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Abstract   
 
The Triple Code Model (TCM) of numerical cognition has become one of the most predominantly theories for 
how humans perceive, manipulate, and communicate numerical information. It builds on the notion that there 
exist three functionally distinct but neurologically connected codes that handle manipulations of different 
numerical input (non-symbolic magnitudes, symbolic representations, and verbal number words). In this study, 
we add a developmental perspective by collecting child data and comparing it to existing adult data. The main 
question is whether or not children elicit the same neural correlates as adults while performing three different 
number comparison tasks in line with TCM. Neuroimaging data using fMRI were collected for a total of 20 
participants (ten children and ten adults). The results suggest that children rely on more right-lateralized regions 
and that a developmental shift towards the left hemisphere and associated language areas occur during 
acquisition of mathematical proficiency.  
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Abstract 
The Triple Code Model (TCM) of numerical cognition has become one of the most 

predominantly theories for how humans perceive, manipulate, and communicate 
numerical information. It builds on the notion that there exist three functionally distinct 
but neurologically connected codes that handle manipulations of different numerical 
input (non-symbolic magnitudes, symbolic representations, and verbal number words). 
In this study, we add a developmental perspective by collecting child data and 
comparing it to existing adult data. The main question is whether or not children elicit 
the same neural correlates as adults while performing three different number 
comparison tasks in line with TCM. Neuroimaging data using fMRI were collected for 
a total of 20 participants (ten children and ten adults). The results suggest that children 
rely on more right-lateralized regions and that a developmental shift towards the left 
hemisphere and associated language areas occur during acquisition of mathematical 
proficiency.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Acknowledgments 
Firstly, I’d like to thank my advisor Kenny Skagerlund, for his excellent support 

with providing sufficient data, giving literature suggestions regarding both fMRI as  
method and earlier research within the field of numerical cognition, and for always 
finding time in his busy schedule to discuss theories, methods, and results with me. 
Thank you.  

I am also grateful for the children and adults who made this study possible by 
sharing their time and participating in the data collection.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

Table of contents 

 

NEURAL SUBSTRATES CORRELATED WITH NUMERICAL 
MAGNITUDES IN CHILDREN AND ADULTS 1 

Developmental dyscalculia (DD) and mathematical predictors 3 
Theoretical framework 4 

The Triple Code Model of mathematical cognition 4 
TCM and its neuroanatomical basis 7 
Neuroimaging studies in children 9 
The physics of fMRI 11 

Implications for this study 13 
Purpose 13 
Research questions 13 
Hypotheses 14 
Materials and method 14 

Subjects 14 
Recruitment and consent of child participants 15 
Experimental design 16 
fMRI data acquisition 18 
fMRI preprocessing 18 
fMRI data analysis 19 

Neuroimaging results 21 
Arabic digit comparison 21 
Verbal number word comparison 23 
Non-symbolic magnitude comparison task 27 

Discussion 29 
Result discussion 29 
Method discussion 34 

Implications for future research 35 
References 37 

 
 
 
  



 1 

 
NEURAL SUBSTRATES CORRELATED WITH NUMERICAL 

MAGNITUDES IN CHILDREN AND ADULTS 

Imagine it is the midst of the agricultural revolution, and a farmer is standing in his 
rice field looking over this season's harvest. He makes some marks on clay brick, 
one for each month of the coming winter period, and matches the dots with the 
produce. Suddenly, he hears yelling and, in the periphery, sees burning torches and 
people with spears high in the sky. With the adrenalin quickly pumping in his 
nervous system, he determines that the intruding tribe far outnumbers those of his 
village, and he runs.  

This little fictional analogy is served to illustrate the possible application of 
pre-verbal mathematical abilities in the early Homo sapiens (Ardila, 2010). Even 
though Arabic digits were not invented until later in history (Dehaene, 1992; 
Ardila, 2010; Coolidge & Overmann, 2012), in this analogy, the symbolic use of 
markers allowed an evaluation of starvation or not, and the quick and approximate 
estimation of numerosity indicated if the farmer ought to fight or retreat. Most 
likely, the ability to estimate numerals had an evolutionary advantage for the pre-
historic man, and other animals, in applications concerning estimations of food 
quantity, predators, competitors, and other resources as strategies for survival 
(Ardila, 2010). Although mathematics is regarded as a uniquely human and 
intellectual cultural activity, the evolutionary roots can be traced back to more 
basic cognitive capacities. It is generally acknowledged that human beings are 
endowed with a “number sense” that is an evolutionary system that is 
phylogenetically shared with primates and other species (Dehaene, 1992). Studies 
on infants, and animals such as monkeys, pigeons, and rats, emphasize that the 
ability to estimate numerosity is phylogenetically ancient and independent from 
both language and culture (Piazza et al., 2004; Ardila, 2010). Thus, this core 
function seems likely to be originally isolated from more modern applications that 
involve written language or symbolic representations. Early techniques of 
representing numerals further support the view of its pre-verbal nature and include 
the involvement of body parts, most commonly combinations fingers, hands, toes, 
and feet to communicate quantities (Ardila, 2010; Coolidge & Overmann, 2012). 
The number sense provides the fundamental ability to perceive and apprehend 
numerosities, which is believed to provide the foundation for acquiring symbolic 
meaning and, in turn, more sophisticated mathematics. 

Through time humans evolved, and so did our cognitive capabilities. Higher 
demands on exact expressions of larger quantities pushed the development of 
digits, and with spoken communication came verbal representations of 
numerosities (Ardila, 2010). Even though we chronologically have brains that are 
fit for life in the savannas, our modern society is far more demanding in terms of 
constant cognitive usage in multiple domains and the processing of numerical 
information is integrated with most aspects of everyday life. From an early age, 
learning mathematical skills such as arithmetic (i.e., addition, subtraction, 
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multiplication, and division) is one of the main focuses in formal schooling. These 
fundamental operations are then the building blocks for far more complex 
calculations that have pushed our society forward, such as that of the moons 
gravitational pull, complex economic systems, or the distance to distant 
supernovas. Aside from these scientific applications, arithmetic is also used for 
everyday chores of laymen such as making personal economic budgets, counting 
calories, splitting bills at restaurants or planning the amount of food needed for 
dinner servings with friends. It is not hard to imagine how difficult it would be to 
live in today’s society without the ability to accurately perceive, manipulate, and 
communicate numerical information.  

The ability to use numerals further requires knowledge about numerical 
properties such as cardinality (a measurement of the entity’s size) and ordinality 
(an indication of its position in a series or order, e.g.,” third") (Dehaene, 1992). 
Cardinalities, in turn, can be represented through several formats and are within 
the literature generally divided into the following three: (1) abstract magnitude 
representations (e.g. estimating number of bowling pins left in the pin deck), (2) 
symbolic representation like Arabic digits (e.g. reading that the bus will arrive in 
”5” minutes), and (3) verbal expressions like number words (e.g. being told you 
need to buy ”two” liters of milk) (Dehaene, 1992). Ordinality, on the other hand, 
connects to the individuals’ theorized ”mental number line” that gets fined tuned 
through formal schooling and mathematical proficiency. That is the order of 
quantities and how these connect to each other.  Despite their essential use in 
many aspects of everyday life, we still have a lot to discover regarding their 
neurological analogs and developmental trajectories.  

The body of research concerning neurological compounds of mathematical 
abilities can roughly be divided into experiments building on numerical tasks or 
calculation task, or both in combination (Arsalidou & Taylor, 2011). Number 
tasks usually consist of simpler estimations, identifications, or comparisons of 
numerical items within the single-digit range. These tasks are then compared to 
similar tasks building on non-numerical information, such as single letters, to 
single out the activation patterns exclusive for the cognition of numbers. 
Calculation tasks, on the other hand, usually requires basic manipulation of 
numerical information and place a higher demand on executive functions such as 
working memory (Arsalidou & Taylor, 2011; Arsalidou, Pawliw-Levac, Sadeghi, 
& Pascual-Leone, 2018). The two tasks’ characteristics above can be used either 
to isolate core mental functions, such as estimating quantities (i.e., using the 
number sense) or to investigate how these functions are integrated into more 
complex arithmetic calculations.  

Through research on pre-verbal humans and animals, we can draw the 
conclusions that higher levels of mathematical abilities are a set of skills that 
develops during the transition from early childhood to adulthood through formal 
schooling, and are not congenital from birth. Studies on healthy adults have given 
information about how these abilities arise from neural networks involved in 
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numerical cognition, but little is yet known about the developmental stages these 
set of skills undergo during maturation. The main purpose of this study, which 
will be described in more detail later, is to build on earlier studies of number tasks 
on adults and add a developmental perspective to the acquirement of core 
mathematical capabilities. This will be done by comparing the activity patterns of 
children and adults when performing number tasks. A secondary purpose is to 
map developmental trajectories of mathematical proficiency in healthy children 
for future studies to contrast these against abnormal functioning and by so gain 
insight into potential biomarkers that might predict impairment in mathematical 
acquisition.  

 
Developmental dyscalculia and mathematical predictors 

In many countries today, acquisition of mathematical abilities is one of the 
core subjects in the schools’ curriculums from an early age. In a meta-analysis by 
Peters and De Smedt (2018) investigating calculation tasks in children, they point 
to the observed correlation between deficiencies in the ability to accurately 
estimate numerical magnitudes and inhibitions in arithmetic development.  

In clinical settings using the Diagnostical and Statistical Manual of Mental 
Disorders (5th ed.; DSM–5; American Psychiatric Association, 2013), the 
deficiency mentioned above is referred to as a “Specific learning disorder with 
impairments in mathematics” (F81.2), internationally known as developmental 
dyscalculia. In the International Classification of Diseases 11th Revision (ICD-
11), an international diagnostic manual published by the World Health 
Organization (2018), the impairment disorder is defined as individual 
performance within arithmetic and mathematics as markedly below what would 
be expected given their developmental age and general intellectual abilities. Thus, 
developmental dyscalculia means an isolated deficiency in solely mathematical 
abilities, not explained by general impairments in IQ, neurological disorders, 
visual impairments, lack of education or the like (World Health Organization, 
2018). The prevalence is approximately 3-6 % in the school population and 
therefore, the same frequency as that of ADHD and developmental dyslexia 
(Shalev, Auerbach, Manor, & Gross-Tsur, 2000), albeit lesser known.  

Vanbinst, Ansari, Ghesquière and De Smedt (2016) made a comparative study 
of numerical magnitude processing as a predictor for arithmetic ability and 
phonological awareness as a predictor for reading in a one-year longitudinal study 
of eight-year-olds. Their results suggested that the level of symbolic magnitude 
processing skills was a valid screening method for the development of arithmetic 
abilities one year later and that this predictor was as strong as the more frequently 
studied relationship between phonological awareness and reading (Vanbinst et al., 
2016).  It is worth adding though that this study only included one form of 
numerical representations, i.e., symbolic information, and not the other two 
cardinal number formats mentioned above. In a meta-analysis by Schneider et al. 
(2017) they also found significant correlations between performances in 
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magnitude processing tasks and mathematical competencies, across multiple age 
spans adding a more persistent perspective. The correlation coefficients for 
children under the age of six, between the age of six to nine, and above the age of 
nine did not differ significantly. In the analyses the included both symbolic and 
non-symbolic tasks and found both to be significant predictors of mathematical 
competence, though the capabilities to handle symbolic information were more 
highly correlated than non-symbolic (Schneider et al., 2017). Piazza (2010) 
further adds research results that point to the correlation between good non-
symbolic magnitude processing and the development of symbolic number 
perception. Evans et al. (2015) conducted a longitudinal study of eight-year-olds 
investigating which neural networks were predictive of numerical abilities later in 
life. They found that grey matter volume in the ventrotemporal occipital cortex, 
the prefrontal cortex, and the posterior parietal cortex as predictive of 
longitudinal gains in numerical abilities six years later. They found no predictive 
value for behavioral measurements of mathematics, working memory, IQ, or 
reading, to children’s developmental mathematical trajectory (Evans et al., 2015).  

Thus, using number tasks in the fMRI experiment are driven by at least two 
incentives: (1) the visually presented notations of numerosities are concrete and 
easy to administer in a scanner with help of display goggles, and (2) the 
fundamental abilities to process these three numerical codes have been indicated 
to predict further mathematical proficiency and may constitute a biomarker of 
developmental dyscalculia, which previous work has suggested (Piazza et al., 
2004).  

 
Theoretical framework  

The Triple Code Model of mathematical cognition 
In general, there exist two core concepts within the growing body of 

neuroimaging studies, one that argues for format-independent processing of 
numerical information, and another one that argues for format-dependent 
activations. Different theories of numerical cognition vary in their assumptions 
about underlying mechanisms or processes and fall on a continuum from abstract 
and general processing to modality-specific crossroads.  

One of the most predominant models of arithmetic cognition is the Triple Code 
Model (TCM), first postulated by Dehaene (1992). TCM argues that numerical 
processing could be divided into three functionally distinct but neurologically 
connected "codes" that handle manipulations of different numerical input. The 
first, according to Siemann and Petermann's (2018) labeling system, is the innate 
abstract magnitude processing code, called M1. This code is also referred to as the 
"only semantic" (Dehaene, 1992) and nonsymbolic route and is often represented 
by arrays of dots in experimental number tasks (Arsalidou & Taylor, 2011). 
According to Dehaene (1992), this ability to compare and approximate numerical 
quantities is thought of as a preverbal system since it is present in animals and 
infants before the acquisition of language.  
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On this system, more formal learning of mathematics connects these 
representations of magnitude onto verbal functions that make it possible for 
humans to store and retrieve arithmetic facts (Siemann & Petermann, 2018). 
Included in this code, labeled M2, are verbal numeric information such as number 
words (e.g., "five"). By associating numerosities to words, humans can more 
effectively communicate quantities to each other without relying on physical aids, 
such as holding up fingers (which starts to demand some creativity already at 
numbers bigger than ten).  

The third code in this multi-route model, M3, is the asemantic and visually 
represented manipulation of digits (e.g. "12") and with this also the knowledge 
about numbers place principle (e.g. 10-base system which is dominant in the 
Western culture or the binary system which is the fundamental logic in computers) 
(Dehaene, 1992; Siemann & Petermann, 2018). The usage of Arabic digits 
enables an effective method for manipulating and performing operations with 
multidigit numerals, by the precise representational format of symbols, instead of 
solely relying on the approximate number sense. However, magnitude processing 
abilities lay the foundation for the acquisition of higher order mathematical 
capabilities like arithmetic (Peters & De Smedt, 2018).  

 
Neuroimaging studies in adults 

Arsalidou and Taylor (2011) conducted meta-analyses containing 53 data sets, 
from a total of 52 studies and 698 participants, where both numerical and 
calculation tasks were administered on healthy adults. In their meta-analyses a 
total of 25 studies examining neural substrates for processing of numerical 
information resulted in two statistical contrasts: one examining numerical 
discrimination tasks and one evaluating a possible distance effect between the 
cardinalities being compared (e.g., whether or not activation strength was 
dependent on either large or small distances in the comparison task). A criterion 
for inclusion was that the authors had reported their results in a standardized 
format, either in Talaraich or Montreal Neurological Institute (MNI) coordinates, 
that enabled a quantitative interpretation using Activation likelihood estimation 
(ALE) maps (Arsalidou & Taylor, 2011). 

Multiple brain regions were found to overlap in their activation patterns for 
both number tasks and calculation tasks, foremost due to the shared characteristics 
of the experimental conditions. As in most fMRI experiments, the stimulus is 
presented visually to the participants, and thus activation in core visual areas, such 
as the inferior and middle occipital gyri, is expected. The left fusiform gyrus (a 
part of the occipitotemporal network) are also significantly activated in both 
conditions and is thought to be involved in basic visually encoding processes, like 
encoding object properties of texture, shape, and color (Arsalidou & Taylor, 
2011). Moreover, the middle, superior, and precentral gyri were concordant 
active during both task categories and are associated with participants' eye 
movements (Arsalidou & Taylor, 2011). Further on, frontal brain regions 
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connected to executive functions as visual working memory, attentional 
processes, higher cognitive monitoring, strategy planning, and error monitoring 
included the inferior frontal gyri, the inferior prefrontal cortices, and the 
cingulate gyri.  

The insula, which is embedded deep within the lateral fissure and connects the 
temporal and frontal lobes, were also activated bilaterally for both number tasks 
and calculation tasks. The area is hypothesized to be initiating motivated behavior 
and switching between competitive processing networks, possibly reflecting the 
shift between rest and experimental tasks during the scanning (Arsalidou & 
Taylor, 2011). The last of the general functions not directly associated with 
mathematical or numerical tasks includes the activation of cerebellum bilaterally. 
The cerebellum is generally associated with motor functions and goal-directed 
behavior and therefore, most likely displaying the underlying processes of the 
participants' response generation (Arsalidou & Taylor, 2011). 

Concordant activation patterns linking to numerical cognition for both the 
arithmetic tasks and quantity discrimination tasks are located within the parietal 
lobules, including the bilateral intraparietal system, left angular gyrus, the 
posterior superior parietal lobule and the inferior parietal lobe (Arsalidou & 
Taylor, 2011). These findings are in line with established findings within the field, 
proposing the intraparietal sulcus (IPS) as a primary area for abstract magnitude 
processing and hence active during several operations involving information 
about cardinalities.  

Activations unique for number tasks only were located in the left putamen, the 
claustrum, and left postcentral gyrus (Arsalidou & Taylor, 2011). The left 
putamen is suggested by Arsalidou and Taylor (2011) to be responsible for the 
integration of information from bottom-up and top-down processes, and the 
claustrum also holds an integrative role, but across different modalities and data 
types, and trough this might shape conscious percepts for the individual. 
Kaufmann et al. (2011) suggest that the left postcentral gyrus and the closely 
located anterior intraparietal sulcus might reflect the involvement of finger 
counting strategies or representations while processing numerical information. 
Kaufmann et al. (2011) also propose that children activate more anterior 
intraparietal regions, while adult activation is found to be located more posterior 
and are stronger in the right hemisphere.  

During the last three decades, fMRI as a data collection method has emerged 
and refined, and with this, a growing body of neuroimaging studies examining 
underlying neural activity patterns of numerical cognition has increased. A 
majority of the studies within the field have been conducted on healthy and 
educated adults, often within the laboratories' accessible university settings, and 
therefore contains similar sample sizes and mean ages. The physics behind the 
imaging method sets further limitations on time restraint, resulting in 
experimental paradigms around an hour with few and simple experimental 
conditions that are designed to heighten the signal-to-noise ratio (Amaro & 
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Barker, 2006). Blocked designs are often chosen to make data less reliant on exact 
acquisition times and therefore, result in more statistical power (Amaro & Barker, 
2006). Despite the similarities mentioned above, there still exists design 
differences between the contemporary studies, especially regarding the choice of 
baseline measurement (i.e., control task), and strong concordant findings are 
relatively rare and contradictory findings are still to be figured out (Siemann & 
Petermann, 2018). 

 
TCM and its neuroanatomical basis 

In the recent years, more and more research is aimed directly at examining the 
Triple Code Model of numerical cognition and mathematics (Grotheer, Herrmann, 
& Kovács, 2016; Merkley, Wilkey, & Matejko, 2016; Mock et al., 2018; 
Skagenholt, Träff, Västfjäll, & Skagerlund, 2018; Siemann & Petermann, 2018; 
Skagerlund et al., 2019) and investigating a potential overlap between domain-
general executive functions and domain-specific neural networks of mathematical 
abilities (Skagerlund et al., 2019).  

Abstract magnitude processing code (M1) 
The innate ability to perceive, represent and manipulate numerosity, also 

referred to as the "number sense," repeatedly persists associated with activation 
in bilateral intraparietal sulcus (Siemann & Petermann, 2018; Skagerlund et al., 
2019). Siemann and Petermann (2018) suggest a functional location of the mental 
number line to the right intraparietal sulcus, and Skagerlund et al. (2019) 
postulate its involvement in the processing of non-symbolic quantities. 
Skagenholt et al. (2018) also suggest a right-hemispheric dominance of the 
intraparietal sulcus for numeric discrimination tasks. The left intraparietal 
sulcus, on the other hand, is thought to process symbolic quantities when these 
connect to the semantic meaning of numerosity trough formal learning at a young 
age (Skagerlund et al., 2019) and correlated with more effortful calculation tasks 
(Skagenholt et al., 2018). A study investigating representations of numerosity in 
the intraparietal sulcus points to a topographic organization of numerosity 
perception (Harvey et al., 2013). Their results showed patterns of preferred 
numerosity to specific neurons, with more neurons tuned to smaller quantities, 
probably explaining the increased precision in smaller numerosities. This number-
tuned response was not found for Arabic digits, which indicate that the area is 
foremost involved in approximate magnitude processing and functions as a 
semantic centrum for the number sense (Harvey et al., 2013).   

Mock et al. (2018) added fractions, decimals, and proportions to the studies of 
absolute magnitudes by systematically investigating these in symbolic and non-
symbolic notations. Their results were consistent with earlier findings and pointed 
to the involvement of the intraparietal sulcus, with support from increased 
demand on executive functions, strategy planning, and visual attention in frontal 
and occipital brain regions (Mock et al., 2018). Contradictory, in Skagenholt et 
al. (2018)’s study directly examining possible neural correlates for each of the 
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representational codes of numerosity, they found no significant suprathreshold 
activation in their ROI-analyses of the intraparietal sulcus bilaterally.  Skagenholt 
et al. (2018) argue that their results might stem from possible similarities between 
the control task, despite its symbolical characteristics, and the non-symbolic 
magnitude comparison tasks in terms of how the intraparietal sulcus process 
symbolic and non-symbolic numbers.  Their findings, on the other hand, shed 
some light on early visual areas as a part of non-symbolic magnitude processing 
and even extending to a format-independent sensitivity to numerosities across 
tasks. More specifically, the involvement of the visual areas hOc2 (V2) and hOc3v 
(V3) (Skagenholt et al., 2018).  

Asemantic verbal number code (M2) 
The mental processes of verbally mediated numerical information are 

concordantly associated with neuronal activity in the left angular gyrus 
(Arsalidou & Taylor, 2011; Klein et al., 2016; Siemann & Petermann, 2018; 
Skagerlund et al., 2019). The left angular gyrus also appears to be responsible for 
arithmetic fact retrieval in a domain-general manner, and its left hemispheric bias 
is thought to connect to language functions which are generally more lateralized 
in the left part of the brain (Siemann & Petermann, 2018). In Skagenholt et al. 
(2018)’s study, they contrasted the verbal number comparison tasks with the 
control task and found significant activation in left perisylvian language areas 
such as inferior frontal gyrus and the middle temporal gyrus. The involvement of 
the middle temporal gyrus bilaterally could be originated from either increased 
demand to semantic information while processing verbal number words in 
comparison with Arabic digits, or due to the unfamiliarity to process verbal words 
visually (Skagenholt et al., 2018).   

Symbolic magnitude code (M3) 
Handling numerical information presented visually through, most commonly, 

Arabic digits are often correlated with a brain region called the Number Form 
Area (NFA), located in the occipitotemporal gyrus (Merkley, Wilkey, & Matejko, 
2016; Siemann & Petermann, 2018). Merkley et al. (2016) describe the difficulties 
to scientifically establish the position of NFA due to its location in the inferior 
temporal gyrus, often subject to fMRI signal dropout. Advancement in 
neuroimaging techniques has paved the way for more exact measurements and 
compensatory strategies for handling low signal-to-noise ratios (Grotheer et al., 
2016). Repeatedly, studies investigating activation for the identification of 
number symbols in the NFA have corroborated the assumptions of the area's 
functionality (Skagenholt et al., 2018).  The brain region has also responded to 
other familiar symbols and show a familiarity effect, which implies that it is not 
entirely domain-specific and function exclusively for Arabic digits (Merkley et 
al., 2016), even though numbers elicited the highest activation across different 
conditions (Mock et al., 2016).  
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Overlapping areas of activation across all notations 
Through conjunction analyses across conditions, domain-general activations 

for all number tasks have been evaluated (Skagenholt et al., 2018). Skagenholt et 
al. (2018) found pervading activations for all experimental conditions (non-
symbolic magnitude processing, comparison of Arabic digits, and verbal number 
word comparisons) in the superior parietal lobule, anterior cingulate cortex, 
middle cingulate cortex, posterior cingulate cortex, superior frontal gyrus, and 
the primary somatosensory cortex. Further on, activations in components of the 
limbic system, such as the hippocampus, basal ganglia, and the thalamus have 
been found to correlate with number tasks independent of their representational 
format and are therefore hypothesized to be involved in learning processes 
(Skagenholt et al., 2018) and fact retrieval (Klein et al., 2016). Activations in 
basal ganglia and the caudate nucleus are also likely to play a part in motor 
coordination associated with the tasks’ response selection (Skagenholt et al., 
2018). The insula is also activated across tasks and commonly associated with 
goal-directed behavior (Arsalidou et al., 2018; Skagenholt et al. 2018). 

 
Neuroimaging studies in children  

Unfortunately, research results examining the Triple Code Model in children 
are scarce in comparison with the adult data. Arsalidou, Pawliw-Levac, Sadeghi, 
and Pascual-Leone (2018) compiled a meta-analysis out of 32 fMRI studies 
investigating either number tasks or calculation tasks in healthy children under 
the age of fourteen (M = 9.34, SD = 2.18). A total of 18 independent subject-
groups, including 344 participants, were included in the number task contrast 
(Arsalidou et al., 2018). Another research group, Peters and De Smedt (2018), 
reviewed the findings of imaging studies examining arithmetic development in 
children with age ranges starting from 5-year-olds and reaching 20-year-olds. The 
age span is, therefore, quite substantial with regards to the developmental changes 
the brain undergoes during childhood and adulthood. Both research groups also 
used ALE maps to compare results across studies. By and large, number tasks 
(e.g., quantity discrimination tasks) elicit the same core areas as in adults, with 
the intraparietal sulcus and the left angular gyrus as prominent components 
(Arsalidou et al., 2018; Peters & De Smedt, 2018). More specifically, significant 
ALE values across number tasks included the inferior parietal lobule extending 
to the intraparietal sulcus, and frontal regions such as the claustrum and the 
insula, biased towards the right hemisphere (Arsalidou et al., 2018).  

Peters and De Smedt (2018) investigated purported relationships between core 
numerical abilities, such as approximating numerical quantities and possess 
analog representations of magnitudes, and the development of mathematical 
skills. Their review implied that children with low arithmetic fluency had 
increased activation in the right intraparietal sulcus in comparison with their 
higher skilled peers. Further on, Peters and De Smedt (2018) reason that this over-
activation in combination with mathematical difficulties could reflect either (1) 
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inadequate representations of magnitude which impede the development of 
mathematical abilities, or (2) protracted reliance on immature mathematical 
strategies that require more magnitude processing (such as finger counting). A 
pattern of relocalization from the intraparietal sulcus to the angular gyrus also 
correlated with the acquisition of arithmetic facts and a strategy shift to the 
retrieval of learned information instead of magnitude-dependent back up 
strategies (Peter & De Smedt, 2018). Studies on symbolic number processing in 
children further point to evidence of an ontogenetic frontoparietal shift (Ansari et 
al., 2005; Kaufmann et al., 2006). This shift is thought to reflect the 
automatization of arithmetic facts and processes involved in numerical cognition. 
The lack of numerical fluency in children thus put higher demands on right-biased 
frontal regions as a part of the ventral attention network.  

From studies examining calculation tasks in children, we can gain some insight 
into underlying connectivity paths responsible for number comprehension (Peters 
& De Smedt, 2018). A large network of interconnected areas including bilateral 
frontal, occipitotemporal and medial temporal (including hippocampus), and 
parietal (intraparietal sulcus, supramarginal gyrus, and angular gyrus) are 
postulated to be responsible for arithmetic in children (Peters & De Smedt, 2018). 
Arsalidou et al. (2018) further add other areas, outside the established frontal and 
parietal regions, such as the claustrum, the cingulate gyrus, and the insula to this 
hypothesized network.  

Dyscalculic children are often used as experimental groups in the 
disentanglement of mathematical abilities’ neural substrates, mapping their 
mathematical deficiencies to abnormal neural activation patterns (Mussolin et al., 
2009; Kaufmann, Wood, Rubinsten, & Henik, 2011; Rosenberg-Lee et al., 2015). 
Increased connectivity between the intraparietal sulcus bilaterally, and between 
the intraparietal sulcus and (dorsal) frontoparietal regions are repeatedly found 
in the dyscalculic population and could represent biological markers for 
developmental dyscalculia (Rosenberg-Lee et al., 2015; Michels, O’Gorman, & 
Kucian, 2018; Peters & De Smedt, 2018). These results are in opposition to the 
thought that the intraparietal suclus might be under-involved in dyscalculic 
individuals (and the, therefore, have disabilities within the domain) and raises 
questions regarding the parietal-frontal hyperconnectivity’s role in dyscalculia. 

Michels et al. (2018) point to disparities between the dyscalculic population 
and typically developing children regarding the dyscalculics reliance on counting 
strategies, which might in part reflect the connectivity patterns observed. They 
also reported an under-activation in combination with developmental dyscalculia, 
in contrast to results reported by Peters and De Smedt (2018). Regardless of the 
direction in the level of activation, it is presumptive that the intraparietal sulcus 
plays a significant role in the core ability that’s impaired in individuals with 
dyscalculia.  
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The physics of fMRI  
Before today’s modern methods for examining brain activity on healthy and 

living humans, research within the field was limited to inferences about functional 
structures and its organization by studying individuals who had suffered damage 
such as lesions, strokes, infections or injuries. For example, brain regions such as 
Broca’s area and Wernicke’s area (both involved in language processing) (Kolb 
& Whishaw, 2015) could be localized by examining impairments in production 
and comprehension of speech and connecting these separate functions to 
corresponding damaged brain tissue in certain areas. Scientists could with 
methods like these put together simple structural maps from the data, but they 
were not able to directly study mental processes as they occurred.  

Early techniques for gathering information about brain activity included 
positron emission tomography (PET), x-rays, electroencephalography (EEG) and 
computed tomography (Lindquist, 2008; Poldrack, Mumford, & Nichols, 2011). 
PET, for instance, measures aspects of blood flow and glucose metabolism, which 
means radiation exposures for the participant and slow image acquisition times 
around a minute. EEG, on the other hand, has excellent temporal resolution due 
to its direct measurement of electrical activity on the skull with electrodes, but 
poor spatial resolution since it cannot correctly entangle the signals’ exact location 
within the cortex (Haynes & Rees, 2006; Lindquist, 2008; Poldrack et al., 2011). 
In comparison with these above techniques, the more modern functional Magnetic 
Resonance Imaging (fMRI) is superior regarding its non-invasiveness, proper 
spatial resolution, and relatively good temporal resolution, and is therefore widely 
used both clinically and scientifically today. 

The development of fMRI happened in multiple steps beginning with 
advancements in physics in the 1920s and yielded a total of three separate Nobel 
Prizes in Physics or Physiology and Medicine during its development (Huettel, 
Song, & McCarthy, 2009). The first image using magnetic resonance were 
collected in the early 1980s, and the method got its name ”MRI.” In 1985, the 
FDA approved its usage in clinical settings in the USA. In 1990, the BOLD-signal 
(described later) were discovered, and functional MRI could be collected using 
the popular and already widely installed MRI scanners (Huettel, Song, & 
McCarthy, 2009).  

In human tissue, the fMRI signal is based on the paramagnetic properties that 
hydrogen atoms inhabit in water molecules when placed in a strong magnetic field 
(Amaro & Barker, 2006). Protons hold a quantum physiological property, 
efficiently described as ”spins.” These spins are influenced by the magnetic field 
and, if strong enough, will either align with or in opposition to the induced 
magnetic field. Therefore, all atomic nuclei with an odd number of protons will 
result in a net magnetization in one of the directions (Amaro & Barker, 2006). 
Hydrogen is the most fundamental atom in the periodic table and consists only of 
one proton in its core, which means that hydrogen atoms always gets a net 
magnetization (Lindquist, 2008). 
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Furthermore, due to hydrogens prominence in biological tissue and 
oxygenated blood, it is highly suitable for magnetic resonance imaging. It 
demands more energy to align in opposition of the magnetic field; therefore, by a 
small fraction, the majority of the protons will always align conforming to the 
magnetic field of the scanner. The stronger the magnet, the more net 
magnetization in the least energy-intensive state. By using magnets to the power 
of 1.5 - 3 Tesla (for comparison, the earth's magnetic field is 0,00005 T and 
magnets of 1 T is used to lift cars in junkyards) all the hydrogen atoms within a 
subject can be aligned in a parallel manner with the magnetic field of the scanner 
with a large enough net magnetization to be recorded (Lindquist, 2008). The 
resulting net magnetization will be in the same direction as the scanner’s magnetic 
field, and from this alignment, a second pulse can be generated to flip the spins of 
the hydrogen atoms perpendicular to the primary magnetic field. Depending on 
the tissue type and the amount of oxygenated blood in the area, the spins of the 
protons will recess at different time rates and the resulting current picked up by 
the scanner’s coils can give information about tissue types and proton density 
(Amaro & Barker, 2006; Lindquist, 2008).  

The second basic principle of fMRI data acquisition is that activation of 
neurons has a metabolic demand that increases blood flow to the local area 
(Lindquist, 2008). Though reasons unknown, more blood is delivered than is 
expended by the neurons, and a local surplus in blood oxygen is created following 
activation. This chain of metabolic reactions is known as a hemodynamic response 
function (HRF) and is a slow process that takes about five seconds to reach its 
maximum level (compared to the firing of neurons that happens in events of 
milliseconds) and reaches baseline again after 15-20 seconds from initiation 
(Amaro & Barker, 2006). Signals reaching the scanners coils are therefore 
sensitive to local changes of blood oxygenation, hence the reference of a blood 
oxygenation level dependent (BOLD)-signal (Lindquist, 2008).  

Researchers have experimentally examined the BOLD-signal following the 
hemodynamic response and evaluated it to be sufficiently linear to be used in 
convolution analyses of neuronal events. Given the experimental paradigm and 
predicted activation patterns of neurons, predictive time courses of BOLD-signals 
are possible to model. The time courses are later used for statistical analyses by 
examining if any clusters of activation are significantly matched with the 
predicted BOLD-signal and thus likely to be correlated with the mental task at 
hand (Henson, 2005; Lindquist, 2008).  

To summarize, fMRI builds on measurements of the metabolic demand of 
neuronal activity by using the difference in magnetic properties between 
oxygenated blood and deoxygenated blood. That is, the temporal resolution is just 
as good as the sluggish BOLD-response enables it to be (Amaro & Barker, 2006). 
The data collected with fMRI is, therefore, not the actual and direct patterns of 
neuronal activity; instead, inferences about neuronal activation are calculated 
through metabolic demands of the active neurons (Haynes & Rees, 2006). 
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Neurocognitive mapping can, in general, be acquired through two main 
approaches of fMRI research: (1) functional to structural deductions and (2) 
structural to functional inductions (Henson, 2005). The first is the exploration of 
associated functions to a given structure, and the second is the search for 
underlying structures given chosen functionalities or mental tasks. Both of which 
thoughtful experimental design is essential for obtaining distinctive results and 
high reliability (Henson, 2005). The non-invasive nature and lack of implications 
for long term side effects also make the method appropriate for children.  

 
Implications for this study 

By linking successful mathematical development to core functions of 
magnitude processing and quantity approximation, possible intervention 
strategies for children at risk of future impairments have started to emerge. Peters 
and De Smedt (2018) account for two pilot trials for children with atypical 
developmental trajectories to train them into more normal activation patterns. The 
interventions consisted of either two-digit or single-digit calculation tasks. 
Children with dyscalculia showed increased activation in frontal, temporoparietal, 
superior parietal, and hippocampal areas before the intervention, and after training 
their activation patterns did not differ significantly against the age-matched 
control children (Iuculano et al., 2015). In a number line training study conducted 
by Michels et al. (2018) the research team also found patterns of 
hyperconnectivity in children with DD before, but not after, a five-week training 
period. The patterns of hyperconnectivity were shown between parietal, frontal, 
visual, and temporal regions (Michels et al., 2018).  

These prominent results do not only account for the possible malleability of 
these areas, but also gives strong incentives for discovering these deficiencies 
early in development for insertion of appropriate interventions. Expanded 
knowledge about core factors for the development of arithmetic abilities might 
also have a pedagogic value in efficiently designing formal schooling of 
mathematics.  

 
Purpose 

The current study has two primary purposes. The foremost is to investigate 
how children, in the age of 10-12 years, process numerosities presented in three 
different notations (nonsymbolic, verbal and symbolic) in line with the postulated 
modules of the Triple Code Model (Dehaene, 1992). The second purpose is to put 
these results in comparison with adult data and examine potential developmental 
differences.  

Research questions 
To achieve the described purposes of this study, the following questions are 

aimed to be answered. Which neural substrates are active, in children and adults, 
respectively, when they process (1) non-symbolic magnitudes, (2) verbal number 
words, and (3) Arabic digits? Are there separated neural codes dedicated to the 
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processing of numerosities depending on the input and output format? Moreover, 
if so, are there neural overlaps between the different modalities?  

Further on, is it possible to distinguish specializations of these functions over 
development and acquisition of mathematical abilities? That is, can we see any 
differences in active brain regions between children and adults?  

 
Hypotheses 

In line with the above-declared findings within the field of numerical 
cognition, the following hypotheses are formulated for the current study.  

1. Activation in the intraparietal sulcus is expected for all experimental 
tasks, both in the adult and the child sample, in accordance with its 
postulated format-independent involvement in approximating 
numerosities. This activation should primarily be elicited in right 
regions of the intraparietal sulcus in accordance with this region’s 
postulated function of the approximated number sense.  

2. In the Arabic digit comparison task, activation in the visual number form 
area (NFA), located in the right inferior temporal gyrus in the occipital 
lobe, and left angular gyrus should be displayed.  

3. When processing verbal number words, we expect activation in left-
lateralized regions, such as left angular gyrus, and left perisylvian 
language areas such as the inferior frontal gyrus, the supramarginal 
gyrus, the superior temporal gyrus, and the middle temporal gyrus. 

4. For the non-symbolic magnitude processing condition, activation in 
early visual areas is also expected, beyond activation in the intraparietal 
sulcus bilaterally, due to their presumed involvement in subitizing small 
quantities.  

5. For children, we expect to find more involvement of fronto-parietal 
networks in line with the shift from frontal regions to parietal regions 
during the acquisition of mathematical proficiency.   

 
Materials and method 

Subjects 
Adults’ demographics 

Imaging data for adult participants were received from a previous study by 
Skagenholt, Träff, Västfjäll, and Skagerlund (2018) using the same experimental 
paradigm. Out of their total sample of 54 healthy adults, eight participants were 
excluded due to excessive head motion. From the remaining 46 participants, ten 
were randomized to be included in the current study. Four were men, and six were 
women. All adult participants were students at Linköping University and were 
right-handed and had a mean age of 24.60 (SD = 1.71).  

Children’s demographics 
A total of ten children in the age of 10-12 years (M = 11.49, SD = 0.71) 

participated in the data collection used in the analyses. Seven of the child sample 
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were boys, and three were girls. All were right-handed. Within the scope of the 
project, behavior data were also collected for child participants, both individually 
and in group settings, before the scanning procedure began. The results from these 
cognitive tests are not included in the current report.  

 
Recruitment and consent of child participants 

Recruiting began during the autumn of 2018 and continued until early spring 
of 2019. Two strategies were used to reach out to as many caretakers as possible 
with children within the desired age span of 10-12 years. Firstly, school teachers 
within Östergötland County were contacted and asked to forward the information 
about the study to the caretakers of pupils in grades 4-6. For this, two letters of 
information were written: one for the caretakers and one with information about 
the study fitted for their children so that both parts could receive the necessary 
information required to give their consent. To further broaden the intercept SPAR 
was used to retrieve post addresses to caretakers of children born between 2006-
01-01 and 2008-12-31. These were contacted by post and additionally received an 
invitation to participate in the study together with the two letters of information 
(one for adults and one for children), a reply coupon and a return envelope. The 
information letter contained a research plan, the purpose of the study, a report 
concerning included methods, consequences, and risks associated with 
participation, and name and contact information to research principal. Together 
with the above the caretakers also received a message stating that participation is 
entirely voluntary, and a report that clarifies their right to, at any point during the 
study, withdraw from further data collection by any reason and without the 
necessity to declare why.   

Because participants were not in the right age to legally give their consent, the 
caretakers instead had to give their written consent before the first step of data 
collection began. Recruits were also given the opportunity to request further 
information either by phone or email before signing the consent. By the time of 
the first part of the study, taking place either at the child’s school or at Linköping 
University, contact and test administration were initiated first when the participant 
had made verbal acclaim. Collection of fMRI data took place at Center for 
Medical Imaging and Visualization (CMIV), Linköping University, and the 
participating child and their caregivers here once again had the opportunity to 
receive more verbal information and give their verbal consent and the 
participant’s verbal acclaim. This procedure made it possible to reassert the 
child’s consent further to participate.  

Moreover, participant and caregiver received complete and standardized 
information about the characteristics of upcoming tasks and their implementation. 
This transparency is vital for the reason that fMRI studies rely heavily on brain 
activity being measured accurately mirrors the intended cognitive processes. All 
participation was entirely non-profit and expressed to be for the sake of public 
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utility. The study was approved by the regional ethics committee of Region 
Östergötland, Sweden.  

 
Experimental design  

An experimental paradigm spanning 55 minutes was created in a block design 
fashion to maximize the BOLD contrast and give rise to more statistical power in 
accordance with recommendations from Amaro and Baker (2006). Four 
conditions of the six included conditions were used in this study; the results from 
the other two will be presented in detail elsewhere. The experimental conditions 
consisted of three versions of a cardinal discrimination task (one for each of the 
three codes in TCM, e.g., Arabic digit comparison, verbal number word 
comparison, and non-symbolic magnitude comparison). The fourth condition was 
a letter case discrimination task and served as a control task to the three formers. 
The two other conditions were a symbolic ordinal processing task, and a symbolic 
congruity comparison task (acting as a control for the ordinal task). Each 
condition included a total of 84 trials, spread out evenly in six different cycles in 
the earlier stated blocked order. Hence, each cycle consisted of six blocks with 14 
trials from each condition, respectively. A block lasted for 56 seconds and was 
separated by a resting period of 12 seconds in order for the hemodynamic signals 
to return to baseline levels. A cycle was, therefore, approximately 6 minutes and 
50 seconds long. All tasks were built the same way and consisted of a fixation 
period (500 ms), a presentation of the trial (2000 ms) and a window response 
window (1500 ms). Figure 1 visually summarizes the experimental design. 

Two cycles constituted a run, and each run was separated by a more extended 
break of 6 minutes after the first run and 10 minutes after the second run. During 
these breaks, the participants were only required to lay as still as possible in the 
scanner while the scanner acquired resting-state fMRI (rs-fMRI) and Diffusion 
Tensor Imaging (DTI) data.  

Experimental conditions 
The first three experimental tasks aimed to investigate the neural substrates for 

the representational codes included in the Triple Code Model (TCM). All 
experimental parameters were held as constant as possible between the three tasks 
with the exception for how the numerical magnitude was presented: either by 
Arabic digits, verbal number words, or non-symbolic visual magnitudes. All tasks 
required that the participant used a response pad to register their answers, and all 
tasks were intended to fall within the same level of task difficulty. Thus, the 
behavioral output for all tasks should be relatively consistent. A control task, 
described in detail below, was administered as a fourth block in each run. The 
experimental protocol also included two other tasks not included in this paper’s 
analysis and whose results will be presented in detail elsewhere.  

Arabic digit comparison task. Pairs of single Arabic digits (e.g., "3" and "5") 
are presented in a vertical position to each other on the screen and participants are 
required to select the numerically larger digit by pressing the corresponding 
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button, either left or right, on a response pad. Each trial was initiated by a fixation 
stimulus (a black cross on a white background) lasting 500 ms. The stimulus was 
then viewed for 2000 ms and got succeeded by a response window during 1500 
ms.  

Verbal number word comparison task. Pairs of number words are presented 
in a vertical position to each other on the screen, each representing a quantity in 
the single digit range (e.g., "three" and "five") and participants are required to 
select word representing the numerically larger quantity by pressing the 
corresponding button, either left or right, on a response pad. Each trial was 
initiated by a fixation stimulus (a black cross on a white background) lasting 500 
ms. The stimulus was then viewed for 2000 ms and got succeeded by a response 
window during 1500 ms.  

Non-symbolic magnitude comparison task. Pairs of non-symbolic magnitude 
representations (e.g., three dots and five dots) are presented in a vertical position 
to each other on the screen and participants are required to select the array 
representing a numerically larger quantity by pressing the corresponding button, 

Figure 1. An illustration of the experimental design containing three experimental 
conditions and one control condition in their appearing order. Each block contained 14 trials 
and lasted for 56 seconds. A 12 second break separated each block. In the current study, 
brain imaging data from two runs were included in the statistical analyses.  
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either left or right, on a response pad. Each trial was initiated by a fixation 
stimulus (a black cross on a white background) lasting 500 ms. The stimulus was 
then viewed for 2000 ms and got succeeded by a response window during 1500 
ms. 

Letter case discrimination (control) task. Two single letters are presented 
horizontally in the middle of each side of the screen in either an upper-case format 
or lower-case format (e.g., ”a” and ”B”). The participants are instructed to select 
the upper-case letter by pressing the corresponding button, either left or right, on 
a response pad. A fixation cross is viewed for 500 ms before the letters were 
shown for 2000 ms. After this, a response window of 1500 ms was displayed. 
Each trail was thus lasting for 4000 ms. This task was included to serve as a 
control task for the above number tasks. (In Swedish, upper case letters are known 
as ”large letters,” and lower-case letters are called ”small letters,” which further 
ensures the resemblance between the experimental tasks and the control tasks in 
regard to their selection of the ”largest entity” from two presented options.) 

 
fMRI data acquisition 

The fMRI experiment was conducted at the Center for Medical Imaging and 
Visualization (CMIV), Linköping University. A 3.0T Siemens Magneton Prisma 
MRI scanner fitted with a twenty-channel head coil was used for data acquisition. 
Forty-eight 3.0 x 3.0 x 3.0 mm thick slices with an in-plane resolution of 3.00 mm 
isotropic (no gap) was used. High-resolution structural scans were acquired using 
a T1-weighted pulse sequence (TR = 2300.0 ms, TE = 2.36 ms, flip = 8°, slice 
thickness = 0.90 x 0.90 x 0.90 mm, number of slices = 208) prior to functional 
scans, in order to aid localization and co-registration. A BOLD-sensitive T2*-
weighted ascending Echo Planar Imaging (EPI) pulse sequence was used to 
acquire whole-brain functional scans (TR = 1340.0 ms, TE = 30.0 ms, flip = 69°). 

 
fMRI preprocessing 

Before statistical analyses, acquired brain imaging data were preprocessed 
using MatLab's add-on package SPM12 (SPM, http://www.fil.ion.ucl.ac.uk/spm). 
Preprocessing steps were selected based on the study's experimental design and 
the necessary steps for achieving maximum statistical power. For example, since 
blocked designs are less dependent on exact time estimations, in comparison to 
event-related designs, slice timing correction was not essential to include.  

The first six volumes from the first run were removed before preprocessing to 
adjust for initial head movement and T1 equilibrium. Therefore, a total of 624 
volumes were included from the first run and 630 volumes each from the second 
and third run, resulting in a total of 1884 volumes for each participant.  

Firstly, the raw DICOM-files were converted to NIfTI-files by importing them 
to SPM12. The functional files were then processed for realignment, both by 
translating the images on either ax (in the X, Y, or Z direction) and by adjusting 
for rotational movement (over the X, Y or Z axis). A file containing the beta-
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values for each realignment parameter was generated and later used as covariates 
in the specification of a design matrix. Corrections over 4mm on one or more axes 
were considered as excessive head motion and not suitable for further analyses. 
Due to increased realignment corrections during the third runs for the majority of 
the children, the decision to only include two runs in the statistical analyses were 
made. To preserve the same statistical assumption for both groups (adults and 
children), the third runs were excluded in the adult sample as well.  

 After this, a coregistration procedure was performed matching the functional 
scans with the spatially superior structural scan. This step allows deduction of 
which neuronal substrates that underpins the measured activity in the blurrier 
functional scans. Fourthly, segmentation processing followed. In this step, 
different tissue types in the structural scan were segmented in cerebral spinal fluid 
(CSF), white matter, grey matter, and bias field corrected structural images. 
Different tissues have different MRI-signals which is used to give information 
about which structures the signals are coming from (e.g., from CSF or white 
matter). Next, the functional images and the corrected structural image were 
transformed into the standardized MNI-space in a normalization procedure. By 
doing this, the individual images for that particular subject were matched against 
a template composed of 152 T1-weighted images, enabling comparisons across 
multiple subjects. Lastly, a smoothing filter, using Gaussian kernel 6 x 6 x 6 mm 
full width at half maximum (FWHM), was applied to all functional images to 
adjust for remaining anatomical and functional differences between subjects. 
Smoothing of the images reduces their spatial resolution somewhat but tends to 
facilitate between-group analyses (Amaro & Barker, 2006).  

 
fMRI data analysis 

Individual first level analyses 
Whole-brain voxel-wise analyses were conducted for each of the experimental 

conditions contrasted with the control task as a baseline. First, the design matrix 
was specified with onsets and duration times for each of the experimental 
conditions and the control task, one for each run, and the six motion parameters 
obtained while running the realignment procedure, resulting in a total of 15 beta 
values. Using the specified design matrix, an estimated BOLD-signal could be 
estimated with consideration to the expected hemodynamic response pattern. The 
three statistical contrasts, representing each of the postulated notations in TCM, 
were then applied to the approximated BOLD-matrix in a voxel-wise whole-brain 
analysis, with a significance threshold of p < 0.001 (uncorrected). An extended 
cutoff value for voxel sizes was used and by that filtered away clusters smaller 
than three voxels. Information about suprathreshold clusters with their volumes, 
coordinates, significance values, and z-values was displayed for each contrast 
together with activation patterns in an illustrative glass brain (example shown in 
Figure 2).  
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Second level group comparisons 
With one-sample t-tests, significant activation patterns across subjects were 

examined in second level within-group random-effects GLM analyses. Firstly, all 
contrast generated in the within-subjects’ analyses were examined across their 
corresponding group to look for consistent findings in that group (either children 
or adults). The first contrast on the second level analysis thus contains all ten 
contrasts examining the same notation within each subject. The design matrices 
were estimated using the HRF-model. A significance value of p < 0.001 
(uncorrected) and a threshold for voxel clusters equal to or larger than three were 
used. The probabilistic cytoarchitectonic maps in the toolbox Automatic 
Anatomical Labeling 2 (AAL2; Tzurio-Mazoyer et al., 2002) were used to identify 
the corresponding brain regions to the achieved MNI coordinates. This procedure 
was done for all three contrasts for the adults and the children, resulting in a total 
of six within-group contrasts.  

In the next step, two sample t-tests were used to examine potential differences 
between the activation patterns obtained in children and adults. The same 
significance value (p < 0.001, uncorrected) and voxel-size threshold (3) were 
used.  

Illustrative montages were made using a standardized MNI T1-weighted 
structural image with the resulting contrasts as overlays.  
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Neuroimaging results 
Arabic digit comparison 

The whole-brain analyses for significant voxel-activation in the Arabic digit 
comparison task in contrast to the control task are summarized in Table 1 (adults) 
and Table 2 (children). The p-value is associated with the stated MNI coordinates. 
Z-values indicate how many standard deviations from the mean the measured 
activation is. Suprathreshold clusters were predominantly found in left-
hemispheric frontal and occipital regions in adults including the left inferior 
frontal gyrus (-48, 29, 2), left caudate nucleus (-3, 2, 5), left calcarine sulcus (15, 
-94, -4), and left middle frontal gyrus (-27, 38, -7). Smaller clusters were identified 
in the right hemisphere, including the right lingual gyrus (18, -88, -4) and the 
right calcarine sulcus (15, -97, -1). In children, activation correlated with the 
processing of Arabic digits were significant only in the right hemisphere. The 
largest activation was found in the right calcarine sulcus (21, -94, -7), and a 
smaller activation-cluster located in the right postcentral gyrus (21, -43, 77). 
Visual illustrations of activation patterns for the groups are displayed in Figure 3 
(adults) and Figure 4 (children).  
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No suprathreshold clusters were found in the contrast where adults’ activation 
patterns were subtracted from the children's. Thus, no areas of activation were 
significantly uniquely activated only in the child sample. In the opposite contrast, 
six clusters (eight peak activation points) were identified as significantly active in 
adults only during the Arabic digit comparison task (displayed in Table 3 and 
illustrated in Figure 5).  These regions are mainly located in the left hemisphere, 
with the exception of right lingual gyrus (15, -76, -4) and right calcarine sulcus  
(12, -97, 2 and 15, -88, 8).  
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Verbal number word comparison  
In the second experimental condition, verbal number words were contrasted 

against the control task in the with-in group and between-group analyses. In Table 
4 (adults) and Table 5 (children), suprathreshold clusters with their associated 
anatomical region, cluster size, p-value, Z-score, and MNI coordinates are shown 
for each group. In adults, activation clusters were foremost found in the middle 
and inferior frontal gyrus (-36, 35, 20 and -45, 32, 2) and in the middle occipital 
gyrus (-33, -97, -4 and -21, -100, -4). Areas within the limbic system (left 
hippocampus; -15, -40, 11), dorsal striatum (right caudate; 21, 11, 17), and in the 
diencephalon (right thalamus; 6, -7, 5) also showed significant activation in 
adults. A small but suprathreshold cluster was also identified in the right insula 
(27, 32, 14).  Figure 6 illustrates some of the activated clusters in the frontal lobe. 

 In the contrast across all children, the only cluster that survived the applied 
threshold values for significance and cluster size were located in the right 
calcarine sulcus (21, -97, -7). The location of this cluster is shown in Figure 7.  
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The between-group analyses showed no significant cluster activations unique 
to children but found multiple areas with neural activity in the adult sample only. 
These were biased towards the left hemisphere in the frontal (inferior frontal 
gyrus; 48, 29, -4), medial (medial temporal gyrus; -54, -1, -16) and occipital 
regions. A relatively large activation cluster (cluster size 28) were also located in 
the left hippocampus (-39, -28, -4). In Figure 8, the most dominant suprathreshold 
clusters for the contrast between adults and children are displayed. These areas 
are also listed in Table 6.  
 
 

 



 26 
 



 27 

Non-symbolic magnitude comparison task 
The last set of contrast analyses aimed to investigate neural substrates 

correlated with non-symbolic magnitude estimations, using the control task as a 
baseline.  

In the adult sample, frontal and occipital activations were found, with support 
from the left insula (-33, -28, 26). Largest activation clusters were located in the 
calcarine sulcus (9, -82, 5), the middle and medial frontal gyrus (42, 47, 11 and 
3, 50, 50), and the superior frontal gyrus bilaterally (21, 17, 38 and -18, 26, 29). 
These ares are shown visually in Figure 9 and listed in Table 7. 

Areas with consistent activations across all children subjects were found 
predominantly in right hemispheric regions as depicted in Table 8 and Figure 10. 
These included the right middle frontal gyrus (33, 5, 38), right anterior cingulate 
gyrus (9, 44 ,5), right fusiform gyrus (27, -55, -13), and right middle temporal 
gyrus (51, -25, -10). Significant activation to non-symbolic numerical information 
was also located in the cerebellum (lobule IV, V of vermis; 6, -55, -25). 
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In comparison with the verbal and symbolic conditions, only small activations 

in the right calcarine sulcus (9, -82, 2 and 12, -94, -1) were uniquely activated in 
adults (Table 9 and Figure 11). No suprathreshold clusters were found exclusively 
in children.  
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Discussion 
Result discussion 

Symbolic digit comparison  
The neuroimaging results show that children elicit activations in the right 

calcarine sulcus and right postcentral gyrus when processing Arabic digits. The 
calcarine sulcus is found in the occipital lobe and is where the primary visual 
cortex (V1) is located (Collins, Park, & Behrmann, 2017). The activation of the 
postcentral gyrus, commonly in close activation with the neighboring anterior 
intraparietal sulcus, are found to be more activated in children and thought to 
reflect the use of finger counting strategies (Kaufmann et al., 2011). Kaufmann et 
al. (2011) propose that children elicit more anterior parts of the intraparietal 
sulcus in contrast to adults who seem to rely more on its posterior part, which 
could imply a shift of automatization and maturity. 

In adults, left-lateralized frontal regions, such as left inferior frontal gyrus, left 
middle frontal gyrus and left caudate show significant activations during the 
Arabic digit comparison task. The inferior frontal gyrus has repeatedly been 
reported to be important for symbolic processing of numerosities (Nieder, 2016; 
Skagerlund et al., 2019) and to be center of the visual Number Form Area (NFA; 
Merkley et al., 2016; Mock et al., 2016). Peters and De Smedt (2018) also point 
to the left inferior frontal gyrus’s importance for language processes, which might 
explain its involvement in both of the postulated language-dependent codes 
(symbolic and verbal), but not in the non-symbolic code.  

This finding is thus in line with the study’s second hypothesis. Arsalidou and 
Taylor (2011) found activation in the right inferior frontal gyrus to be correlated 
with number tasks, and believe the involvement of the inferior frontal gyrus 
bilaterally is connected to aspects of visual working memory and attention 
processes. The left caudate has previously been hypothesized to be involved in 
learning and memory, and the TCM suggests that it is responsible for retrieval of 
rote arithmetic facts (Arsalidou & Taylor, 2011).  

Activation in the middle frontal gyrus has been demonstrated across multiple 
studies (Arsalidou & Taylor, 2011; Klein et al., 2016; Skagenholt et al., 2018) for 
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both the verbal code and the symbolic code. Klein et al. (2016) suggest a domain-
general functionality that connects activation in the left middle frontal gyrus to 
numerical tasks with higher cognitive demands, which would be a plausible 
explanation for the lack of activation during the non-symbolic magnitude task that 
draws on more core automatized functions.  

Both adults and children show significant activations in the calcarine sulcus 
(bilaterally for adults and right-hemispheric for children), suggesting the 
involvement of early visual regions in symbolic number processing, as postulated 
by Skagenholt et al. (2018). Further on, adults also showed activation in the right 
lingual gyrus, also referred to as hOc2 (V2), and a part of early dorsal-stream 
visual areas (Skagenholt et al., 2018).  

Looking at areas significantly more active in adults than children, beside the 
above-mentioned areas, we found suprathreshold clusters in the left middle 
occipital gyrus, left medial frontal gyrus and left inferior occipital cortex. The left 
middle occipital gyrus has previously been found in non-symbolic and symbolic 
tasks (Skagenholt et al., 2018), and in calculation tasks and tasks involving 
multiplication (Arsalidou & Taylor, 2011). Mussolin et al. (2010) examined 
dyscalculic children with a control group during different comparison tasks, not 
only including numeric information. In a task designed to compare distant and 
close colors to each other, they found that the control showed stronger activation 
in the left inferior temporal gyrus, the lingual gyrus, and the superior and middle 
occipital gyri (Mussolin et al., 2010). This finding might point to a more domain-
general function of the middle occipital gyrus to encode visual information not 
exclusive to numbers. The medial frontal gyrus, a part of ventromedial prefrontal 
cortex, has earlier been reported as active in an Arabic digit condition (Skagerlund 
et al., 2018), as a concordant area for number tasks in comparison to calculation 
tasks (Arsalidou & Taylor, 2011), and shown greater activation in adult relative 
to children in a non-symbolic magnitude task (Holloway & Ansari, 2010). Its 
involvement in these number tasks is rarely discussed, and its function still quite 
unclear.  

According to Hypothesis 2, we expected to find significant activation in the 
NFA and in the left angular gyrus. The results displayed activation in NFA for 
adults, but this finding was not visible in the child sample. Moreover, the left 
angular gyrus was not significantly active in either group. This will be discussed 
further in the general discussion below.  

Verbal number word processing 
For the tasks processing verbal number words we expected to find activation 

in left-lateralized regions such as left angular gyrus, and in areas included in the 
left perisylvian language areas such as inferior frontal gyrus, supramarginal 
gyrus, superior temporal gyrus, and middle temporal gyrus.  

In children, the only suprathreshold cluster for verbal number words was the 
right calcarine sulcus, as was seen in the Arabic digit comparison task as well and 
potentially implicating visual perception (Collins et al., 2017) and format-
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independent sensitivity to numerical information in early visual areas (Skagenholt 
et al., 2018). 

In adults, multiple areas in the left frontal and occipital lobes showed 
significant activation. Among these was the left inferior frontal gyrus (pars 
triangularis and pars orbitalis) in accordance with Hypothesis 3 and research by 
Skagenholt et al. (2018). As mentioned above, the left inferior frontal gyrus is 
thought to be involved in language processes, and strongly related to activity in 
the Visual Word Form Area (VWFA) located in the left fusiform gyrus 
(Skagenholt et al., 2018). A relatively large cluster was also found in the left 
middle occipital gyrus, as was also seen in the symbolic code and further 
corroborates its potentially domain-general function. In contrast to the symbolic 
condition, the right caudate (and not the left) showed significant activation in the 
verbal number task. Arsalidou and Taylor (2011) propose that the right caudate 
might be responsible for prioritizing between information that needs to be 
processed in a top-down manner. Activation in the middle frontal gyrus 
bilaterally, which was observed in the Arabic digit comparison task as well but 
not in the non-symbolic, is thought to explain the higher cognitive demand 
required to process the verbal code and the symbolic code in the TCM (Klein et 
al., 2016). The precuneus is located at the border to the intraparietal sulcus and 
previously found to be activated during number discrimination tasks (Skagenholt, 
2014; Mock et al., 2018), and addition and subtraction tasks (Arsalidou & Taylor, 
2011). Skagenholt et al. (2018) also found the left precuneus to be active during 
the processing of Arabic digits and the precuneus bilaterally activated during the 
processing of verbal number words. Thus, activation in the right precuneus is in 
lines with earlier research, probably a part of a larger symbolic network and 
format-independent.  

Lastly, in adults, significant activations responding to the verbal code are 
domain-general areas such as the left hippocampus, the right thalamus, and the 
right insula. Both hippocampus and thalamus have been associated with number 
tasks independent of notation and believed to be involved in learning processes 
(Skagenholt et al., 2018) and fact retrieval (Klein et al., 2016). The insula is also 
activated for the adult sample and frequently associated with goal-directed 
behavior non-specific for numerical information (Arsalidou et al., 2018; 
Skagenholt et al. 2018). 

According to the initial hypothesis, activation patterns in the left inferior 
frontal gyrus, left superior temporal gyrus and middle temporal gyrus bilaterally 
were found, but only in the contrast between adults and children. No sufficient 
activation in the left angular gyrus and supramarginal gyrus were displayed. This 
will be discussed further in the general discussion below.  

Additional areas in the frontal, occipital, and temporal lobes not included in 
the hypothesis were found to be active in the adult sample only using the second 
level between-group analysis. Frontal regions included the left medial frontal 
gyrus, left paracentral lobule, left precentral gyrus, and left supplementary motor 
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areas. Wei et al. (2014) found the precentral gyrus (in the right and left 
hemisphere) to be activated during tasks including quantity estimations, but the 
left precentral gyrus was only active during representations of frequency adverbs 
and quantity pronouns (not Arabic digits or dot arrays). Skagenholt et al. (2018) 
and Mock et al. (2018) have associated its function with task difficulty, which 
might go hand-in-hand with results from Wei et al. (2014) and indicate higher 
cognitive demands for language-dependent quantity representations. Arsalidou 
and Taylor (2011), on the other hand, connects the precentral gyrus to rapid eye 
movement between fixation points. Mock et al. (2018) also includes 
supplementary motor areas as a part of a widespread frontoparietal network 
involved in executive functions associated with arithmetic procedures. 

Right-lateralized areas significantly more active in adults include the right 
anterior cingulate gyrus and right superior occipital gyrus. Mock et al. (2018) 
found the right anterior cingulate gyrus to be an active component in the distance 
effect for a comparison task using dot patterns and the right superior occipital 
gyrus in distance effects for pie charts and in a conjunction analysis across all 
conditions.  

Non-symbolic magnitude processing  
This is where the results take a turn and get interesting. In this experimental 

condition, no left-lateralized suprathreshold clusters were found in the contrast 
comparing adults to children. These results suggest that the non-symbolic code in 
the Triple Code Model might draw from more fundamental and automatized 
functions located in the parietal and occipital regions. Among these, core visual 
areas located in the right calcarine sulcus. This is in line with the above 
conclusions regarding the verbal and symbolic codes dependence on language 
areas and Dehaene (1992) proposition of the codes fundamentally separated 
functionalities and the pre-verbal nature of the non-symbolic magnitude code. 
Thus, these results is in part in line with Hypothesis 4. No supresthreshold 
activation was found in the intraparietal sulcus, which will be discussed in more 
detail below.  

Both adults and children showed significant activation in the frontal gyrus, but 
adults’ activation was located more in superior and medial regions and the 
children’s show indications of activation in the anterior parts instead. The two 
groups showed activation in the right middle frontal gyrus.  

In the with-in group analysis across all children, areas such as right anterior 
cingulate gyrus, right fusiform gyrus, right middle temporal gyrus and the lobule 
IV, V of vermis were marked as significantly active across subjects. These results 
did not survive the between-group contrast even though they were not marked as 
active in the adult within-group analysis. The fusiform gyrus (though 
predominantly its left region) is often associated with a domain-general function 
of encoding object properties (Arsalidou & Taylor, 2011; Grotheer et al., 2016; 
Mock et al., 2018), and Arsalidou and Taylor (2011) suggests the right region's 
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involvement in more global procedures and thus scarcely mentioned in numerical 
tasks.  

General conclusions  
Across all tasks, significant activation is found in right-hemispheric regions 

for children, including the right calcarine sulcus and right postcentral gyrus. 
Hypothesis 5 declared that we expected to find more frontoparietal activation in 
children due to their involvement of more attentional processes and immature 
strategies for perceiving and judging numerosities. This was not the case in the 
current study. In fact, in children, few areas survived the significance thresholds 
across all conditions. The consistently more activation found in adults could be 
because the children moved more during the image acquisition, and more 
extensive preprocessing had to be made. Lindquist (2008) argues that 
preprocessing and warping could have the negative impact of dislocating, and 
thus, miss activation in small clusters.  

Across all conditions, a lack of significant activation in the intraparietal sulcus 
is in order to be problematized (Hypothesis 1). Due to the central role of the 
intraparietal sulcus in numerosity estimations, this result is contradictory to 
established findings within the field. Skagenholt et al. (2018) had similar results 
in their study of the Triple Code Model in adults, using the same experimental 
tasks as were included in the current study. The argued that this might stem from 
the similarities between the control task and the experimental tasks and that the 
control task’s characteristics might give rise to the involvement of the 
intraparietal sulcus (Skagenholt et al., 2018). If so, it is reasonable to not find any 
significant activation in the intraparietal sulcus solely in the experimental tasks 
since it was equally active in the letter discrimination task. Indications of the 
intraparietal sulcus involvement in more abstract information about sizes, such 
as time and space (Skagenholt, 2014), might point to its domain-general 
application to approximate estimations. In the letter discrimination task, 
participants were asked to choose the “larger letter,” that is the capital one, but in 
Swedish, this might also invoke the functionality of purely visually choosing the 
largest letter size-wise. Thus, an estimation of size is present, which might be 
closely linked to the estimations of quantity. Future research is, however, needed 
to investigate these novel assumptions further.  

Even though the current study could not single out the involvement of the 
intraparietal sulcus in core numerical abilities, it could, despite the small sample 
sizes, in some length point to evidence that the three representational codes in the 
Triple Code Model elicit different neural substrates in accordance with their 
functionalities. This conclusion is also closely related to the fact that children at 
the investigated age (10-12 years) foremost use core right-lateralized structures 
when perceiving and judging numerosities, perhaps because the symbolic and 
verbal code is still under development and yet not fully automatized. More 
research with bigger sample sizes for children is however necessary to establish 
these conclusions further.  
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Probably the main conclusion to be drawn from the result is the difference 
between adults and children regarding the lateralization of activated areas across 
all experimental conditions. In general, adult activate left-lateralized regions in 
frontal, medial, and parietal regions, indicating the usage of established language 
areas and cortical maturity. Children were shown to rely more on right-lateralized 
regions across tasks, possibly demonstrating a lack of automatization regarding 
the use of verbal and symbolic numerical information. The fact that this pattern 
was absent in the non-symbolic code further points to its innate pre-verbal nature, 
as postulated by Dehaene (1992). This conclusion is also corroborated by findings 
in areas such as left inferior frontal gyrus, middle temporal gyrus, and 
hippocampus. This is highly relevant from the perspective regarding impairments 
in mathematics from an early age, such as in the case of developmental 
dyscalculia. If the non-symbolic code can be singled out as the core function for 
further developments of symbolic and verbal representations of numerosities, the 
notations underlying neural correlates might serve as biomarkers for 
developmental dyscalculia.   

 
Method discussion 

Study-specific considerations 
Research results should always be interpreted in their context and with regard 

to decisions about the experimental design, chosen preprocessing steps, and 
methods used for data analyses. It is a probable possibility that the uniquely 
observed activity in the adult sample is a reflection of higher error terms in the 
children’s sample, most likely due to higher levels of head motions. Long 
experimental protocols, spanning almost an hour, might not be optimal for 
children. As will be mentioned below, longer periods of image collection generate 
more statistical power (Lindquist, 2008), but in the current study, the third run had 
to be excluded due to excessive head motions in the child sample. The relatively 
small sample group sizes (n = 10) further lower the statistical power and increase 
the effect sizes needed to find significant activations, and might, in combination 
with more movement during scanning explain the lack of active areas for children.  

Functional magnetic resonance imaging as method 
In addition to the above-mentioned shortcomings, fMRI as a data collection 

method is far from ideal in measuring exact neural activity. As Amaro and Baker 
(2006) describe it, it is a constant balance between temporal and spatial resolution 
and the amount of brain tissue covered. If more precise temporal timing is desired, 
either the spatial resolution or the number of slices collected needs to be 
decreased. On the other hand, if higher spatial resolution is to be captured, then 
more time is needed in the acquisition of each image, and hence, temporal 
resolution is lowered (Amaro & Baker, 2006). Henson (2005) further points to the 
indirect measurement of fMRI in blocked designs. Blocked designs are a 
straightforward method for gaining more statistical power since the measured 
activity across all tasks in one block is treated as a single neuronal “wave” 
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(Lindquist, 2008). That is, when the participant perceives the first task, associated 
activation of underlying neurons rises, and then are thought to continue being 
relatively constant activated until a few seconds after the last task. In other words, 
information about specific onsets and duration for the neural activations for each 
task is lost when the signals from all tasks within that block are averaged. This is 
due to the assumed linearity of the HRF (Poldrack et al., 2011).  

Further on, Lindquist (2008) argues for longer blocks in order to achieve 
higher statistical power (due to a higher separation in signal between blocks). But 
longer blocks of stimuli also comes with risks of boring or tire the participant, and 
thus not receive consistent data (Lindquist, 2008). Amaro and Baker (2006) also 
point to the deliberation between simpler research designs with simpler research 
questions and moderate expectations, and complex designs with multiple factors 
that are difficult to interpret fully. In the current study, a relatively simple design 
was used in order to answer fundamental questions about core functions.   

The indirect measurement of neural activity, through their metabolic demands, 
also puts some limitations on how accurately the received activity actually is. 
Henson (2005) argues for the use of multiple measuring techniques for brain 
activity, for example, fMRI in combination with EEG, in order to heighten the 
temporal resolution.  

Haynes and Rees (2006), in their article about decoding mental states in 
humans, discuss different ethical considerations that might be relevant when 
collecting information about participants brain activity. They argue for the 
possible violation of the participant's integrity when decoding both conscious and 
unconscious mental processes. In the current study, however, a transparent 
experimental paradigm was used, and no intentions were made to investigate other 
processes other than those associated with numerical cognition.  

 
Implications for future research 

Future studies should continue the disentanglement of numerical cognition in 
a developmental framework in order to draw conclusions about how these skills 
emerge from an early age. The lack of suprathreshold clusters, especially within 
the child sample, emphasizes the necessity to recruit bigger samples. Due to the 
already relatively small signal-to-noise ratio, bigger sample sizes should increase 
the statistical power to find significant activation patterns.  

Meta-analyses regarding children often include a wide age range and might 
thus miss potentially important developmental stages that undergo change over 
time. The current study used a relatively narrow age span, which gives a brief 
overview of that particular period but whose results should be generalized with 
caution to other age groups. It is therefore of interest to conduct similar studies on 
both younger and older children with narrow age spans.  

It would also be interesting to investigate onwards how these activation 
patterns in children correlate with covariates such as mathematical competency, 
mathematical anxiety, visuospatial abilities, and intelligence. This would add 



 36 

predictive parameters to the neurological correlates and additional contextual 
information in the disentanglement of numerical cognition under development.  
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