor of revising the Triple-Code Model.

The comparison of the brain mechanisms involved in numerical or word format calculations is
promising for educational neuroscience (Dresler et al., 2009). Arithmetic math problems with numerals
embedded in text that describe everyday situations are common in school curricula. However, math
problems with numbers written in words (for example, “forty-seven plus twenty-one is...”) are not typical
in education. Problems of this type are thought to be related to alternative mechanisms of numeral
manipulation. Research in this area may be useful in finding effective ways of teaching mathematics,
especially for children with math difficulties who have problems processing numerical symbols. It is
important to understand the neural correlates of math problem calculations in various formats, paying
special attention to individual differences, particularly, math performance.

The aim of the present study is to measure brain activation in frontal and parietal regions reflected
in oxygenation changes measured by fNIRS and to estimate the differences in neurocognitive foundations
of exact calculation problems (addition) in numerical or word formats in non-overlearned conditions (two-
digit numbers) in young adults who vary in level of math competencies. This study addresses the brain
mechanisms of exact calculation problems represented both in traditional format for educational system
(problems with numerals in Arabic notation) as well as atypical format (problems with numerals written in
words). Thus, we consider the influence of linguistic complexity on solving word problems. In addition, we
focus on processing math problems in various formats by students with different levels of mathematical
ability. The results obtained will contribute to a better understanding of the nature of domain-specific
or domain-general processes in the brain that accompany exact calculations, and can be applied in
educational neuroscience, for example, for develop new types of math problems.

The hypotheses of the present study are:

H1 - Tasks in word and numerical formats of exact calculation can cause activation in different
areas of the brain, since these two formats of presenting arithmetical problems differ in the amount of
cognitive effort needed and in the brain processes involved in calculation.

H2 - Brain activation during solving exact calculation in a word format might involve “language”
areas, such as Broca’s area, and occipital (ITG, and fusiform gyrus) and frontal areas (IFG and MFG) that
represent domain-general processes.

H3 - Individual differences based on levels of math competencies are expected to be observed.

Materials and Methods

Participants and Procedure

Sixty-five adults were recruited through a university mailing list to participate in the study. All subjects
were native Russian speakers, have normal or corrected-to-normal vision and do not have any history of
neurological or mental disorders. Some participants were excluded from the sample due to noisy NIRS
data (n=7), technical difficulties (n=2), and very poor behavioral results (n=3). For the present analysis,
the remaining subjects were divided into groups according to their performance in solving addition and
subtraction problems in word and numerical formats. We calculated error rates of 53 participants in 100
addition and subtraction problems with and without carry procedure in a word format and 100 addition and
subtraction problems with and without borrow procedure in a numerical format. Participants, who correctly
solved more than 70 % of math problems in a word format and more than 85% of math problems in a
numerical format formed the group with high level of math competencies (n=19). Those who solved less
than 50 % of math problems in a word format and less than 65% of math problems in a numerical format
formed the group with low level of math competencies (n=17). Participants from both groups significantly
differed in solving math problems (see Table 1). The final sample consists of 36 subjects aged 18-25 (M =
19,5, SD = 1,877, 41 females). Participants provided an informed consent to participate in the study and
received a monetary reward for their time and effort. The study was approved by the Ethics Commission
of Psychological Institute of Russian Academy of Education, 2020/11-3.
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Materials

The experiment consisted of 225 arithmetic problems presented on the computer screen. There
were addition and subtraction exact calculation problems and some math problems for reading only. In the
present study only addition tasks that included 50 problems in a numerical format with Arabic numerals (for
example, 45+23=), and 50 problems in a word format with numerals written in Russian (for example, fifty-
six plus seventy-one is) of different complexity levels: with and without carry procedure were analyzed. 25
tasks were presented as a math problem without calculation embedded in text (for example, Ann had 15
flowers and Teddy brought her 32 flowers more. How many flowers did Teddy bring to Ann?).

Addition and subtraction tasks were represented by two-digit numbers in both operands with a
two-digit solution not exceeded 100 in each task. The main selection criteria for two-digit addition and
subtraction tasks were to induce computational efforts, but not guessing or retrieving results from
declarative memory (Kong et al., 2005) since when using the recall strategy, arithmetic skills are not
involved and, and other parts of the brain were activated (Ischebeck et al., 2006; Zago et al., 2001). Pure
decades (e.g., 20), as well as tie numbers (e.g., 44) were not used in exact calculation tasks, since they
were much easier to solve (for a similar procedure see (Dresler et al., 2009; Klein et al., 2009; Artemenko
etal., 2018b). In two-digit mathematical problems in a word format, a simple logico-mathematical scheme
to compute the quantities in the problem based on the assumption that the word problem is only numerical
was applied.

Procedure

The recent study is a part of a larger experiment. The duration of this part of the experiment was
30 minutes. The measurement was conducted individually with each participant seated comfortably in
front of the computer screen. Each session began with an introduction to the NIRS measurement and the
experimental procedure.

During fNIRS measurement, participants were instructed to perform exact calculation tasks in two
different modalities (types): in a numerical format (condition 1), and in a word format (condition 2), as well
as to read without calculating the arithmetic problems embedded in text (condition 3). The experiment was
in a block design, with a total number of 25 blocks, with an inter-block-interval of 20 s for a short rest. There
were three conditions in the experiment: (1) addition exact calculation problems in a numerical format (10
blocks); (2) addition exact calculation problems in a word format (10 blocks); (3) reading condition (5
blocks). Each measurement started with an fNIRS resting state recording for 3 minutes. The number of
trials was limited and equal for all participants. The sequence of the blocks within each condition and
conditions themselves was randomized. Before each condition there were detailed instructions presented
on the screen, and 3 training trials. No feedback was given to participants.

The trial started with a fixation cross, presented for 0.5 — 0.8 s in a randomized order to prevent
adaptation to it, and was followed by the arithmetic task for 4.5 s. After that, an empty screen with a grey
block to insert the answer appeared for 2.5 s. The sequence of a trial is shown in Fig. 1. If no answers were
presented within the given time, the next trial appeared on the screen. The participant had an opportunity
to correct the answer if a mistake was made within the limited time of 2.5 s. In our study we applied a
written production paradigm as the most typical format of giving the solution for the math problem in the
education system. In a written production paradigm, adults had to type in the solution to the math problem
with the help of numerical keyboard as quickly and accurately as possible.

0,5-0,8s 45s 2,5s
Figure 1. Scheme of a trial

Participants were instructed to read the problems silently and choose one out of two numbers in a
reading condition, or calculate mentally in exact calculation conditions. The participants could either wait
until the time for presenting the stimulus finished or press the spacebar as soon as they had calculated
the problem or completely read it and chosen the answer, respectively.

The exact calculation and reading only problems were presented horizontally in white against a
dark grey background at the center of the computer screen using the free software package PsychoPy
(Peirce, 2007).
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fNIRS data acquisition

fNIRS recordings were acquired using the mobile near-infrared spectroscopy device NIRSport Model
88 (NIRx Medical Technologies, LLC, NY, the USA) with eight light- emitters and eight photodetectors.
A probeset of 14 channels, with an interoptode distance of 30 mm, was integrated into an elastic cap to
cover the frontal and parietal brain regions of both hemispheres (see Fig.2). All optodes were positioned
according to the 10-20 system (Jasper 1958), with the center in P3 and P4 positions in the parietal region,
and in F1 and F2 in the frontal regions. Two near-infrared laser beams with wave-lengths of 760 and
850 nm were emitted, and the sampling rate was 7.8125 Hz. The correspondence of fNIRS channels to
the underlying cortical areas was estimated using the fNIRS optode’s location decider (fOLD), software
(Zimeo Morais, Balardin and Sato, 2018), which utilizes the Automated Anatomical Labeling 2 (AAL2)
atlas (Tzourio-Mazoyer et al. 2002; Rolls, Joliot and Tzourio-Mazoyer, 2015) for probing arrangement.

In our study, we defined 4 regions of interest (ROIs) that included parietal and frontal regions known
from previous studies to be related to exact calculation and reading arithmetic problems. In the parietal
brain area, ROls were formed in the left hemisphere by channels S1-D1 (left angular gyrus, intraparietal
sulcus, Wernicke), S1-D2, and S2-D1 (left supramarginal gyrus), S2-D2 (left middle temporal gyrus), S2-
D3 (left inferior temporal gyrus, fusiform gyrus); and in the right hemisphere by channels S3-D4 and S3-
D5 (right angular gyrus, intraparietal sulcus), S4-D4 (right supramarginal gyrus), and S4-D5 (right middle
temporal gyrus). In the frontal brain, area ROls were formed in the left hemisphere by channels S5-D6
(Broca’s area, left inferior frontal gyrus), S5-D7 and S6-D7 (left middle frontal gyrus); and in the right
hemisphere by channels S7-D8 and S8-D8 (right middle frontal gyrus) (channels can be found at Fig.2).

Figure 2. Probeset used for the fNIRS measurements indicating optode positions (red - source,
green - detector) and channels that are formed by source-detector pair (violet lines)

Behavioral analysis

The results of the participants were analyzed for task performance (accuracy score) and reaction
time (response time, RT). The accuracy score was calculated as the number of correct answers divided
by the total number of trials. Response time (RT) was defined as the time from when grey box for inserting
the answer appeared until the time when the actual answer was given or the space bar was pressed (see
Table 1).

The estimation of accuracy score and response time differences by group and task type was
performed by a two-factor repeated measures ANOVA with partial eta-squared as the effect size measure.
Post-hoc comparisons were conducted using pairwise repeated measures t-test with Tukey correction.
The analysis was performed in R 4.1.2 and Jamovi 2.2.3.

Statistical analysis of NIRS data

fNIRS data was preprocessed and analyzed using a custom script based on free software packages
MNE-fNIRS (Esch et al, 2019; Luke et al., 2020). MNE provides complete data analysis pipelines and
toolboxes in Python for fNIRS data processing.

During fNIRs data preprocessing, the raw intensity values were first converted to optical density.
At this stage, the coupling quality between the scalp and optodes was quantified using the scalp coupling
index (SCl index, for detailed description see Pollonini et al., 2014). The SCI index helps to detect a strong
cardiac oscillation in fNIRS raw signals, which is undesirable for measuring evoked cortical hemodynamic
responses (Themelis et al., 2004). By applying this method to raw data of all participants, we scanned all
channels to find out the presence of synchronous signals in the frequency range of cardiac signals across
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both photodetected signals. Channels with SCI below 0.6 were marked as bad channels and eliminated
from any further analysis. Remaining noisy channels in filtered data were interpolated using the mean of the
surrounding channels (nearest method). To remove motion artifacts from the analyzed data, the temporal
derivative distribution repair filter (TDDR) was applied (Fishburn et al., 2019). According to recent studies,
the TDDR filter shows better results when applied to the optical density of fNIRS data before calculating
the relative concentration changes of hemoglobin (Fishburn et al., 2019). Next, the relative concentration
changes of oxygenated (O2Hb) and deoxygenated hemoglobin (HHb) were estimated for every channel
using the modified Beer-Lambert law. However, in this study, we focused on the parameter O2Hb as
several researchers regarded this hemoglobin chromophore more sensitive to changes in cerebral blood
flow (Hoshi, Kobayashi and Tamura, 2001; Dresler et al., 2009). Finally, we applied a 0.02-0.2 Hz band-
pass filter to the data to remove heart rate oscillations as well as slow drifts.

To separate and remove physiological confounds from fNIRS data, a general multivariate regression
model (general linear model, GLM) analysis (YUcel et al., 2021; Luke et al., 2021) available in the MNE-
NIRS package (Yucel et al., 2021) was applied to examine the task-specific neural activity associated with
reading, exact calculation in a numerical format, exact calculation in a word format in two experimental
groups. We modeled the expected neural response for each experimental condition using the SPM
hemodynamic response function (HRF) combined with the stimulus event times and durations. All fNIRS
signal changes unrelated to task-specific neural responses were marked as drifts, and included in the
design matrix as cosine drift regressors. We specified 5 regressors with a 1/ high pass filter cut off (in our
case 0.002 Hz). For every group three contrasts, such as (1) reading versus addition exact calculation
in a numerical format; (2) reading versus addition exact calculation in a word format; (3) addition exact
calculation in a numerical format versus addition exact calculation in a word format) based on beta-values
were calculated.

Additionally, to test if there were task-specific neural activation compared to a non-task baseline
activation we compared all three task-related contrasts with resting-state derived contrast. Resting-state
was used in our study as a baseline marker of brain activity. Resting state may be considered as a brain
activity without work load or any purposeful cognitive process activated and assumed as a ‘baseline’ for
any comparison with task specific activity (Hurlburt et al., 2015), however this view sometimes argues
(Morcom and Fletcher, 2007). In our study 3 minutes resting state with closed eyes was used as a new
condition with activity unrelated to math or reading. Comparison of three experimental conditions with
resting state allowed tracing of changes specific related to calculation and reading in general. Resting
state with close eyes was analyzed.

Bootstrapping (random sampling with replacement) with 200 iterations for multiple comparisons
correction for every contrast in both groups was applied to reduce the risk of the type | error (false positive)
and to overcome the possible problems caused by small samples. Bootstrapping estimates properties of
estimands by sampling from an approximating distribution. In our study we applied the following scheme
for bootstrapping: first were randomly chosen 14 subjects from the main sample (random sampling), on
the next step three contrasts were calculated 200 times (a numerical format versus a word format of the
calculation; a word format of calculation versus reading; a numerical format of the calculation versus
reading) and 200 beta values for each channel was obtained. A median value for each channel out of 200
iterations was set as a typical beta value for this channel. The significance of each channel was defined
based on Z criterion, so that if in more than 50% of iterations the significance was true, the channel was
marked as significant. For analyses of statistically significant differences between groups, the pairwise
comparisons were made using permutation Mann-Whitney test.

Results

Behavioral results

Table 1 presents the results of the participants’ task performance accuracy and response time (RT)
are presented in Table 1. The lowest accuracy and response time were observed for calculation problems
in a word format. While performing the reading task, both experimental groups showed consistent
performance, however, the accuracy was lower and response time was higher across all conditions for
low-performers.
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Table 1
Mean scores and mean response time within three experimental conditions in groups of high-level
and low-level performers

Group Task Accuracy Response Time

Mean SD Mean SD

high reading 0.930 0.0445 2.70 3.38
num 0.865 0.109 3.16 2.85

word 0.652 0.175 5.05 3.36

low reading 0.851 0.239 3.05 3.04
num 0.678 0.143 3.94 2.177

word 0.341 0.152 5.172 2.23

Note. num — a numerical format of the exact calculation, word — a word format of exact calculation, high — group with
high level of math competencies, low - group with low level of math competencies

Table 2 presents the results of the ANOVA comparison between task format and group. The analysis
showed significant (p < 0.01) differences in the accuracy across the three task conditions (reading,
calculation problems in a word format, calculation problems in a numerical format), as well as significant
interaction between task format and group. Regarding response time, only the tasks showed significant
differences, with no difference observed between high and low groups.

Table 2
Within and between subjects’ effects in task and group comparison
Sum of o Mean E .
Squares Square P e
Accuracy

Task 2.691 2 1.3456 117.86 <.001 0.792
Within .
Subjects ask 0.223 2 0.1115 977 < 001 024

group
Effects

Residual 0.708 62 0.0114
Between group 0.916 1 0.9155 188 <.001 0377
Subjects
Effects Residual 1511 31 0.0487
Response Time

Task 111.656 2 55.828 15.234 <001 0.330
Within _
Subjects ask = 0.831 2 0.415 0.113 0.893 0.004

group
Effects

Residual 227,207 62 3.665

Between group 8.81 1 8.81 0.46 0.503 0.015
Subjects
Effects Residual 594.62 31 19.18

Table 3 presents the results of the post-hoc analysis conducted on the ANOVA results. The analysis
indicated significant differences in the accuracy among all groups (defined by task format and group).
Regarding response time, significant differences were observed only between the calculation task in a
word format and the other two task formats. The calculation task in a word format showed significantly
higher response time than the other two tasks.
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Table 3
Post-hoc comparison
Accuracy
Factor Factor Mean SE df t Ptukey
Difference
calculation, a
Task numerical 0.12 0.0267 31 449 <001
reading format
caloutation, & 39, 039 31 1233 <001
word format
calculation,a  calculation, a
numerical word format 0274 0.0185 31 14.81 <.001
format
Group high low 0.192 0.0444 31 433 <001
Response Time
Mean
Factor Factor Difference SE df t Ptukey
calculation, a
Task numerical -0.674 041 310 -1.64 0.245
reading format
caloulaion. a5 5, gy 310 481 < 001
word format
calculation,a  calculation, a
numerical word format -1.840 0474 310 -3.88 0.001
format
Group high low -0.597 0.881 310 -0.678 0.503

Note. high — group with high level of math competencies, low - group with low level of math competencies

fNIRS results

We used GLM analysis and estimated the activation of brain areas for each of three experimental
conditions based on statistically significant channel-specific effects, assessed by thresholding a test
statistic Z (Yucel et al., 2021). Individuals with high level of math competencies showed significant neural
activation in the left angular gyrus (AG), intraparietal sulcus (IPS), and in left inferior frontal gyrus (IFG),
and deactivation in the left middle temporal gyrus, specifically in a numerical format of the exact calculation
task (Fig. 3, a). In contrast, in the same condition, the group with low level of math competencies showed
no significant activation (Fig. 3, b).

rumodd rumadd mocd

Figure 3. Activation associated with a numerical format of calculation task in (a) group with high
level of math competencies, and (b) group with low level of math competencies
Note. Numadd - addition task in a numerical format

Regarding a word format of the exact calculation task, individuals with high level of math
competencies did not demonstrate any significant neural activation. However, individuals with low level
of math competencies showed significant activation in the right middle frontal gyrus (MFG), right angular
gyrus (AG), and intraparietal sulcus (IPS) (Fig. 4, b).
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(@) (b)

Figure 4. Activation associated with a word format of calculation task in (a) group with high level of
math competencies, and (b) group with low level of math competencies
Note. Textadd — addition task in a word format

Regarding the reading condition (without calculation), subjects with high level of math competencies
showed increased activation in the left middle temporal gyrus and fusiform gyrus (Fig. 5. a). In contrast,
in the same experimental condition, subjects with low level of math competencies showed no significant
activation.

nocaknocalc NOCTICNHOCOK:
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(a) (b)
Figure 5. Activation associated with reading of math problem without calculation in (a) group with
high level of math competencies, and (b) group with low level of math competencies
Note. Nocalc - reading

On the second level of GLM analysis, the coefficients of neural activation in each channel within
different experimental conditions were compared between individuals in a group with high level of math
competencies, as well as between individuals in a group with low level of math competences. In the group
of individuals with high level of math competencies, significant activation was identified in the reading
task, in comparison to a numerical format and a word format of the exact calculation tasks, in the inferior
temporal gyrus and fusiform gyrus (Tables 4 and 5).
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Table 4
Beta coefficients of second level of GLM contrast “reading task versus a numerical format of
calculation” in high level performers

Coef. Std.Err. z P>|z| Significant

ch_name[S$1_D1]:Chromalhbo] -2.684609 2490011 -1.074305  0.282686 False

ch_name[S1_D2]:Chromalhbo] -2.102069 2499011 -0.841520  0.400056 False

ch_name[S2_D1]:Chromalhbo] -1.237461 2499011  -0.495181 0.620473  False

ch_name[S2_DZ2]:Chromalhbo] 2977359 2499011 1.191415 0233481  False

ch_name[S2 D3]:Chromalhbo] 6.620436 2400011 2.649223 0.008068  True

ch_name[S3_D4]:Chroma[hbo] -3.919274 2499011  -1.568330  0.116804 False

ch_name[S3_D5]:Chromalhbo] -3.444847 2499011 -1.378484  0.168054 False

ch_name[S4_D4]:Chromalhbo] -0.600722 2499011 -0.240384  0.810033 False

ch_name[S4_D5]:Chromalhbo] -0.072426 2499011 -0.028982 00976879 False

ch_name[S5_D6]:Chromalhbo] 1.130424 2499011 0.452348 0.651018  False

ch_name[S5_D7]:Chromalhbo] -1.517347 2490011 -0.607179 0543732 False

ch_name[S6_D7]:Chroma[hbo] -0.980016 2499011 -0.392162  0.694939  False

ch_name[S7_D8]:Chromalhbo] -1.659996 2499011  -0.664261 0.506523 False

ch_name[S8_D8]:Chromalhbo] -1.588489 2499011 -0.635647 0525006 False
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Table 5
Beta coefficients of second level of GLM contrast “reading task versus a word format of calculation”
in high level performers

Coef. Std.Err. z P>|z] Significant
ch_name[S1_D1]:Chromalhbo] -0434118 1767808 0.245569 0.806016 False
ch_name[S1_D2]:Chromalhbo] -1.122363 1.767808 0.634890 0.525500 False
ch_name[S2_D1]:Chromalhbo] -0.131702 1.767808  0.074500 0.940612 False
ch_name[S2_D2]:Chromalhbo] 0609404 1.767808 -0.344723 0.730302 False
ch_name[S2_D3]:Chromalhbo] 4884222 1767808 -2.762869 0.005730 True
ch_name[S3_D4]:Chromalhbo] -2.391980 1.767808  1.353077 0.176031 False
ch_name[S3 D35]:Chromalhbo] -1.276862 1.767808  0.722286  0.470119 False
ch_name[S4_D4]:Chromalhbo] -0.008876 1.767808  0.005021  0.995994 False
ch_name[S4 D5]:Chromalhbo] -1.172701 1.767808  0.663364  0.507097 False
ch_name[S5_D6]:Chromalhbo] 1470108 1.767808 -0.831599 0405635 False
ch_name[S5 DT7]:Chromalhbo] -0.989686 1.767808  0.559838  0.575590 False
ch_name[S6_D7]:Chromalhbo] -0.066429 1.767808  0.037577 0970025 False
ch_name[S7 D8]:Chromalhbo] -2006148 1.767808  1.134822 0.256450 False
ch_name[S8_D8]:Chromalhbo] -1.958984 1.767808  1.108143  0.267800 False

In the group of individuals with low level of math competencies, a different pattern of significant
neural activation was found. In the reading task, in comparison both to a numerical as well as to a word
formats of the exact calculation task, significant activation was identified in the inferior frontal gyrus (IFG)
and middle frontal gyrus (MFG), particularly in the Broca’s area (Tables 6 and 7).
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Table 6
Beta coefficients of second level of GLM contrast “reading task versus a numerical format of
calculation” in low level performers

Coef. Std.Err. z P>[z]  Significant
ch_name[S1_D1]:Chroma[hbo] -3.321510 1777946 -1.868173 0.061738 False
ch_name[S1_D2]:Chroma[hbo]  -0570957 1777946 -0.321133  0.748110 False
ch_name[S2_D1]:Chroma[hbo] -0.013137 1777946 -0.007389 0994105 False
ch_name[S2_D2]:Chromalhbo]  1.863506 1.777946  1.048123  0.294582 False
ch_name[S2 D3):Chromalhbo] 2526878 1.777946 1421234  0.155249 False
ch_name[S3 D4]:Chroma[hbo] -2.227532 1777946 -1252868 0.210254 False
ch_name[S3_D5]:Chroma[hbo] -0983827 1777946 -0553350 0.580023 False
ch_name[S4_D4]:Chroma[hbo] -1586537 1777946 -0892343 0372209 False
ch_name[S4_D5]:Chroma[hbo] -1.355199  1.777946 -0.762228 0445924 False
ch_name[SS_D6):Chromalhbo]  3.982777 1777946  2.240100  0.025084 True
ch_name[S5 D7]:Chromalhbo]  3.862199 1777946 2172281 0029834 True
ch_name[S6_D7]:Chroma[hbo]  -1.183841 1777946 -0665848 0.505508 False
ch_name[S7_D8]:Chroma[hbo] 1821818 1777946 1024676 0.305516 False
ch_name[S8 D8]:Chromalhbo]  1.176466 1777946  0.661699 0.508164 False
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Table 7
Beta coefficients of second level of GLM contrast “word versus a numerical format of calculation”
in low level performers

Coef. Std.Err. z P>|z] Significant
ch_name[$1_D1]:Chromalhbo] -0.859091  1.822687 -0.471332 0.637403 False
ch_name[S1_D2]:Chroma[hbo] -2613143 1822687 -1.433676 0.151665 False
ch_name[S2 D1]:Chromalhbo] 2323436 1822687 1274731 0202404 False
ch_name[S2_D2]:Chromalhbo] -1516720 1.822687 -0.832134 0405333 False
ch_name[S2_D3]:Chroma[hbo] -0.071017  1.822687 -0.038963  0.968920 False
ch_name[S3_D4]:Chroma[hbo] -0408854 1822687 -0224314 0822513 False
ch_name[S3 D5]:Chromalhbo] 0865124  1.822687  0.474642 0.635042 False
ch_name[S4_D4]:Chroma[hbo] 0477964  1.822687  0.262231 0.793144 False
ch_name[S4_D5]:Chromalhbo] -2247213 1822687 -1232913 0217608 False
ch_name[S5 D6]:Chromalhbo] 4439445 1822687 2435660 0.014865 True
ch_name[S5 D7]:Chromalhbo] 2818197  1.822687  1.546178  0.122062 False
ch_name[S6_D7]:Chromalhbo] 0281116  1.822687 -0.154232 0.877427 False
ch_name[S7_D8]:Chromalhbo]  2.050653  1.822687  1.125071  0.260559 False
ch_name[S8 D8]:Chromalhbo] 2544455  1.822687  1.395991  0.162717 False

We also performed bootstrapping with 200 iterations for multiple comparisons correction for every
contrast in both groups. Consistent results were found in a group of high-level performers, with significant
neural activation in the inferior temporal gyrus and fusiform gyrus in the reading task in comparison to the
calculation in a numerical format, but not in a word format. In the group of low-level performers, significant
activation after bootstrapping remained in the left IFG, particularly in the Broca’s area, in a word format of
the exact calculation task in comparison to a numerical format.

Furthermore, comparison of task-specific brain activation with brain activation during a 3 minutes
resting-state revealed significant differences in low performers during the calculation task in a word format,
with activation in the left IFG, particularly in the Broca'’s area, and in the right MFG, as well as deactivation
in the angular gyrus, Wernicke’s area, and IPS. In high-performers, significant differences were found in
the reading task in the left IFG, particularly in the Broca’s area in a word format of the exact calculation
task in the Broca’s area, as well as in the ITG and fusiform gyrus and in a numerical format of the exact
calculation task in the right AG and IPS, as well as in Broca’s area.

As the experimental groups did not follow a normal distribution, we used the Mann-Whitney test to
statistically compare neural activation between individuals with high and low levels of math competencies
in reading task and exact calculation tasks, both in numerical and word formats. To correct for multiple
comparisons, we used a post hoc permutation test with 90 iterations (Ye et al., 2009; Yucel et al., 2021).
Our analysis found statistically significant differences in neural activation in the exact calculation tasks in
a numerical format in the right SMG and IPS (U=98, Z=6.9703, p=0.0455). We also observed marginal
differences in the left SMG (U=100, Z=6.7507, p=0.0545).
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Discussion

We analyzed and compared fNIRS data of subjects from two groups: with low and high levels
of math competencies to detect the neural foundations of calculation of two-digits addition problems,
both with and without carry effect, in two formats: numerical and word. Additionally, we added a third
experimental condition of reading math problems without calculation to account for word processing, and
linguistic complexity of text itself, and the relation between linguistic and numerical complexity within a
math problem. Two out of three tasks/conditions in our experiment (a numerical format of calculation and
reading arithmetic tasks embedded in text) were highly corresponding to school curriculum. However,
the third one (a word format of calculation) is not typical for school mathematics tasks and could cause
additional involvement of domain-general cognitive processes to solve them. This research is in line
with studies investigating the effects of mathematical competency and math task format (numerical and
word problems) (Dresler et al., 2009; Obersteiner et al., 2010), as well as with studies that consider brain
activation and individual differences in arithmetic performance (Menon et al. 2000; Grabner et al. 2007;
Artemenko et al., 2018a). Our study revealed that young adults with high level of math competencies did
not have significant differences in engaging frontal or parietal brain areas for solving exact calculation
problems in numerical or word formats, while individuals with low level of math competencies recruited
left frontal areas associated with language comprehension and understanding of complex sentences for
processing problems in a word format, the same as for processing the reading task.

Mental calculation and reading in high level performers

In this study, GLM analysis revealed significant left hemisphere activation in the frontal and
parietal regions for exact calculation tasks in exact calculation task in a numerical format, and in the left
inferior temporal gyrus and left fusiform gyrus in reading tasks in individuals with a high level of math
competencies. The activation of the left angular gyrus, left inferior temporal, and left fusiform gyri could be
associated with domain-general abilities, while left IPS activation could be associated with both domain-
general and domain-specific abilities. Angular gyrus, especially in the left hemisphere, has been shown
to be associated with numerical and mathematical processing, particularly arithmetic problemsolving
(i.e., mental arithmetic) (Delazer et al. 2003; Zamarian, Ischebeck and Delazer, 2009; Seghier 2013).
It could be linked to the retrieval of numerical information from memory (Dehaene et al., 2003), but in
our studyit could not be explained solely by fact retrieval. According to the recent review (Sokolowski,
Matejko and Ansari, 2022) recent research has suggested that AG activation in high performers could
be due to the involvement in mapping numerical symbols and their meaning (symbol-referent theory), as
well as engaging bottom-up attention required when an arithmetic solution was recalled from memory.
Traditionally, IPS is considered a core region in processing symbolic numerical information and in
calculation (Matejko and Ansari, 2017). Left hemispheric IPS activation could be associated with symbolic
arithmetic in Arabic notation (Venkatraman et al., 2005; Artemenko et al., 2020). In terms of frontal
regions, we found significant activation in the left inferior frontal gyrus, which is a language-related region
of arithmetic processing involved in calculations and visuospatial processing (Zamarin, Ischebeck and
Delazer, 2009). Left angular gyrus, together with left inferior frontal gyrus, is thought to be involved in
exact calculation (Dehaene et al., 1999), and higher activation in the left angular gyrus is associated with
a high level of arithmetic skills (Grabner et al., 2007). Deactivation in the left middle frontal gyrus could be
associated with decreased demand for working memory load due to automatization of addition. The left
temporal gyrus, including the fusiform gyrus, is known to be involved in processing semantic information
and word recognition.

The group level of GLM, as well as the bootstrap analysis, revealed brain patterns specific to the
reading versus a numerical format of the calculation in the occipito-temporal region, particularly in the
left inferior temporal gyrus and left fusiform gyrus. These regions are involved in recognizing symbolic
objects (Pammer, Korrel and Bell, 2014; Risseler et al., 2018) and processing the phonology of written
characters while reading and comprehending text. The fusiform gyrus is also important for reading and
can be impaired in dyslexia. Our results suggest that high performers experienced increased workload
in reading skills, particularly in transcribing between number words, rather than in calculation skills. The
absence of specific activation for math problems in a numerical format as well as in a word format may
indicate that this group was able to perform calculations relatively easily without additional brain effort due
to the involvement of domain-general processes.

WWW.ijcrsee.com
107


www.ijcrsee.com

Sitnikova, M. A. et al. (2023). The Neural Correlates of Exact Calculation in Word and Numerical Formats in Low And High Math
Performers: A fNIRS Study, International Journal of Cognitive Research in Science, Engineering and Education (I/JCRSEE),
11(1), 93-114.

Mental calculation and reading in low level performers

The results of the first level of GLM analysis in the group with low math competencies showed
significant activation in the right hemisphere, specifically in the middle frontal gyrus (MFG), angular gyrus
(AG), and intraparietal sulcus (IPS), but only in a word format of exact calculation task. The activation of
MFG and AG is related to domain-general processes, while IPS is activated during both domain-general
and domain-specific processes. In case of a word format of calculation task, angular gyrus might be
associated with reading, and interpretation of what is written, as well as arithmetic processing. Within
this group, a more workload was necessary for calculation in a word format. Thus, analysis revealed
that some patterns of activation are not specific for this format. This finding can be used as an argument
in favor of domain-general theories as opposed to domain-specific theories, particularly the Triple-code
model. Overall, the calculation-induced increased activation in the parietal regions is consistent with
the results of previous studies. In research by Richter et al. (2009), participants calculated or read two-
digit addition problems either in a numerical or text format. Calculations in both formats compared to
reading task induced parietal activation. This may be partly related to the peculiarities of the tasks used
in the study. The study also found that the carry effect was shown to activate several brain regions,
including the intraparietal sulcus and the middle frontal gyrus. Previous studies demonstrated that the
carry effect induced activation in the bilateral MFG, the cingulate cortex, the left IFG and the left IPS in
tasks combining two-digit with single-digit operands (Kong et al., 2005; Klein et al., 2009; Yi-Rong et al.,
2011). Nevertheless, the carry effect and related brain activation analysis was not the aim of this study, so
this problem requires further detailed analysis. In line with aforementioned studies, problems with carry
effect used in our study in half of the trials might be a possible explanation for middle frontal gyrus that
was activated during a word format of math problems. MFG involvement can be explained in two ways.
One of them is a categorical effect that is based on the distinction of whether the carry operation has to
be applied or not (Klein et al., 2010; Verner et al., 2013). In our study participants were also constantly
required to switch between tasks with carry operation and without it. Another explanation can be related
to the working memory which supports the role of place-value integration arising during carry operation
with multi-digit numbers (Owen et al., 2005). The role of working memory in the carry effect in addition is
highlighted by a number of authors (Flrst and Hitch 2000; Imbo, Vandierendonck and De Rammelaere,
2007; Klein et al. 2010; Moeller, Klein and Nuerk, 2011a; Moeller, Klein and Nuerk, 2011b; Nuerk et al.,
2011; Caviola et al., 2012; Gobel et al., 2014). Of particular importance is working memory capacity that
can predict math performance (Peng and Fuchs, 2016; Cragg et el., 2017; Fanari,Meloni and Massidda,
2019). According to a number of authors, the phonological loop (the verbal component of working
memory) is crucial for exact calculations (Frisovan den Bos et al., 2013). The role of working memory in
exact calculations is related to the phonological loop (the verbal component of working memory) being
crucial for encoding and processing number words, which is important for math word problems solving.
Additionally, working memory is involved in manipulating number words, such as performing arithmetic
calculations and retrieving arithmetic facts from long-term memory (Lavander-Ferreira, 2020). At the same
time, our results support findings of other authors that confirm involvement of parietal areas in the carry
effect (Artemenko et al., 2018a). Nevertheless, carry effect and related brain activation analysis was not
the aim of this study, so this problem requires further detailed analysis.

Generally, the second level of GLM analysis and analysis after bootstrapping showed consistent
results in the low performers. GLM revealed an increased activation in tasks involving word problems (a
word format of exact calculation and reading task) in the frontal cortex, including Broca’s area, and IFG.
Although Broca’s area and inferior frontal gyrus are thought to be crucial regions for speech production,
some investigations demonstrated its involvement in comprehension of complex sentences (Grewe et
al., 2005). Our results are consistent with previous findings that report higher activation of inferior frontal
regions in high-ambiguity sentence processing (Rodd et al., 2005): possible ambiguity is associated with
an unusual format for presenting math problems in a word format and arithmetic tasks embedded in text
that do not require solving. Analysis after bootstrapping demonstrated an increased activation in exact
calculations in a word format compared to numeric format in the Broca’s area and left inferior frontal gyrus.
Thus, the predominant role of the frontal regions in comprehension was confirmed.

Differences between young adults from groups with high and low levels of math competences
It's worth noting that significant activation in low performers was mostly in the same brain regions
as in high performers, however in right hemisphere, but not in left hemisphere. In the literature there were
some viewpoints that cerebral hemispheres played different roles in processing information depending on
the solution strategy applied to solve the task. Solution-irrelevant interpretations of words in the problems
might lead to rough semantic coding associated with the right hemisphere (Beeman and Bowden, 2000).
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Therefore, a possible explanation is that the right hemisphere is activated in stressful situations. In our
case, for most individuals, due to their low math performance, solving exact calculation tasks in a word
format was stressful. In support of this finding, previous studies found that right dorso-lateral prefrontal
cortex (DLPFC) activation is associated with high trait anxiety (Basten, Stelzel and Fiebach, 2012). MFG
can be referred to as DLPFC. Klados et al., (2015) reported frontal changes during arithmetic calculation
that are thought to be related to the influence of math anxiety on working memory. However, our results
demonstrated activation patterns versus deactivation shown in some other studies (Klados et al., 2015).
Nevertheless, our assumption about the effect of anxiety needs additional investigation.

Another important finding was the detected specificity in the groups of low and high performers,
which indicated differences in the mechanisms for solving the same type of tasks depending on the level
of mathematical competence. This result is consistent with the neural efficiency hypothesis, according
to which individuals with higher intelligence spend less brain resources on solving cognitive tasks
(Nussbaumer et al., 2015). This is expressed in the absence of differences in activation during solving
math problems in various formats in high-level performers in our study. In low-level performers, there were
significant differences in activation in different formats of exact addition problems solving. Between-groups
comparison showed statistically significant differences in neural activation in exact calculation tasks in a
numerical format as well in bilateral supramarginal gyrus (SMG) and right intraparietal sulcus. The SMG
is known to be involved in complex calculation due to the high demands of visuospatial working memory
(Zago et al., 2001). Two-digit non-overlearned calculation is regarded as recruiting storage of intermediate
results in a short-term memory to successfully solve the math problem (Menon et al., 2000). Therefore,
our findings might indicate specific activation for calculation based on the differences in performance.

Differences between task-induced activation and resting state

Comparison of brain activation during tasks and resting state also revealed a certain heterogeneity
in brain mechanisms of math abilities. In the high performing group, all three conditions were associated
with higher involvement of Broca’s area and inferior frontal gyrus, as well as some task-specific activation.
As mentioned previously, the Broca’s area and IFG could be related to understanding complex sentences.
Involvement of Broca’s area and IFG in the math processes could possibly be attributed to the reading of
the actual presented stimulus (Rogalsky, Matchin and Hickok, 2008; Klein et al., 2015). Reading numerals
written in a word format in our study and subsequent analysis of semantics, however, might be related to
two opposite processes. On the one hand, activation of speech-related areas could indicate the process
of transformation of any numerical information into semantic form followed by the calculation process. On
the other hand, it might reflect the process of transformation of any symbolic information into nonsymbolic
form for the following calculations. Considering higher activation of Broca’s area in a word format of
calculation in this study, we might have weak evidence for the second process, however this evidence is
far from decisive and the first process might be more important for math abilities, both processes might
operate simultaneously. This problem needs to be addressed additionally in future research. In the low-
performing group, only a word format of calculation task significantly differed from resting state, with
higher activation in Broca’s area, inferior frontal gyrus and middle frontal gyrus and lower activation in
angular gyrus, Wernicke, and IPS. This pattern of activation seems to be consistent with the inter-task
comparison. We detected no significant difference in activation between resting state, reading task and
a numerical format of the calculation task. The absence of any task-induced activity could be the result
of weak implication of executive functions (Bull and Lee, 2014). People with weak executive functions
demonstrate difficulties in remembering and following instructions, inhibiting irrelevant information and
staying focused on task, as well as quickly choosing appropriate task strategies. There might be a
substantial variability in brain mechanisms related to poor performance in calculations and this variability
prevents statistically significant difference in activation induced by resting state and tasks. Therefore, high
and low levels of performance in calculations might be attributed to different neurocognitive mechanisms.

Limitations

Our study has several limitations. Firstly, we have a relatively small sample size and have used
group comparison as the primary method of assessing the level of math competence. Secondly, we did
not fully estimate the differences between the two groups, and it may be important to use more appropriate
methods for comparing group (or individual) performance within one condition. Thirdly, our analysis was
limited to four areas of interest and did not cover the whole brain activity. Finally, we did not assess carry/
no-carry effects and compare addition from the perspective of brain activation during various conditions.
We plan to address all these limitations in future studies.
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Conclusions

Our study aimed to measure brain activation in frontal and parietal regions using fNIRS to
investigate the neural correlates of exact calculation problems with two-digit numbers in different formats
(word versus numerical). We found that tasks in word and numerical formats activate different areas of
the brain, since these two formats of presenting arithmetical problems differ in the amount of cognitive
effort required and processes involved in calculation. Our findings support domain-general theories
in numerical cognition, which suggest that both domain-specific skills such as magnitude processing,
and domain-general skills such as working memory, fact retrieval, and attention are involved in mental
calculation. Solving of arithmetical problems presented in a word format requires several steps, including
understanding the verbal information underlying mathematical relations, and transitioning to symbolic
mathematical expression. This processing of numerical information is more complex, and results in higher
oxygen consumption compared to solving numerical problems. We also found that the patterns of neural
activation differed between individuals with low and high levels of math competencies. Low performers
demonstrated right hemisphere activation, while high performers showed left hemisphere activation.
Right hemisphere activation in low performers when solving exact calculation tasks in a word format
might be stress-induced, as solution-irrelevant interpretations of words within a task might lead to rough
semantic coding associated with the right hemisphere. We observed increased activation in the Broca’s
area and left inferior frontal gyrus in low performers when solving problems in a word format compared
to a numerical format. In high performers, we found increased activation in the occipi-to-temporal region,
particularly in the left inferior temporal gyrus and left fusiform gyrus, when solving problems in a reading
format compared to a numerical format. In summary, our findings demonstrate that the neural correlates
of two-digit exact calculation in numerical and word formats differ in individuals with low and high math
competencies. These results suggest that future research should consider cognitive performance when
describing neurocognitive mechanisms of calculation.

Acknowledgements

The paper is part of the project no. 22-28-02030, funded by RSF (Russia).

Conflict of interests
The authors declare no conflict of interest.

Author Contributions

Conceptualization, study design and stimuli preparation: M.A.S., J.AM. and T.V.A.; software for
preprocessing and analysis: G.O.P,, R.G.A,; data collection and analysis: MAS and R.G.A.; writing-
original draft preparation: M.A.S., JAM. and T.V.A.; writing-review and editing: M.A.S. and J.A.M. All
authors approved the final version of the manuscript for submission.

References

Abraham, A., Pedregosa, F., Eickenberg, M., Gervais, P., Mueller, A., Kossaifi, J., ... & Varoquaux, G. (2014). Machine learning
for neuroimaging with scikit-learn. Frontiers in neuroinformatics, 14. https://doi.org/10.3389/finf.2014.00014

Amalric, M., & Dehaene, S. (2016). Origins of the brain networks for advanced mathematics in expert mathematicians.
Proceedings of the National Academy of Sciences, 113(18), 4909-4917. https://doi.org/10.1073/pnas.1603205113

Ansari, D. (2008). Effects of development and enculturation on number representation in the brain. Nature reviews neuroscience,
9(4), 278-291. https://doi.org/10.1038/nrn2334

Ansari, D., Grabner, R. H., Koschutnig, K., Reishofer, G., & Ebner, F. (2011). Individual differences in mathematical competence
modulate brain responses to arithmetic errors: An fMRI study. Learning and Individual Differences, 21(6), 636-643.
https://doi.org/10.1016/).lindif.2011.07.013

Ansari, D., & Karmiloff-Smith, A. (2002). Atypical trajectories of number development: A neuroconstructivist perspective. Trends
in cognitive sciences, 6(12), 511-516. https://doi.org/10.1016/S1364-6613(02)02040-5

Ardila, A. (2010). On the evolution of calculation abilities. Frontiers in Evolutionary Neuroscience, 7. https://doi.org/10.3389/
fnevo.2010.00007

Arsalidou, M., & Taylor, M. J. (2011). Is 2+ 2= 4?7 Meta-analyses of brain areas needed for numbers and calculations.
Neuroimage, 54(3), 2382-2393. https://doi.org/10.1016/j.neuroimage.2010.10.009

Artemenko, C., Sitnikova, M. A., Soltanlou, M., Dresler, T., & Nuerk, H. C. (2020). Functional lateralization of arithmetic
processing in the intraparietal sulcus is associated with handedness. Scientific reports, 10(1), 1-11. https://doi.

WWWw.ijcrsee.com
110


www.ijcrsee.com
https://doi.org/10.3389/fninf.2014.00014
https://doi.org/10.1073/pnas.1603205113
https://doi.org/10.1038/nrn2334
https://doi.org/10.1016/j.lindif.2011.07.013
https://doi.org/10.1016/S1364-6613(02)02040-5
https://doi.org/10.3389/fnevo.2010.00007
https://doi.org/10.3389/fnevo.2010.00007
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.1038/s41598-020-58477-7

Sitnikova, M. A. et al. (2023). The Neural Correlates of Exact Calculation in Word and Numerical Formats in Low And High Math
Performers: A fNIRS Study, International Journal of Cognitive Research in Science, Engineering and Education (I/CRSEE),
11(1), 93-114.

org/10.1038/s41598-020-58477-7

Artemenko, C., Soltanlou, M., Dresler, T., Ehlis, A. C., & Nuerk, H. C. (2018a). The neural correlates of arithmetic difficulty
depend on mathematical ability: evidence from combined fNIRS and ERP. Brain structure and function, 223(6), 2561-
2574. https://doi.org/10.1007/s00429-018-1618-0

Artemenko, C., Soltanlou, M., Ehlis, A. C., Nuerk, H. C., & Dresler, T. (2018b). The neural correlates of mental arithmetic in
adolescents: a longitudinal fNIRS study. Behavioral and brain functions, 14(1), 1-13. https://doi.org/10.1186/s12993-
018-0137-8

Artemenko, C. (2021). Developmental fronto-parietal shift of brain activation during mental arithmetic across the lifespan: A
registered report protocol. Plos one, 16(8), €0256232. https://doi.org/10.1371/journal.pone.0256232

Barbey, A. K., Koenigs, M., & Grafman, J. (2013). Dorsolateral prefrontal contributions to human working memory. Cortex,
49(5), 1195-1205. https://doi.org/10.1016/j.cortex.2012.05.022

Basten, U., Stelzel, C., & Fiebach, C. J. (2012). Trait anxiety and the neural efficiency of manipulation in working memory.
Cognitive, Affective, & Behavioral Neuroscience, 12(3), 571-588. https://doi.org/10.3758/s13415-012-0100-3

Beeman, M. J., & Bowden, E. M. (2000). The right hemisphere maintains solution-related activation for yet-to-be-solved
problems. Memory & cognition, 28(7), 1231-1241. https://doi.org/10.3758/BF03211823

Boonen, A. J., de Koning, B. B., Jolles, J., & Van der Schoot, M. (2016). Word problem solving in contemporary math
education: A plea for reading comprehension skills training. Frontiers in psychology, 7, 191. https://doi.org/10.3389/
fpsyg.2016.00191

Brannon, E. M. (2002). The development of ordinal numerical knowledge in infancy. Cognition, 83(3), 223-240. https://doi.
0org/10.1016/S0010-0277(02)00005-7

Bull, R., & Lee, K. (2014). Executive functioning and mathematics achievement. Child Development Perspectives, 8(1), 36-41.
https://doi.org/10.1111/cdep.12059

Butterworth, B., Varma, S., & Laurillard, D. (2011). Dyscalculia: from brain to education. Science, 332(6033), 1049-1053.
https://doi.org/10.1126/science. 1201536

Caviola, S., Mammarella, I. C., Cornoldi, C., & Lucangeli, D. (2012). The involvement of working memory in children’s exact
and approximate mental addition. Journal of experimental child psychology, 112(2), 141-160. https://doi.org/10.1016/].
jecp.2012.02.005

Clark, C. A. C., Liu, Y., Wright, N. L. A., Bedrick, A., & Edgin, J. O. (2017). Functional neural bases of numerosity judgments in
healthy adults born preterm. Brain and Cognition, 118, 90-99. https://doi.org/10.1016/j.bandc.2017.07.011

Cragg, L., Keeble, S., Richardson, S., Roome, H. E., & Gilmore, C. (2017). Direct and indirect influ-ences of executive functions
on mathematics achievement. Cognition, 162, 12-26. https://doi.org/10.1016/j.cognition.2017.01.014

Dehaene, S., & Cohen, L.(1995). Towards ananatomical and functional model of number processing. Mathematical cognition, 1(1),
83-120. Retrieved from https://www.unicog.org/publications/DehaeneCohen_TripleCodeModelNumberProcessing_
MathCognition1995.pdf

Daroczy, G., Wolska, M., Meurers, W. D., & Nuerk, H. C. (2015). Word problems: A review of linguistic and numerical factors
contributing to their difficulty. Frontiers in psychology, 6, 348. https://doi.org/10.3389/fpsyg.2015.00348

Dehaene, S., Piazza, M., Pinel, P., & Cohen, L. (2003). Three parietal circuits for number processing. Cognitive neuropsychology,
20(3-6), 487-506. https://doi.org/10.1080/0264 3290244000239

Dehaene, S., Spelke, E., Pinel, P., Stanescu, R., & Tsivkin, S. (1999). Sources of mathematical thinking: Behavioral and brain-
imaging evidence. Science, 284(5416), 970-974. https://doi.org/10.1126/science.284.5416.970

Delazer, M., Domahs, F., Bartha, L., Brenneis, C., Lochy, A., Trieb, T., & Benke, T. (2003). Learning complex arithmetic—an
fMRI study. Cognitive Brain Research, 18(1), 76-88. https://doi.org/10.1016/j.cogbrainres.2003.09.005

Devlin, J. T., Matthews, P. M., & Rushworth, M. F. (2003). Semantic processing in the left inferior pre-frontal cortex: a combined
functional magnetic resonance imaging and transcranial magnetic stimulation study. Journal of cognitive neuroscience,
15(1), 71-84. https://doi.org/10.1162/089892903321107837

Dresler, T., Obersteiner, A., Scheckimann, M., Vogel, A. C. M., Ehlis, A. C., Richter, M. M., ... & Fallgatter, A. J. (2009).
Arithmetic tasks in different formats and their influence on behavior and brain oxygenation as assessed with near-
infrared spectroscopy (NIRS): a study involving primary and secondary school children. Journal of neural transmission,
116(12), 1689-1700. https://doi.org/10.1007/s00702-009-0307-9

Esch, L., Dinh, C., Larson, E., Engemann, D., Jas, M., Khan, S., ... & Hdmélainen, M. S. (2019). MNE: software for acquiring,
processing, and visualizing MEG/EEG data. Magnetoencephalography: From Signals to Dynamic Cortical Networks,
355-371. hitps://doi.org/10.1007/978-3-030-00087-5_59

Fadiga, L., & Craighero, L. (2006). Hand actions and speech representation in Broca’s area. Cortex, 42(4), 486-490. https:/
doi.org/10.1016/S0010-9452(08)70383-6

Fanari, R., Meloni, C., & Massidda, D. (2019). Visual and Spatial Working Memory Abilities Predict Early Math Skills: A 369
Longitudinal Study. Frontiers in Psychology. 10, 2460. https://doi.org/10.3389/fpsyg.2019.02460

Feigenson, L., Dehaene, S., & Spelke, E. (2004). Core systems of number. Trends in cognitive sciences, 8(7), 307-314. https:/
doi.org/10.1016/.tics.2004.05.002

Fishburn, F. A., Ludlum, R. S., Vaidya, C. J., & Medvedev, A. V. (2019). Temporal derivative distribution repair (TDDR): a motion
correction method for fNIRS. Neuroimage, 184, 171-179. https://doi.org/10.1016/j.neuroimage.2018.09.025

Friso-Van den Bos, I., Van der Ven, S. H., Kroesbergen, E. H., & Van Luit, J. E. (2013). Working memory and mathematics
in primary school children: A meta-analysis. Educational research review, 10, 29-44. https://doi.org/10.1016/].
edurev.2013.05.003

Fuchs, L. S., Fuchs, D., Compton, D. L., Powell, S. R., Seethaler, P. M., Capizzi, A. M., ... & Fletcher, J. M. (2006). The
cognitive correlates of third-grade skill in arithmetic, algorithmic computation, and arithmetic word problems. Journal of
Educational Psychology, 98(1), 29. https://doi.org/10.1037/0022-0663.98.1.29

Fuchs, L. S., Hamlett, C. L., & Powell, S. R. (2003). Grade 3 math battery. [Unpublished paper.] (Available from L. S. Fuchs,
Department of Special Education, 328 Peabody, Vanderbilt University, Nashville, TN 37203).

Farst, A. J., & Hitch, G. J. (2000). Separate roles for executive and phonological components of working memory in mental
arithmetic. Memory & cognition, 28(5), 774-782. https://doi.org/10.3758/BF03198412

WWW.ijcrsee.com
111


www.ijcrsee.com
https://doi.org/10.1038/s41598-020-58477-7
https://doi.org/10.1007/s00429-018-1618-0
https://doi.org/10.1186/s12993-018-0137-8
https://doi.org/10.1186/s12993-018-0137-8
https://doi.org/10.1371/journal.pone.0256232
https://doi.org/10.1016/j.cortex.2012.05.022
https://doi.org/10.3758/s13415-012-0100-3
https://doi.org/10.3758/BF03211823
https://doi.org/10.3389/fpsyg.2016.00191
https://doi.org/10.3389/fpsyg.2016.00191
https://doi.org/10.1016/S0010-0277(02)00005-7
https://doi.org/10.1016/S0010-0277(02)00005-7
https://doi.org/10.1111/cdep.12059
https://doi.org/10.1126/science.1201536
https://doi.org/10.1016/j.jecp.2012.02.005
https://doi.org/10.1016/j.jecp.2012.02.005
https://doi.org/10.1016/j.bandc.2017.07.011
https://doi.org/10.1016/j.cognition.2017.01.014
https://www.unicog.org/publications/DehaeneCohen_TripleCodeModelNumberProcessing_MathCognition1995.pdf 
https://www.unicog.org/publications/DehaeneCohen_TripleCodeModelNumberProcessing_MathCognition1995.pdf 
https://doi.org/10.3389/fpsyg.2015.00348
https://doi.org/10.1080/02643290244000239
https://doi.org/10.1126/science.284.5416.970
https://doi.org/10.1016/j.cogbrainres.2003.09.005
https://doi.org/10.1162/089892903321107837
https://doi.org/10.1007/s00702-009-0307-9
https://doi.org/10.1007/978-3-030-00087-5_59
https://doi.org/10.1016/S0010-9452(08)70383-6
https://doi.org/10.1016/S0010-9452(08)70383-6
https://doi.org/10.3389/fpsyg.2019.02460
https://doi.org/10.1016/j.tics.2004.05.002
https://doi.org/10.1016/j.tics.2004.05.002
https://doi.org/10.1016/j.neuroimage.2018.09.025
https://doi.org/10.1016/j.edurev.2013.05.003
https://doi.org/10.1016/j.edurev.2013.05.003
https://doi.org/10.1037/0022-0663.98.1.29
https://doi.org/10.3758/BF03198412

Sitnikova, M. A. et al. (2023). The Neural Correlates of Exact Calculation in Word and Numerical Formats in Low And High Math
Performers: A fNIRS Study, International Journal of Cognitive Research in Science, Engineering and Education (I/CRSEE),
11(1), 93-114.

Gentilucci, M., Bernardis, P., Crisi, G., & Volta, R. D. (2006). Repetitive transcranial magnetic stimulation of Broca’s area
affects verbal responses to gesture observation. Journal of Cognitive Neuroscience, 18(7), 1059-1074. https:/doi.
org/10.1162/jocn.2006.18.7.1059

Gilmore, C., Clayton, S., Cragg, L., McKeaveney, C., Simms, V., & Johnson, S. (2018). Understanding arithmetic concepts:
The role of domain-specific and domain-general skills. PLoS ONE, 13(9), 1-20. https://doi.org/10.1371/journal.
pone.0201724

Gobel, S. M., Moeller, K., Pixner, S., Kaufmann, L., & Nuerk, H. C. (2014). Language affects symbolic arithmetic in children:
the case of number word inversion. Journal of experimental child psychology, 119, 17-25. https://doi.org/10.1016/].
jecp.2013.10.001

Grabner, R. H., Ansari, D., Reishofer, G., Stern, E., Ebner, F., & Neuper, C. (2007). Individual differences in mathematical
competence predict parietal brain activation during mental calculation. Neuroimage, 38(2), 346-356. https://doi.
org/10.1016/j.neuroimage.2007.07.041

Grabner, R. H., Reishofer, G., Koschutnig, K., & Ebner, F. (2011). Brain correlates of mathematical competence in processing
mathematical representations. Frontiers in human neuroscience, 5, 130. https://doi.org/10.3389/fnhum.2011.00130

Grewe, T., Bornkessel, 1., Zysset, S., Wiese, R., von Cramon, D. Y., & Schlesewsky, M. (2005). The emergence of the unmarked:
A new perspective on the language-specific function of Broca’s area. Human brain mapping, 26(3), 178-190.

Houdé, O., Rossi, S., Lubin, A., & Joliot, M. (2010). Mapping numerical processing, reading, and executive functions in the
developing brain: an fMRI meta-analysis of 52 studies including 842 children. Developmental science, 13(6), 876-885.
https://doi.org/10.1111/j.1467-7687.2009.00938.x

Hoshi, Y., Kobayashi, N., & Tamura, M. (2001). Interpretation of near-infrared spectroscopy signals: a study with a newly
developed perfused rat brain model. Journal of applied physiology, 90(5), 1657-1662. https://doi.org/10.1152/
jappl.2001.90.5.1657

Hurlburt, R. T., Alderson-Day, B., Fernyhough, C., & Kiihn, S. (2015). What goes on in the resting-state? A qualitative glimpse
into resting-state experience in the scanner. Frontiers in psychology, 6, 1535. https://doi.org/10.3389/fpsyg.2015.01535

Imbo, 1., Vandierendonck, A., & De Rammelaere, S. (2007). The role of working memory in the carry operation of mental
arithmetic: Number and value of the carry. Quarterly Journal of Experimental Psychology, 60(5), 708-731. https:/doi.
org/10.1080/17470210600762447

Ischebeck, A., Zamarian, L., Siedentopf, C., Koppelstatter, F., Benke, T., Felber, S., & Delazer, M. (2006). How specifically do we
learn? Imaging the learning of multiplication and subtraction. Neuroimage, 30(4), 1365-1375. https://doi.org/10.1016/].
neuroimage.2005.11.016

Kaufmann, L., Koppelstaetter, F., Siedentopf, C., Haala, ., Haberlandt, E., Zimmerhackl, L.-B., et al. (2006). Neural correlates
of the number-size interference task in children. Neuroreport, 17, 587. https://doi.org/10.1097/00001756-200604240-
00007

Klados, M. A., Simos, P., Micheloyannis, S., Margulies, D., & Bamidis, P. D. (2015). ERP measures of math anxiety: how math
anxiety affects working memory and mental calculation tasks?. Frontiers in behavioral neuroscience, 9, 282. https:/
doi.org/10.3389/fnbeh.2015.00282

Klein, E., Nuerk, H. C., Wood, G., Knops, A., & Willmes, K. (2009). The exact vs. approximate distinction in numerical cognition
may not be exact, but only approximate: How different processes work together in multi-digit addition. Brain and
cognition, 69(2), 369-381. https://doi.org/10.1016/j.bandc.2008.08.031

Klein, E., Willmes, K., Dressel, K., Domahs, F., Wood, G., Nuerk, H. C., & Moeller, K. (2010). Categorical and continuous-
disentangling the neural correlates of the carry effect in multi-digit addition. Behavioral and Brain Functions, 6(1), 1-15.
https://doi.org/10.1186/1744-9081-6-70

Klein, M., Grainger, J., Wheat, K. L., Millman, R. E., Simpson, M. I., Hansen, P. C., & Cornelissen, P. L. (2015). Early activity
in Broca’s area during reading reflects fast access to articulatory codes from print. Cerebral Cortex, 25(7), 1715-1723.
https://doi.org/10.1093/cercor/bht350

Kong, J., Wang, C., Kwong, K., Vangel, M., Chua, E., & Gollub, R. (2005). The neural substrate of arithmetic operations and
procedure complexity. Cognitive Brain Research, 22(3), 397-405. https://doi.org/10.1016/j.cogbrainres.2004.09.011

Kucian, K., von Aster, M., Loenneker, T., Dietrich, T., & Martin, E. (2008). Development of neural networks for exact
and approximate calculation: A FMRI study. Developmental neuropsychology, 33(4), 447-473. https://doi.
org/10.1080/87565640802101474

Lavander-Ferreira, M. J. (2020). Number Processing in Infants and Children Born Very Preterm (Doctoral dissertation, UCL
(University College London)). Number Processing in Infants and Children Born Very Preterm - UCL Discovery

Luke, R., Larson, E. D., Shader, M. J., Innes-Brown, H., Van Yper, L., Lee, A. K., ... & McAlpine, D. (2021). Analysis methods for
measuring passive auditory fNIRS responses generated by a block-design paradigm. Neurophotonics, 8(2), 025008.
https://doi.org/10.1117/1.NPh.8.2.025008

Matejko, A. A., & Ansari, D. (2017). How do individual differences in children’s domain specific and domain general abilities
relate to brain activity within the intraparietal sulcus during arithmetic? An fMRI study. Human brain mapping, 38(8),
3941-3956. https://doi.org/10.1002/hbm.23640

Meiri, H., Sela, ., Nesher, P., Izzetoglu, M., Izzetoglu, K., Onaral, B., & Breznitz, Z. (2012). Frontal lobe role in simple arithmetic
calculations: An fNIR study. Neuroscience letters, 510(1), 43-47. https://doi.org/10.1016/j.neulet.2011.12.066

Menon, V., Rivera, S. M., White, C. D., Eliez, S., Glover, G. H., & Reiss, A. L. (2000). Functional optimization of arithmetic
processing in perfect performers. Cognitive Brain Research, 9(3), 343-345. https://doi.org/10.1016/S0926-
6410(00)00010-0

Moeller, K., Klein, E., & Nuerk, H. C. (2011a). (No) small adults: Children’s processing of carry addition problems. Developmental
Neuropsychology, 36(6), 702-720. https://doi.org/10.1080/87565641.2010.549880

Moeller, K., Klein, E., & Nuerk, H. C. (2011b). Three processes underlying the carry effect in addition—Evidence from eye
tracking. British Journal of Psychology, 102(3), 623-645. hitps://doi.org/10.1111/j.2044-8295.2011.02034 .

Monti, M. M., Parsons, L. M., & Osherson, D. N. (2012). Thought beyond language: Neural dissociation of algebra and natural
language. Psychological science, 23(8), 914-922. https://doi.org/10.1177/09567976124374

Moeller, K., Willmes, K., & Klein, E. (2015). A review on functional and structural brain connectivity in numerical cognition.

WWWw.ijcrsee.com
112


www.ijcrsee.com
https://doi.org/10.1162/jocn.2006.18.7.1059
https://doi.org/10.1162/jocn.2006.18.7.1059
https://doi.org/10.1371/journal.pone.0201724
https://doi.org/10.1371/journal.pone.0201724
https://doi.org/10.1016/j.jecp.2013.10.001
https://doi.org/10.1016/j.jecp.2013.10.001
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.1016/j.neuroimage.2007.07.041
https://doi.org/10.3389/fnhum.2011.00130
https://doi.org/10.1111/j.1467-7687.2009.00938.x
https://doi.org/10.1152/jappl.2001.90.5.1657
https://doi.org/10.1152/jappl.2001.90.5.1657
https://doi.org/10.3389/fpsyg.2015.01535

https://doi.org/10.1080/17470210600762447
https://doi.org/10.1080/17470210600762447
https://doi.org/10.1016/j.neuroimage.2005.11.016
https://doi.org/10.1016/j.neuroimage.2005.11.016
https://doi.org/10.1097/00001756-200604240-00007
https://doi.org/10.1097/00001756-200604240-00007
https://doi.org/10.3389/fnbeh.2015.00282
https://doi.org/10.3389/fnbeh.2015.00282
https://doi.org/10.1016/j.bandc.2008.08.031
https://doi.org/10.1186/1744-9081-6-70
https://doi.org/10.1093/cercor/bht350
https://doi.org/10.1016/j.cogbrainres.2004.09.011
https://doi.org/10.1080/87565640802101474
https://doi.org/10.1080/87565640802101474
https://doi.org/10.1117/1.NPh.8.2.025008
https://doi.org/10.1002/hbm.23640
https://doi.org/10.1016/j.neulet.2011.12.066
https://doi.org/10.1016/S0926-6410(00)00010-0
https://doi.org/10.1016/S0926-6410(00)00010-0
https://doi.org/10.1080/87565641.2010.549880
https://doi.org/10.1111/j.2044-8295.2011.02034.x
https://doi.org/10.1177/09567976124374

Sitnikova, M. A. et al. (2023). The Neural Correlates of Exact Calculation in Word and Numerical Formats in Low And High Math
Performers: A fNIRS Study, International Journal of Cognitive Research in Science, Engineering and Education (I/CRSEE),
11(1), 93-114.

Frontiers in human neuroscience, 9, 227. https://doi.org/10.3389/fnhum.2015.00227

Morcom, A. M., & Fletcher, P. C. (2007). Does the brain have a baseline? Why we should be resisting a rest. Neuroimage,
37(4), 1073-1082. https://doi.org/10.1016/j.neuroimage.2006.09.013

Mundy, E., & Gilmore, C. K. (2009). Children’s mapping between symbolic and nonsymbolic representations of number. Journal
of experimental child psychology, 103(4), 490-502. https://doi.org/10.1016/j.jecp.2009.02.003

Murphy, D. G. M., Daly, E. M., Van Amelsvoort, T., Robertson, D., Simmons, A., & Critchley, H. D. (1998). Functional
neuroanatomical dissociation of verbal, visual and spatial working memory. Schizophrenia Research, 1(29), 105-106.
https://doi.org/10.1016/S0920-9964(97)88566-0

Nieder, A. (2016). The neuronal code for number. Nature Reviews. Neuroscience, 17(6), 366-382. https://doi.org/10.1038/
nrn.2016.40

Nuerk, H. C., Moeller, K., Klein, E., Willmes, K., & Fischer, M. H. (2011). Extending the mental number line. Zeitschrift Fiir
Psychologie. 219(1), 3-22. https://doi.org/10.1027/2151-2604/a000041

Nussbaumer, D., Grabner, R. H., & Stern, E. (2015). Neural efficiency in working memory tasks: The impact of task demand.
Intelligence, 50, 196-208. https://doi.org/10.1016/j.intell.2015.04.004

Obersteiner, A., Dresler, T., Reiss, K., Vogel, A. C. M., Pekrun, R., and Fallgatter, A. J. (2010). Bringing brain imaging to the
school to assess arithmetic problem solving: chances and limitations in combining educational and neuroscientific
research. ZDM 42, 541-554. https://doi.org/10.1007/s11858-010-0256-7

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005). N-back working memory paradigm: A meta-analysis of
normative functional neuroimaging studies. Human brain mapping, 25(1), 46-59. https://doi.org/10.1002/hbm.20131

Pammer, K., Korrel, H., & Bell, J. (2014). Visual distraction increases the detection of an unexpected object in inattentional
blindness. Visual Cognition, 22(9-10), 1173-1183. https://doi.org/10.1080/13506285.2014.987859

Park, J., Hebrank, A., Polk, T.A., & Park, D. C. (2012). Neural dissociation of number from letter recognition and its relationship to
parietal numerical processing. Journal of Cognitive Neuroscience, 24(1), 39-50. https://doi.org/10.1162/jocn_a_00085

Peirce, J. W. (2007). PsychoPy—psychophysics software in Python. Journal of neuroscience methods, 162(1-2), 8-13. https:/
doi.org/10.1016/j.jneumeth.2006.11.017

Peng, P., & Fuchs, D. (2016). A meta-analysis of working memory deficits in children with learning difficulties: Is there a
difference between verbal domain and numerical domain?. Journal of learning disabilities, 49(1), 3-20. https://doi.
org/10.1177/0022219414521667

Peters, L., & De Smedt, B. (2018). Arithmetic in the developing brain: A review of brain imaging studies. Developmental
Cognitive Neuroscience, 30, 265-279. https://doi.org/10.1016/j.dcn.2017.05.002

Piazza, M., & Eger, E. (2016). Neural foundations and functional specificity of number representations. Neuropsychologia, 83,
257-273. https://doi.org/10.1016/j.neuropsychologia.2015.09.025

Piazza, M., Facoetti, A., Trussardi, A. N., Berteletti, |., Conte, S., Lucangeli, D., ... & Zorzi, M. (2010). Developmental trajectory
of number acuity reveals a severe impairment in developmental dyscalculia. Cognition, 116(1), 33-41. https://doi.
org/10.1016/j.cognition.2010.03.012

Pollack, C., & Ashby, N. C. (2018). Where arithmetic and phonology meet: the meta-analytic convergence of arithmetic and
phonological processing in the brain. Developmental cognitive neuroscience, 30, 251-264. https://doi.org/10.1016/].
den.2017.05.003

Pollonini, L., Olds, C., Abaya, H., Bortfeld, H., Beauchamp, M. S., & Oghalai, J. S. (2014). Auditory cortex activation to natural
speech and simulated cochlear implant speech measured with functional near-infrared spectroscopy. Hearing research,
309, 84-93. https://doi.org/10.1016/}.heares.2013.11.007

Prado, J., Mutreja, R., Zhang, H., Mehta, R., Desroches, A. S., Minas, J. E., & Booth, J. R. (2011). Distinct representations of
subtraction and multiplication in the neural systems for numerosity and language. Human brain mapping, 32(11), 1932-
1947. https://doi.org/10.1002/hbm.21159

Richter, M. M., Zierhut, K. C., Dresler, T., Plichta, M. M., Ehlis, A. C., Reiss, K., ... & Fallgatter, A. J. (2009). Changes in cortical
blood oxygenation during arithmetical tasks measured by near-infrared spectroscopy. Journal of Neural Transmission,
116(3), 267-273. https://doi.org/10.1007/s00702-008-0168-7

Rivera, S. M., Reiss, A., Eckert, M. A., and Menon, V. (2005). Developmental changes in mental arithmetic: evidence for
increased functional specialization in the left inferior parietal cortex. Cerebral cortex, 15, 1779-1790. https://doi.
org/10.1093/cercor/bhi055

Rodd, J. M., DavisPrinciples of Frontal Lobe Function - Google Kuuru, M. H., & Johnsrude, I. S. (2005). The neural mechanisms
of speech comprehension: fMRI studies of semantic ambiguity. Cerebral Cortex, 15(8), 1261-1269. https://doi.
org/10.1093/cercor/bhi009

Rogalsky, C., Matchin, W., & Hickok, G. (2008). Broca’s area, sentence comprehension, and working memory: an fMRI study.
Frontiers in human neuroscience, 14. https://doi.org/10.3389/neur0.09.014.2008

Rolls, E. T., Joliot, M., & Tzourio-Mazoyer, N. (2015). Implementation of a new parcellation of the orbitofrontal cortex in the
automated anatomical labeling atlas. Neuroimage, 122, 1-5. https://doi.org/10.1016/j.neuroimage.2015.07.075

Russeler, J., Ye, Z., Gerth, I., Szycik, G. R., & Miinte, T. F. (2018). Audio-visual speech perception in adult readers with
dyslexia: an fMRI study. Brain imaging and behavior, 12(2), 357-368. https://doi.org/10.1007/s11682-017-9694-y

Schneider, M., Beeres, K., Coban, L., Merz, S., Susan Schmidt, S., Stricker, J., & De Smedt, B. (2017). Associations of
nonsymbolic and symbolic numerical magnitude processing with mathematical competence: a meta-analysis.
Developmental Science, 20(3). https://doi.org/10.1111/desc.12372

Seghier, M. L. (2013). The angular gyrus: multiple functions and multiple subdivisions. The Neuroscientist, 19(1), 43-61. https://
doi.org/10.1177/10738584 12440596

Skagenholt, M., Traff, U., Vastfjall, D., & Skagerlund, K. (2018). Examining the Triple Code Model in numerical cognition: An
fMRI study. PLoS One, 13(6), €0199247. https://doi.org/10.1371/journal.pone.0199247

Sokolowski, H. M., Matejko, A. A., & Ansari, D. (2022). The role of the angular gyrus in arithmetic processing: A literature review.
Brain Structure and Function, 1-12. https://doi.org/10.1007/s00429-022-02594-8

Soltanlou, M., Sitnikova, M. A., Nuerk, H. C., & Dresler, T. (2018). Applications of functional near-infrared spectroscopy (fNIRS)
in studying cognitive development: The case of mathematics and language. Frontiers in psychology, 9, 277. https://doi.

WWW.ijcrsee.com
113


www.ijcrsee.com
https://doi.org/10.3389/fnhum.2015.00227
https://doi.org/10.1016/j.neuroimage.2006.09.013
https://doi.org/10.1016/j.jecp.2009.02.003
https://doi.org/10.1016/S0920-9964(97)88566-0
https://doi.org/10.1038/nrn.2016.40

https://doi.org/10.1038/nrn.2016.40

https://doi.org/10.1027/2151-2604/a000041
https://doi.org/10.1016/j.intell.2015.04.004
https://doi.org/10.1007/s11858-010-0256-7
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1080/13506285.2014.987859
https://doi.org/10.1162/jocn_a_00085
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.1177/0022219414521667
https://doi.org/10.1177/0022219414521667
https://doi.org/10.1016/j.dcn.2017.05.002
https://doi.org/10.1016/j.neuropsychologia.2015.09.025
https://doi.org/10.1016/j.cognition.2010.03.012
https://doi.org/10.1016/j.cognition.2010.03.012
https://doi.org/10.1016/j.dcn.2017.05.003
https://doi.org/10.1016/j.dcn.2017.05.003
https://doi.org/10.1016/j.heares.2013.11.007
https://doi.org/10.1002/hbm.21159
https://doi.org/10.1007/s00702-008-0168-7
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1093/cercor/bhi009
https://doi.org/10.1093/cercor/bhi009
https://doi.org/10.3389/neuro.09.014.2008
https://doi.org/10.1016/j.neuroimage.2015.07.075
https://doi.org/10.1007/s11682-017-9694-y
https://doi.org/10.1111/desc.12372 
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1371/journal.pone.0199247
https://doi.org/10.1007/s00429-022-02594-8
https://doi.org/10.3389/fpsyg.2018.00277

Sitnikova, M. A. et al. (2023). The Neural Correlates of Exact Calculation in Word and Numerical Formats in Low And High Math
Performers: A fNIRS Study, International Journal of Cognitive Research in Science, Engineering and Education (I/CRSEE),
11(1), 93-114.

org/10.3389/fpsyg.2018.00277

Stuss, D. T., & Knight, R. T. (Eds.). (2013). Principles of frontal lobe function. Oxford University Press.

Themelis, G., Selb, J., Thaker, S., Stott, J. J., Custo, A., Boas, D., & Franceschini, M. A. (2004, April). Depth of arterial
oscillation resolved with NIRS time and frequency domain. In Biomedical Topical Meeting (p. WF2). Optica Publishing
Group. https://doi.org/10.1364/B10.2004.WF2

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., ... & Joliot, M. (2002). Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage, 15(1), 273-289. https://doi.org/10.1006/nimg.2001.0978

Vanbinst, K., Ansari, D., Ghesquiere, P., & De Smedt, B. (2016). Symbolic Numerical Magnitude Pro-cessing Is as Important
to Arithmetic as Phonological Awareness Is to Reading. PloS One, 11(3), e0151045. https://doi.org/10.1371/journal.
pone.0151045

Venkatraman, V., Ansari, D. & Chee, M. W. L. (2005). Neural correlates of symbolic and non-symbolic arithmetic.
Neuropsychologia 43, 744-53 (2005). https://doi.org/10.1016/j.neuropsychologia.2004.08.005

Verner, M., Herrmann, M. J., Troche, S. J., Roebers, C. M., & Rammsayer, T. H. (2013). Cortical oxygen consumption in mental
arithmetic as a function of task difficulty: a near-infrared spectroscopy approach. Frontiers in human neuroscience, 7,
217. https://doi.org/10.3389/fnhum.2013.00217

Verschaffel, L., Greer, B., & De Corte, E. (2000). Making sense of word problems. Lisse, The Netherlands, 224, 224. Retrieved
from https://dergipark.org.tr/en/download/article-file/91021

Vogel, S. E., & De Smedt, B. (2021). Developmental brain dynamics of numerical and arithmetic abilities. npj Science of
Learning, 6(1), 1-11. https://doi.org/10.1038/s41539-021-00099-3

von Aster, M. G., & Shalev, R. S. (2007). Number development and developmental dyscalculia. Developmental Medicine and
Child Neurology, 49(11), 868-873. https://doi.org/10.1111/j.1469- 8749.2007.00868.x

Waring, R. J., & Penner-Wilger, M. (2017). Estimation of importance: Relative contributions of symbolic and non-symbolic
number systems to exact and approximate calculation. Journal of Numerical Cognition, 2(3), 202-219. https://doi.
0rg/10.5964/jnc.v2i3.9

Xu, F., & Spelke, E. S. (2000). Large number discrimination in 6-month-old infants. Cognition, 74(1), B1-B11. https://doi.
org/10.1016/S0010-0277(99)00066-9

Ye, J. C,, Tak, S., Jang, K. E., Jung, J., & Jang, J. (2009). NIRS-SPM: statistical parametric mapping for near-infrared
spectroscopy. Neuroimage, 44(2), 428-447. https://doi.org/10.1016/j.neurcimage.2008.08.036

Yi-Rong, N., Si-Yun, S., Zhou-Yi, G., Si-Run, L., Yun, B., Song-Hao, L., & Chan, W. Y. (2011). Dissociated brain organization
for two-digit addition and subtraction: An fMRI investigation. Brain Research Bulletin, 86(5-6), 395-402. https://doi.
org/10.1016/j.brainresbull.2011.08.016

Yicel, M. A., Lihmann, A. V., Scholkmann, F., Gervain, J., Dan, |., Ayaz, H., ... & Wolf, M. (2021). Best practices for fNIRS
publications. Neurophotonics, 8(1), 012101. https://doi.org/10.1117/1.nph.8.1.019802

Zago, L., Pesenti, M., Mellet, E., Crivello, F., Mazoyer, B., & Tzourio-Mazoyer, N. (2001). Neural correlates of simple and
complex mental calculation. Neuroimage, 13(2), 314-327. https://doi.org/10.1006/nimg.2000.0697

Zamarian, L., Ischebeck, A., & Delazer, M. (2009). Neuroscience of learning arithmetic—Evidence from brain imaging studies.
Neuroscience & Biobehavioral Reviews, 33(6), 909-925. https://doi.org/10.1016/j.neubiorev.2009.03.005

Zimeo Morais, G. A., Balardin, J. B., & Sato, J. R. (2018). fNIRS Optodes’ Location Decider (fOLD): a toolbox for probe
arrangement guided by brain regions-of-interest. Scientific reports, 8(1), 1-11. https://doi.org/10.1038/s41598-018-
21716-z

WWWw.ijcrsee.com
114


www.ijcrsee.com
https://doi.org/10.3389/fpsyg.2018.00277
https://doi.org/10.1364/BIO.2004.WF2
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1371/journal.pone.0151045
https://doi.org/10.1371/journal.pone.0151045
https://doi.org/10.1016/j.neuropsychologia.2004.08.005
https://doi.org/10.3389/fnhum.2013.00217
https://dergipark.org.tr/en/download/article-file/91021
https://doi.org/10.1038/s41539-021-00099-3
https://doi.org/10.1111/j.1469- 8749.2007.00868.x
https://doi.org/10.5964/jnc.v2i3.9
https://doi.org/10.5964/jnc.v2i3.9
https://doi.org/10.1016/S0010-0277(99)00066-9
https://doi.org/10.1016/S0010-0277(99)00066-9
https://doi.org/10.1016/j.neuroimage.2008.08.036
https://doi.org/10.1016/j.brainresbull.2011.08.016
https://doi.org/10.1016/j.brainresbull.2011.08.016
https://doi.org/10.1117/1.nph.8.1.019802
https://doi.org/10.1006/nimg.2000.0697
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://doi.org/10.1038/s41598-018-21716-z
https://doi.org/10.1038/s41598-018-21716-z

	Introduction
	Materials and Methods 
	Participants and Procedure
	Materials
	Procedure
	Behavioral analysis
	Statistical analysis of NIRS data

	Results
	Behavioral results
	fNIRS results

	Discussion
	Mental calculation and reading in high level performers
	Mental calculation and reading in low level performers
	Differences between young adults from groups with high and low levels of math compe-tences
	Differences between task-induced activation and resting state
	Limitations

	Conclusions
	Acknowledgements
	References

