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Abstract
The ability to understand that each number word in the count sequence refers to a specific set of items (e.g., ‘two’ means ‘two things’) is a milestone in cognitive development. When children reach this milestone, they are said to understand the cardinality principle: the last word in the count sequence refers to the total number of items in the set. Acquisition of the cardinality principle is the most crucial step in the development of symbolic numerical knowledge. While research in cognitive development has revealed much about how and when children learn the cardinality principle, we know very little about the neural changes that are associated with this major conceptual development. This understanding will provide evidence for developing theories about the origin of human symbolic knowledge and individual differences in early development, which might help to identify early risk factors for later math learning difficulties. In this study, we will investigate the bilateral frontoparietal responses using functional near-infrared spectroscopy (fNIRS) during numerical adaptation task in two groups of 3-4-year-old  2 years 9 months and 4 years 3 months old children. While one group has already acquired cardinality principle knowledge (understanding that each number word associates with a corresponding magnitude), the other group has not yet acquired it. We will apply univariate and multivariate pattern analysises along with functional connectivity to compare brain responses in the two groups. We hypothesize different brain activation patterns and connectivity between the two groups: children who demonstrate knowledge of the cardinality principle will reveal higher left parietal activation related to the semantic processing of number words and, higher bilateral parietal connectivity related to a link between number words to their discrete quantity, and higher left frontal activation related to supportive executive functions during numerical processing as compared to children who have not acquired this knowledge yet.

Introduction
The ability to understand that each number word in the count sequence refers to a specific set of items (e.g., ‘two’ means ‘two things’) is a milestone in cognitive development (e.g., Merkley & Ansari, 2016). When children understand that each word in their count sequence refers to a specific number of items in a set, they are said to understand the cardinality principle (Gallistel & Gelman, 1990; Le Corre & Carey, 2007; Sarnecka et al., 2015; Wynn, 1990). In other words, they understand that the last word in the count sequence represents the total number of items in the counted set (e.g., when they count all the chocolates in a bowl, they know the total number of chocolates is the last number they count). Acquisition of the cardinality principle is the most crucial step in the development of symbolic numerical knowledge, which predicts how well children go on to develop numerical and mathematical skills (Geary et al., 2018). While research in cognitive development has revealed much about how and when children learn the cardinality principle, we know very little about the neural changes that accompany this major conceptual development. This insight would provide a better understanding of individual differences in knowledge acquisition in early development that feeds theories about the origin of human symbolic knowledge.
The development of the cardinality principle occurs in a known trajectory. Before acquiring cardinality principle knowledge, children can verbally count without knowing what number words mean and what they refer to. Instead, they repeat memorized count sequence they have learned from adults and older children. For example, young children may count as they walk up a flight of stairs but are not yet able to tell how many steps they have climbed. Children gradually begin to enumerate sets by understanding what the purpose of counting is (e.g., to understand how many chocolates they are allowed to pick from the bowl). The gradual emergence of the cardinality principle knowledge begins when children first understand that sets of one and two refer to the quantities of ‘one’ and ‘two’. Children become so-called ‘one’ and ‘two’ knowers approximately between the ages of 2-3. They then move on to being ‘three’, then ‘four’ knowers, and so on every few months (Sarnecka et al., 2015). By extending this knowledge to numbers above ‘four’, children become cardinal principle knowers. After the acquisition of the cardinality principle, children will know that each number word in their counting refers to a specific quantity of items. Typically, children are thought to have developed a fully-fledged understanding of the cardinality principle by about age 5, however, some children may not be cardinality principle knowers at this age.
Cardinality principle knowledge in children is most commonly evaluated by the give-a-number task (Wynn, 1990). In this task, children are asked to give the experimenter an exact number of objects from a pile of toys (Sarnecka et al., 2015). For instance, the experimenter gives a basket of small toys to the child and asks them “Could you give me n toys?” and the child has to count the toys one by one while giving them to the experimenter until they reach n toys. The give-a-number task determines number-knower levels including one-knower, two-knower, three-knower, four-knower, and cardinality principle knowers (Sarnecka et al., 2015). Children who can correctly give the experimenter 1-4 objects, but not more, are referred to as subset-knowers because they are not able to use counting to determine the numerical quantity of the sets above four. These children are not considered to have full-fledged knowledge of the cardinality principle. Subset-knowers might verbally count up to a large number, but in the give-a-number task, they are only able to give the correct number of items for sets up to ‘four’. In contrast, cardinality principle knowers (CP-knowers) are those that have already achieved cardinality principle knowledge and can give the correct number for every number in their count list. Put differently, CP-knowers understand that counting can be used to determine the numerical quantity of any set.
[bookmark: _gjdgxs]In contrast to the wealth of behavioural studies into the developmental processes associated with the acquisition of cardinality principle knowledge, we know very little about the neurocognitive mechanisms underpinning cardinality knowledge (Hyde, 2021). In a relevant ERP study, Pinhas, Donohue, Woldorff, and Brannon (2014) observed greater negativity over centroparietal sites and greater positivity over bilateral parietal sites during an audio-visual matching task in CP-knowers as compared to subset-knowers. They reported an engagement of the parietal region in linking number words to sets of items in CP-knowers (Pinhas et al., 2014). This engagement of the bilateral parietal regions during number processing has been reported in preschool children who acquired cardinal principle knowledge (Bugden, et al., 2021; Cantlon, Brannon, Carter, & Pelphrey, 2006; Cantlon, Devis, et al., 2011). That being said, the right and left parietal regions provide support for the numeracy development unilaterally as well. For the right parietal cortex, neuroimaging studies in early childhood have consistently shown response during non-symbolic processing (changes in the number of presented dots; Cantlon, Brannon, Carter, & Pelphrey, 2006; Edwards, Wagner, Simon, & Hyde, 2016; Hyde & Spelke, 2011; Hyde, Boas, Blair, & Carey, 2010; Izard, Dehaene-Lambertz, & Dehaene, 2008). For the left parietal cortex, neuroimaging studies in school children and adults revealed the left parietal response during processing number words (e.g., Vogel et al., 2017). While these studies provide valuable insights about parietal engagement in number processing, no study has investigated the transition from subset knowledge to cardinality knowledge. 
In addition to the parietal cortex, research has frequently shown prefrontal engagement during number processing (Arsalidou et al., 2011, 2018). In infancy, frontal activation has been observed in response to error detection or violation of expectation during non-symbolic numerical tasks (e.g., adding one puppet to another resulted in one puppet; Berger et al., 2011, 2019). At preschool age, children who solved a number conservation task (i.e., the number of items is identical no matter how far away they are stretched on the screen from each other) showed higher activation in the frontal region compared to children who were not able to solve the problem (Simon et al., 2015). Similarly, 5-6 years old children showed frontal activation when completing a numerical Stroop task (Ben-Shalom et al., 2013). These studies suggest that bilateral frontal regions are involved in the development of numerical understanding in the early years of life. However, both for the frontal and parietal regions, most of the evidence does not tie to a significant behavioural change such as the transition from subset-knower to CP-knower. More importantly, most neuroimaging studies of cardinality are with older children whom we expect have already progressed to the cardinality principle stage. The litmus test would be whether the fundamental conceptual development that is represented by the acquisition of the cardinality principle is associated with functional organizations in the frontoparietal network of mathematical thinking during the critical age of 3-4 years.
The development of the cardinality principle might be also associated with a functional coupling between the bilateral parietal and frontal regions. The bilateral frontoparietal connectivity represents a connection between number words in the left parietal cortex, more intuitive representations of quantity in the right parietal cortex and mapping between quantities and symbols in the bilateral frontal cortex (Hyde, 2021; Sokolowski et al., 2017, Hubbard et al., 2008; Rivera et al., 2005, Cantlon et al., 2009). An fMRI study by Emerson and Cantlon (2011) showed that frontoparietal connectivity is correlated with both basic number matching ability and scores on the standardized test of mathematical ability in 4-11-year-old children. This finding suggests the functional connectivity of the network is math-specific, and can potentially be a predictor of mathematics achievement. Further study nuanced the developmental shifts in connectivity of the frontoparietal network: a resting-state fMRI study (Zhang et al., 2019) showed that the frontoparietal numerical network has a strong association with counting at 4 years old, while gradually shifting to parietal regions over time, as early as 6 years old. Taken together, the frontoparietal network is suggested to vastly affect numerical processing, accommodating both its symbolic and non-symbolic aspects. It can also be suggested that the role of the frontal region in the frontoparietal connectivity is strongly pronounced in the first years and is being shifted to parietal connectivity every year, as the numeracy skill develops (Hyde, 2021). Therefore, the cardinality principle knowledge might be associated with greater functional connectivity between frontoparietal regions in 3-4-year-old children.
[bookmark: _30j0zll]The current study aims to advance our understanding of the brain mechanisms underpinning children’s acquisition of cardinality principle knowledge. Using the give-a-number task, we will first screen preschool children at the age of 2 years 9 months and 4 years 3 months 3 to 4 years old to distinguish two groups of CP-knowers and subset-knowers. The two groups will perform an auditory number word adaptation task (adapted from Vogel et al., 2017) while their brain responses are being recorded. In this task, children will hear the number ‘twosix’ presented repeatedly, occasionally interspersed with deviant auditory number words (i.e., ‘four’ or ‘eightnine’) or deviant auditory non-number words (i.e., ‘rin’ ‘orf’ or ‘ene’ which are phonotactic legal anagrams of the number words). The task does not demand active response production that mitigates the influence of response selection (Vogel et al., 2015) and makes it suitable for young children (Kovacs & Schweinberger, 2016). We expect different brain responses in the two groups to the deviant auditory number words but not to deviant auditory non-number words. CP-knowers process the conceptual difference between repeated number words ‘twosix’ and deviant auditory number words ‘four’ and ‘eightnine’ that points to the association between the semantics and quantity of those numbers, which is not the case for subset-knowers. In other words, the number words ‘four’ and ‘eightnine’ represent a set of items in the brain in CP-knowers but not in subset-knowers. This conceptual difference is beyond the perceptual difference that ‘twosix’ sounds different from ‘four’ and ‘eightnine’ and all of them belong to their count sequence, which is true for both groups. Brain activation will be measured using functional near-infrared spectroscopy (fNIRS), which is non-invasive, portable, low sensitive to movement, and low cost (Pinti et al., 2018; Scholkmann et al., 2014; Soltanlou et al., 2018). Those characteristics allow recording brain responses in natural settings like nurseries and, make it one of the most promising neuroimaging techniques in developmental science (e.g., Aslin et al., 2015; Whiteman et al., 2017). 
We hypothesize that CP-knowers will exhibit higher left frontoparietal activation, defined by increased HbO/decreased HHb, specifically in the left parietal region and left frontal region, relative to subset-knowers because they are more advanced in their conceptual knowledge about the meaning of number words (Hypothesis 1). Moreover, CP-knowers will exhibit higher bilateral parietal functional connectivity, defined by functional co-activation between these two regions,  between the left parietal region and the right parietal and left frontal regions relative to subset-knowers because they have built a link between number words and intuitive representations of quantity and can recruit supportive frontal cognitive processes (Hypothesis 2). We summarised the direction of the hypotheses in Figure 1.
[image: A graph of a graph with lines and text]
Figure 1: conceptual visualisation of the hypotheses for this study. According to Hypothesis 1, CP-knowers will exhibit higher left parietal activation, defined by increased HbO/decreased HHb, in both conditions relative to subset-knowers because they are more advanced in their conceptual knowledge about the meaning of number words. Similarly, according to Hypothesis 2, CP-knowers will exhibit higher bilateral parietal functional connectivity, defined by functional co-activation between these two regions. Please note that in both hypotheses, we expect smaller group differences for number word ‘four’ than for number word ‘eight’. Smaller group difference for number word ‘four’ is expected because while both CP- and subset-knowers understand number word ‘four’ and are expected to have a strong parietal response, CP-knowers are more advanced, so their parietal response will be stronger as compared to subset-knowers. However, larger group difference for number word ‘eight’ is expected because subset-knowers do not understand number word ‘eight’ yet, and are thus not expected to have a strong parietal response. CP-knowers, however, have a much better understanding of number word ‘eight’, and are expected to have a strong parietal response. Please also note that the lines’ angle of inclination serves only illustrative purposes, namely, showing which group and which condition is suggested to have highest activation (Hypothesis 1) or strongest connectivity (Hypothesis 2).


Material and Methods
Power analyses
Since this is the first fNIRS study of numerical knowledge acquisition in preschool children, sample size calculation is based on the most relevant study by Holloway et al. (2013). They had two groups of adult participants: bilingual in English and Chinese, and fluent in English but not Chinese. In one of their conditions, Chinese numbers were used. Therefore, while these numbers were familiar (i.e., semantically meaningful) for the bilingual participants, they all seemed to be unfamiliar for English monolingual participants. Holloway et al. (2013) observed significant group differences in the right IPS activation during this Chinese numerical adaptation task. We used the means and standard error values of bilingual (M = 0.406, SE = 0.101) and monolingual (M = 0.153, SE = 0.089) groups provided on p. 395-396 of Holloway et al. (2013) in the Chinese numerical adaptation condition. These values were used to calculate the standard deviation values (SD = 0.364 for bilingual, and SD = 0.321 for monolingual) and the Cohen’s d effect size of 0.73. 
[bookmark: _1fob9te]There are several methodological differences that should be taken into account when using their effect size for the sample size calculation. For instance, in the study by Holloway et al. (2013), two groups of adults performed a visual numerical adaptation task while brain activation was monitored by fMRI and the dependent variables were ratio-dependent changes (e.g., 6/8 vs. 6/12). In contrast, in our study, two groups of preschoolers will perform an auditory numerical adaptation task while brain activation will be monitored by fNIRS and the dependent variables will be the contrast of number words vs. non-number words (e.g., ‘four’ vs. ‘rinorf’). In addition, there is a considerable difference in signal-to-noise ratio for fMRI vs. fNIRS with different spatial and temporal resolutions, which can mean statistical power from an fMRI study may not be directly compared to that of fNIRS. Considering also the file drawer problem of unpublished studies, and publication bias towards significant findings (Cipora & Soltanlou, 2021; Fanelli, 2011), as well as the current lack of studies on the neuroimaging differences between subset-knowers and CP-knowers, it is sensible to utilize a low to medium effect size of      Cohen's  d = 0.35. we have decided to utilize a medium effect size of Cohen's d = 0.5.
We applied Bayes Factor Design Analysis (BFDA) using sequential Bayes factor with maximal n design, in which participants will be collected until either a sufficient BF is achieved, or maximum number is reached (Schönbrodt & Wagenmakers, 2018). The benefit of using this design is that it ensures collecting sufficient sample while ensuring feasibility (Schönbrodt & Wagenmakers, 2018). Calculation of sample size involved running Monte Carlo simulations and relied on the BFDA package in R (R Core Team, 2022; Schönbrodt, 2016; see https://github.com/nicebread/BFDA). For our study, we specified the following parameters: number of simulated studies = 10,000, BF10 = 10, d = 0.35, Nmin = 730 per group (60 in total), Nmax = 60 110per group (120 in total).  This design detects an expected medium effect size of δ = 0.35 with a probability of 77.885.3% before the nmax is reached. The simulations of our design under H1 showed that the probability of our study to gain expected BF10 of 10 before reaching nmax is 77.885.3%, with the average stopping at total of N = 81 84 participants. 

Participants
We will recruit typically developing preschool children between 2 years 9 months and 4 years 3 months old through social media and nurseries in the UK. Note that we will continue recruitment until we reach the target. Due to the possibility of testing children in both English and Russian languages, we will invite the children who speak English or Russian as their primary language. In the case where the child speaks both languages equally fluently, the language of study will be defined based on the child’s preferences. Note that English and Russian languages have similar grammar structure regarding numerals, and native speakers of both languages have been found to develop numeracy skills within the same timeline (Sarnecka et al., 2007), hence, the language will not be a grouping factor in the analyses. Demographic information about children including age, biological sex, handedness, socioeconomic status, number of siblings, frequency of day-care attendance, and parents’ education will be collected.. Note that we will continue recruitment until we reach the target. Demographic information about children including age, biological sex, handedness, socioeconomic status, number of siblings, frequency of day-care attendance, and parents’ education will be collected.Surrey and Greater LondonWe will recruittypically developing preschool children at the age of 3 to 4 years through social media and local nurseries in 
 Inclusion criteria consist of (i) age between 3 and 4 years at the time of measurement, (ii) no history or diagnosis of neuropsychological impairment including developmental disorder, (iii) no chronic disease such as diabetes mellitus, renal failure, and high blood pressure, (iv) no use of particular medication at the time of measurement, and (v) normal or corrected-to-normal vision, (vi) ability to speak and understand English and/or Russian. , (vii) a minimum of one clean channel per ROI and per participant for inclusion. Two groups will be matched for the non-verbal IQ and the mean age will be kept as closed as possible. This will be done by monitoring the IQ results of participants to ensure their fit for the study before moving on to next stages of testing (both behavioural tasks and brain measurement). Exclusion criteria consist of (i) non-compliance with the wearing fNIRS cap (declining to wear the cap completely), (ii) non-completion of the Give-a-number task, (iii) extreme contamination of fNIRS data (rejection of all channels during preprocessing), (iv) experimental error during Give-a-Number task and fNIRS task. Parents will give written consent and receive a reimbursement, and similarly, children will give verbal consent and receive a toy for participation in the study. All procedures are in line with the latest ethics guidance of the Economic and Social Research Council (ESRC) and were approved by the University Ethics Committee of the University of Surrey.

Questionnaires and behavioural measures 
Socioeconomic status questionnaire (SES)
The socioeconomic status will be measured using the Barratt Simplified Measure of Social Status (BSMSS) Questionnaire (Barratt, 2006), and it should be completed by Parents/Guardians. In this questionnaire, the socioeconomic status is represented by maternal and paternal years of education. Unlike income and occupation measurements, this construct is suggested to be both more stable and objective, as well as relatable to the quality of a child’s home environment (Duncan & Magnuson, 2012; Mayes & Lewis, 2012). 

Home-Maths Environment Questionnaire
This questionnaire is to be conducted by the child’s parent/guardian to find out about math activities the child carries out at home. It will include a total of 20 items. The first 7 items measure the frequency of parent/guardian-child mathematical home activities. Questions regarding how often parent/guardian engages in different math-related activities with their child at home, such as cooking and playing games. Parents’ frequency of at-home math activity ranges on a 5- point Likert scale; never (0) to every day (4). The next 10 items measure parent/guardian expectations of their child’s mathematical skills. This includes questions about how important the parent/guardian felt it was for their child to be able to complete certain math-related tasks. This will be measured using a 4- point Likert scale ranging from not at all important (0) to very important (3). The final 3 items will measure parents/ guardians’ attitudes towards mathematics using a 5- point Likert scale, ranging from completely disagree (0) to completely agree (4). For each participant, an average score will be calculated for each subscale. With a Cronbach’s alpha of 0.79, 0.89 and 0.74 for the activities, expectations and attitudes items respectively, this questionnaire has sufficient reliability. This questionnaire is based on De Keyser et al., 2020, with the work adapted from LeFevre et al., 2009, Kleemans et al., 2012 and Rathé et al., 2020. 

Non-verbal IQ measurement
To assess the non-verbal IQ in both groups of children, the Matrices subtest of the British Ability Scales III (BAS III) will be administered (Elliot & Smith, 2011). It is designed to assess the non-verbal IQ of different abilities including visual-perceptual organization, nonverbal reasoning, and cognitive flexibility. In the task, children will be shown incomplete matrices of abstract figures. Children will need to complete the pattern of each matrix by identifying a missing shape (from a multiple‐choice selection). The number of correctly solved items is calculated as the score of each child. The resulting raw score (number of correctly solved items) will be age-adjusted and converted to the standardized score. 

Verbal counting task
[bookmark: _3znysh7]The children will be asked to recite the count list, starting from one and counting as high as they can without an error, or until they reach 100. They will be stopped whenever they make an error. The score will be the highest number reached without an error (Geary et al., 2018).

Give-a-number task
In this task, children will be presented with a pile of 30 small balls with a diameter of approximately 2 cm. The experimenter will ask them to provide a specific number of balls, using this instruction “In this game, I will ask you to give me some of these balls. I will ask you a few times. Ready? Could you give me x balls? Please place them on my plate.” 
We used titrated version (Following the adapted version of the task in Krajcsi, 2021 and Marchand et al., 2022), in which we split the task into three pseudorandomized blocks to avoid the predictive nature of an increasing series: i) 1, 3, 2, ii) 6, 4, 5, iii) 9, 7, 8. Within each block, each number would be asked twice, and if the accuracy for that number is 50% (e.g. the first response is wrong, but the second is correct), the number would be asked the third time. If a child fails two or three numbers in the block (for example, gives correct answers for number 4, but not for 6 and 5), the next block will not be asked. 
For scoring, the average performance (i.e., the proportion of the correctly solved trials for each number) will be calculated for each child. A number is known if two criteria are met: First, the proportion of correct responses must be higher than 66%, which means at least two or three correct answers for a given number. The number knowledge is specified as the largest known number after which the first unknown number follows (e.g., number knowledge is 3 if the child solves numbers 1-3 but fails for number 4). If children’s measured number knowledge is at least 5, they will be considered as CP-knower, otherwise, they will be considered a subset-knower.
Following Krajcsi (2021), we will ask the numbers in the following order: 1, 3, 2, 6, 4, 5, 7, 9, and 8. This pseudorandom order will avoid the predictive nature of an increasing series. The entire series of these values will be repeated four times, resulting in 36 trials. The numbers provided by the children will be recorded. No follow-up questions would be asked after the trials and children will not be encouraged to recount the set when an incorrect answer was given (Krajcsi, 2021). Krajcsi (2021) argues this is one of the most valid ways to test cardinality knowledge in preschool children.
For scoring, the average performance (i.e., the proportion of the correctly solved trials for each number) will be calculated for each child. A number is known if two criteria are met: First, the proportion of correct responses must be higher than 50 % (i.e., 75 % or 100 %), which means at three or four correct answers for a given number; second, only if the same set size was not given for other number words at least twice (for more details see Krajcsi, 2021). The number knowledge is specified as the largest known number after which the first unknown number follows (e.g., number knowledge is 3 if the child solves numbers 1-3 but fails for number 4). If children’s measured number knowledge is at least 5, they will be considered as CP-knower, otherwise, they will be considered a subset-knower.

fNIRS experiment
[bookmark: _2et92p0]The experimental design consists of an auditory number word adaptation paradigm (Vogel et al., 2017). Children will hear deviant auditory number words and a deviant auditory non-number words that will be presented via speakers, which allows the experimenters to monitor the children’s attentiveness throughout the experiment.. Deviant auditory number words include the monosyllabic number words ‘four’ and ‘nineeight’, which differ by ½ and ¼ 1.5 ratios from ‘twosix’ as the adaptation number word (i.e., 2/4 and 2/84/6 and 6/9). The following ratio has been chosen following the adaptation signal recovery that suggests the increased ratio (when the ratio is calculated by dividing the larger number by the smaller number) is linked to better signal recovery in adaptation task in the brain areas associated with symbolic processing (Vogel et al., 2017; Ansari, 2008; Nieder & Dehaene, 2009). The two similar deviant auditory non-number word is ‘rin’s are ‘orf’ and ‘ene’ (Figure 21A). Therefore, there will be three conditions: deviant auditory number word ‘four’ (within the range of subset numbers), deviant auditory number word ‘nineeight’ (within the range of cardinality numbers but beyond the range of subset numbers) and deviant auditory non-number word ‘rin’s ‘orf’ and ‘ene’ (combined as one condition). 
The rationale for splitting deviant auditory number word ‘four’ and ‘nineeight’ into two separate conditions is that CP-knowers are expected to process the conceptual difference between both deviant  auditory number wordss and adaptation auditory number word ‘sixtwo’, while subset-knowers are expected to process the deviant auditory number word ‘four’ but not ‘nineeight’. The experiment will follow a block design. During each block, a continuous stream of the adaptation number word ‘six’ will be repeatedly presented and randomly interspersed after 5, 6 or 7 repetitions (mean of 6) by one of the conditions. During each block, the adaptation auditory number word ‘two’ will be repeatedly presented and alternated by one of the conditions.  There will be three runs in total, and each run will contain 46 blocks of one condition. The order of runs will be counterbalanced using a Latin square design across participants. The rationale for having each run include only one of the conditions is to avoid task switching which is a very cognitively demanding task for young children, and also to have a better signal-to-noise ratio (Rahimpour et al., 2023in press). There will be 46 blocks per condition, and in each block, there will be 53 trials of deviants (the type of deviant depends on the condition) and 185 trials of adaptation auditory number word (Figure 21B). 
The presentation length of each trial will be around 400 ms but slightly varies as a function of pronunciation time. The trials are separated by 1200 ms silence. Therefore, the approximate length of one block will be approximately 1633.6 seconds. The blocks are separated by jittered inter-block intervals of 15-17 seconds of silence (mean of 16 sec), during which adaptation number word ‘two’ will be repeatedly presented  (Figure 21B), the total time per experiment, for both English and Russian versions, will be approximately 146 minutes plus a self-paced break between the runs. The children will be familiarised with the task procedure through verbal instruction and prompted to attend to the stimuli without active engagement to produce a response. To ensure children attend to the stimuli, children will be looking at the fixation point in the centre of the screen. Similarly to Kersey and Cantlon (2017), the fixation point will be presented as a smiley face icon (2 cm diameter), and children will be asked to press the spacebar button with their index finger (depending on preferences, either left or right hand) whenever the icon will wink. The smiley face will wink after every two blocks, randomly during the first half of inter-block interval to avoid confound motor activation on the next block, thus, 2 times per run and 6 times in total. All trials will be recorded by an English native femaleIn order to minimise common difficulties specific to this age group (reluctance to wear a cap, boredom from a monotonous task, increased movement), participants watched a silent cartoon of their choice during the experiment. The trials for English-speaking children will be recorded by an English native female, while the trials for Russian-speaking children will be recorded by a Russian native female..
[image: ]
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[bookmark: _tyjcwt]Figure 21: A) Trial types. The two deviant auditory number words differ by ½ and ¼ 1.5 ratios from ‘sixtwo’. The two deviant auditory non-number words are flips of the deviant auditory number words. B) The block design paradigm for stimuli with an example of trials in one of the blocks. There are 46 blocks in one run. Note that to improve the signal-to-noise ratio, there is one condition per run. Each stimulus takes approximately 400 ms, with an inter-stimulus interval of 1200 ms and a jittered inter-block interval between 15-17 seconds. Other conditions (deviant auditory number word ‘four’ and deviant auditory non-number words ‘rinorf’ / ‘ene’) follow the same procedure. C) Positions of the fNIRS optodes based on fNIRS Optodes’ Location Decider (fOLD) toolbox (Morais et al., 2018). The red circles depict the emitters, and the blue circles depict the detectors. 

Procedure
Each child will be measured individually in a light-attenuated room in the nursery, thus providing participants with a well-known, safe environment. Before the data collection, we will recruit parents/guardians through emails and flyers at the nursery. Parents/guardians can choose to communicate with us only via email or meet us at the nursery and discuss any questions regarding the data collection. Once the parent/guardian reads and commits their consent, they will be asked medical background check questions, demographic information, as well as socioeconomic status questionnaire and home-maths activity questionnaire. Parents/guardians can choose to submit filled out questionnaires either in person at the nursery or via email. During data collection, we will first introduce the fNIRS device to the child and their guardian if they wish to be present during data acquisition. The child will be also asked for their verbal agreement. Thereafter, one experimenter starts testing the child with the non-verbal IQ test, the verbal counting, and the give-a-number task, while the second experimenter records the child’s responses. 
The two experimenters will then prepare the fNIRS cap and place the optodes on the child’s head. During the fNIRS preparation and wrapping up the fNIRS experiment, the child will watch a cartoon on a laptop. The fNIRS experiment starts with a short practice. The practice consists of a continuous stream of the adaptation auditory number word ‘sixtwo’ repeatedly presented. This stream is interspersed by deviant number words and deviant non-number words after 5, 6 or 7 repeats (mean of 6). Unlike regular blocks, the practice block will consist of two deviant auditory number words (‘four’ and ‘nineeight’), and two an auditory non-number words (‘rinorf’ and ‘ene’), to give an idea of what can be heard. Additionally, during practice, children will be asked to pay attention to the smiley face icon in the centre of the monitor, and push the spacebar using their index finger (either left or right, depending on the preferences) once it winks. To ensure that children have enough time to push the spacebar, they will be asked to keep their finger on the spacebar and be ready to press it during both practice and the experiment. 
During practice, the smiley face icon will wink two times. The practice will include one block and will take approximately 44.8 seconds plus the explanations. One experimenter will explain the procedure and give verbal feedback to the child during the practice trials to ensure their understanding of the procedure. Once the fNIRS is set up, children are instructed to listen to the auditory number sequence and pay close attention to a smiley face in the centre of the monitor to push the spacebar once the smiley face winkswatch a silent cartoon of their choice. No other response is needed for the trials and no feedback will be given. The experiment will consist of three runs (each approximately 25 minutes) with a self-paced break in between. The entire experiment including both fNIRS recording and behavioural measurements will be approximately 30-45 minutes (depending on the child’s level of engagement). To increase motivation, children will be awarded stickers after completing each task and a toy at the end, regardless of their performance.

fNIRS data acquisition and preprocessing
[bookmark: _3dy6vkm]A portable continuous-wave fNIRS device (Brite, Artinis Medical Systems BV, The Netherlands; Figure 21C) with 8 sources and 10 detectors with dual-wavelength (760 nm and 850 nm) near-infrared light will be used. It measures relative concentration changes in oxygenated (HbO), deoxygenated (HHb), and total (HbT) hemoglobin (Maki et al., 1995) following the modified Beer-Lambert law (Cope & Delpy, 1988), which represents the brain activation changes. The sampling rate will be 10 Hz with the standard detectors located at 30 mm. The optodes (i.e., sources and detectors) are arrayed in a lattice pattern over the bilateral frontoparietal cortex and embedded in a Neoprene head cap (Figure 21C). This configuration forms 18 measurement channels, defined as the area under each source-detector pair. The left- and right-hemisphere emitters will be respectively placed on P1, P3, P5, CP3, CP5 and P2, P4, P6, CP4, CP6 for measuring the left and the right parietal regions respectively, and on FC1, FC3, F3, F5 and FC2, FC4, F4, F6 for measuring the left and the right frontal regions respectively, following the international 10-10 system (Chatrian et al., 1985). 
Preprocessing and activation analyses will be carried out using the NIRS Brain AnalyzIR toolbox (Santosa et al., 2018). First, channel quality will be assessed using the QT-NIRS toolbox using SCI threshold = 0.6, Q threshold = 0.65 and PSP threshold = 0.1 (Hernandez & Pollonini, 2020). Data will be converted to changes in optical density and corrected for motion artefacts using the Temporal Derivative Distribution Repair (TDDR) method with enabled PCA (Fishburn et al., 2019). This method uses a robust regression approach to reduce the magnitude of large fluctuations (e.g., motion) in the signal while leaving small fluctuations (i.e., hemodynamics) intact. This makes the TDDR an appropriate artefact correction method in young children (e.g., Fishburn et al., 2019; Quiñones-Camacho et al., 2019). Next, we will apply the fourth-order Butterworth with a band-pass of 0.01-0.09 Hz. Signals will be then converted to HbO and HHb concentrations using the modified Beer-Lambert law (Delpy and Cope, 1997) with a partial path length correction of 0.1 (i.e., differential path length factor = 6 and partial volume factor = 60) for both wavelengths. As the last step, we will apply systemic artefact correction using a general linear model (GLM), after which we will extract residuals that will be used in further processing.
Task activation will be quantified by convolving the boxcar function for each of the 1812 blocks (deviant auditory number word ‘four’, deviant auditory number word ‘nineeight’ and deviant auditory non-number word ‘rin’) with the canonical hemodynamic response function (HRF) and submitting it to the first-level GLM. Slow drift in the signal will be corrected by including a third-order Legendre polynomial regressor in the GLM matrix (e.g., Fishburn et al., 2019). Coefficients will be estimated using the autoregressive pre-whitening approach using iteratively reweighted least squares (AR-IRLS), which controls for Type-I error in the fNIRS statistical model (Barker et al., 2013; Santosa et al., 2018, Santosa et al., 2017). This approach accounts for the serially correlated noise of systemic physiological oscillations (e.g., Fishburn et al., 2019). The estimated beta coefficients for all conditions will be extracted. The highest coefficient of HbO for each condition on each of the 4 regions of interest (ROIs; bilateral parietal  and frontal regions) will be used to test whether CP-knowers exhibit higher bilateral frontoparietal activation, defined by increased HbO/decreased HHbnamely higher HbO, specifically in the left parietal region and left frontal region, relative to subset-knowers (Hypothesis 1). This difference is expected in the contrast of deviant auditory number word ‘eight’ minus control (Hypothesis 1a), and in the contrast of deviant auditory number word ‘four’ minus control (Hypothesis 1b).
To calculate the functional connectivity between the ROIs, the autoregressive whitened signal of the channels with the highest beta coefficient for each condition and each ROI will be used. The AR correlation using robust regression between these signals will be calculated for each condition (auditory number word and auditory non-number word). The robust correlation coefficients of each condition will be calculated and quantified using the Fisher z-transformation of their absolute values (e.g., Fishburn et al., 2018). The Fisher z-transformed values of HbO will be used to test whether CP-knowers will exhibit higher bilateral parietal functional connectivity, defined by functional co-activation between these two regionsnamely higher HbO, between the left parietal region and the right parietal and left frontal regions relative to subset-knowers (Hypothesis 2). This difference is expected in the contrast of deviant auditory number word ‘eight’ minus control (Hypothesis 2a) and the contrast of deviant auditory number word ‘four’ minus control (Hypothesis 2b). Statistical analysis will be conducted using R (R Core Team, 2022). The preprocessing and analysis scripts will be available on OSF (https://osf.io/ntprc/).

Analyses plan
We will apply the Bayesian approach to test our hypotheses. The statistical analysis (Bayesian t-tests) will be performed using R (R Core Team, 2022). Since this is the first study of its kind and we cannot infer priors from the literature at present, we will use uninformed Cauchy priors for all Bayesian analyses, and models will be compared to the null model. For the t-tests, the Cauchy priori scale will be set to a default of 0.707 (Quintana & Williams, 2018). For the interpretation, we will rely on calculating Bayes Factors (BF), the likelihood of the proposed alternative hypotheses (H1) compared to the null hypotheses (H0). The Bayes factor is typically denoted as BF01 when indicating the likelihood of the H0 over H1 and as BF10 when indicating the likelihood of the H1 over H0 (Schönbrodt & Wagenmakers, 2018). When BF10 equals 1-3, it is commonly inferred that the evidence for H1 over H0 is anecdotal; when BF10 is close to or equals 10 it means that the evidence is moderate; lastly, when BF10 higher than 10 signifies strong evidence for the hypothesis of interest (Lee & Wagenmakers, 2013). 
To test for Hypothesis 1, we will run 4  two-tailed Bayesian paired independent samples t-tests comparing parietal engagement for experimental conditions with factors of Age and CP-status. We will compare brain activation of CP-knowers and subset-knowers in the left parietal area fFor the contrast of the deviant auditory number word ‘nineeight’ – control (Hypothesis 1a) and , we will compare brain activation of CP-knowers and subset-knowers in the left frontal area (Hypothesis 1a), and in left parietal area (Hypothesis 1b). Similarly, for the contrast of the deviant auditory number word ‘four’ – control, we will compare brain activation of CP-knowers and subset-knowers in the left frontal area (Hypothesis 1c), and in left parietal area (Hypothesis 1bd). We summarised the detailed prediction and rationale for each hypothesis in Table 1.  
Table 1. Predicted results for Hypothesis 1
	Hypothesis 1
CP-knowers will exhibit higher  frontoparietal activation, specifically in the left parietal region and left frontal region, relative to subset-knowers because they are more advanced in their conceptual knowledge about the meaning of number words.

	Type of analysis
	Expected result
	Rationale

	Hypothesis 1a:
CP-knowers will have higher activations in left frontal area than subset-knowers when comparing the contrast of deviant auditory number word ‘nine’ –control. 
	Independent two-tailed t-test
	CP-knowers in the processing of the number word ‘nine’ will have higher left frontal activation. 
	This prediction is based on the assumption that CP-knowers already understand the concept of the number word ‘nine’, unlike subset-knowers, thus the engagement of the frontoparietal regions (specifically left frontal) responsible for the numerical processing will be more evident.

	Hypothesis 1ab:
CP-knowers will have higher activations in left parietal area than subset-knowers when comparing the contrast of deviant auditory number word ‘nineeight’ –control.
	Paired two-tailed t-test with factors of Age and CP statusIndependent two-tailed t-test
	CP-knowers in the processing of the number word ‘nineeight’ will have higher left parietal activation.
	This prediction is based on the assumption that CP-knowers already understand the concept of the number word ‘nineeight’, unlike subset-knowers, thus the engagement of the frontoparietal regions (specifically left parietal)left parietal region responsible for the numerical processing will be more evident.

	Hypothesis 1c:
Subset-knowers will have higher activations in left frontal area than CP-knowers when comparing the contrast of deviant auditory number word ‘four’ –control.
	Independent two-tailed t-test
	Subset-knowers in the processing of the number word ‘four’ will have higher left frontal activation. 
	This prediction is based on the assumption subset-knowers rely more on the general supportive function of frontal area than the CP-knowers that already fully grasped the concept of number word ‘four’.

	Hypothesis 1b.d:
CP-knowers will have higher activations in left parietal area than subset-knowers when comparing the contrast of deviant auditory number word ‘four’ –control.
	Paired two-tailed t-test with factors of Age and CP statusIndependent two-tailed t-test
	CP-knowers in the processing of the number word ‘four’ will have higher left parietal activation.
	This prediction is based on the assumption that while both CP- and subset-knowers understand the semantic meaning of the number word ‘four’ and will show left parietal activation in response, in CP-knowers, due to their advancement, the processing of number word ‘four’ in left parietal area, while subset-knowers rely more on the general supportive function of frontal area.will be more evident than in subset-knowers



To test for Hypothesis 2, we will run 3 two-tailed Bayesian independent pairedsamples t-tests comparing parietal engagement for experimental conditions with factors of Age and CP-status.. For the contrast of deviant auditory number word ‘nine’ – control, we will apply group comparison of the connectivity between the left frontal and left parietal areas (Hypothesis 2a), and between left parietal and right parietal areas (Hypothesis 2b). For the contrast of deviant auditory number word ‘four’ – control, we will apply group comparison of the connectivity between left frontal and left parietal areas (Hypothesis 2c), and between left parietal and right parietal areas (Hypothesis 2d). 
We will compare the connectivity between the left and right parietal areas both for the contrast of the deviant auditory number word “eight” – control (Hypothesis 2a), and for the contrast of the deviant auditory number word “four” – control (Hypothesis 2b). We summarised the detailed prediction and rationale for each sub-hypothesis in Table 2. 
Table 2. Predicted results for Hypothesis 2
	Hypothesis 2
CP-knowers will exhibit higher functional connectivity between the left parietal region and the right parietal and left frontal regions relative to subset-knowers because they have built a link between number words and intuitive representations of quantity and can recruit supportive frontal cognitive processes.

	Type of analysis
	Expected result
	Rationale

	Hypothesis 2a:
CP-knowers will have higher functional connectivity between left frontal and left parietal areas than subset-knowers when comparing the contrast of deviant auditory number word ‘nine’ – control. 
	Independent two-tailed t-test
	CP-knowers in the processing of the number word ‘nine’ will have higher functional connectivity between left frontal and left parietal areas. 
	This prediction is based on the assumption that CP-knowers are relying on the general support of the frontal area to process the number word ‘nine’, unlike CP-knowers that cannot process this number word yet.

	Hypothesis 2ab:
CP-knowers will have higher functional connectivity between left parietal and right parietal areas than subset-knowers when comparing the contrast of deviant auditory number word ‘nineeight’ – control.
	Paired two-tailed t-test with factors of Age and CP statusIndependent two-tailed t-test
	CP-knowers in the processing of the number word ‘nine’ will have higher bilateral parietal connectivity.
	This prediction is based on the assumption that CP-knowers already built a link between the number word ‘nineeight’, and its intuitive representation, unlike CP-knowers that cannot process this number word yet.

	Hypothesis 2c:
CP-knowers will have lower functional connectivity between left frontal and left parietal areas than subset-knowers when comparing the contrast of deviant auditory number word ‘four’ – control.
	Independent two-tailed t-test
	CP-knowers in the processing of the number word ‘four’ will have higher left frontal and left parietal connectivity.
	This prediction is based on the assumption that CP-knowers have long built a link between the number word ‘four’, and its intuitive representation, and thus do not rely on general support of the frontal area, unlike subset knowers that have just started processing this number word.

	Hypothesis 2bd:
CP-knowers will have higher functional connectivity between left parietal and right parietal areas than subset-knowers when comparing the contrast of deviant auditory number word ‘four’ – control.
	Paired two-tailed t-test with factors of Age and CP statusIndependent two-tailed t-test
	CP-knowers in the processing of the number word ‘four’ will have higher bilateral parietal connectivity. 
	This prediction is based on the assumption that while both CP- and subset-knowers understand the semantic meaning of the number word ‘four’ and will show parietal engagement in response, CP-knowers, due to their advancement, already built a stronger link between the number word ‘four’, and its intuitive representation, unlike subset knowers that have just started processing this number word.
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the Study Design Template

	Question
	Hypothesis
	Sampling plan
	Analysis Plan
	Rationale for deciding the sensitivity of the test for confirming or disconfirming the hypothesis
	Interpretation given different outcomes
	Theory that could be shown wrong by the outcomes

	Does CP knowledge relate to activation within the left frontoparietal network of mathematical thinking, especially of the left parietal region?
	Hypothesis 1: CP-knowers will exhibit higher bilateral frontoparietal activation, specifically in the left parietal region and left frontal region, relative to subset-knowers because they are more advanced in their conceptual knowledge about the meaning of number words.


	We applied Bayes Factor Design Analysis (BFDA) using sequential Bayes factor with maximal n design, in which participants will be collected until either a sufficient BF is achieved, or maximum number is reached (Schönbrodt & Wagenmakers, 2018). The benefit of using this design is that it ensures collecting sufficient sample while ensuring feasibility (Schönbrodt & Wagenmakers, 2018). Calculation of sample size involved running Monte Carlo simulations and relied on the BFDA package in R (Schönbrodt, 2016; see https://github.com/nicebread/BFDA). For our study, we specified the following parameters: number of simulated studies = 10,000, BF10 or BF01 = inf, d = 0.35, Nmin = 70 30 per group (60 in total), Nmax = 11060 per group (120 in total).  This design detects an expected medium effect size of δ = 0.35 with a probability of 77.885.3% before the nmax is reached.Simulating the performance of our design under H1 resulted in 22.214.7% of studies terminating at nmax, 77.885.3% terminating at H1 boundary and 0% at H0 boundary, on average stopping at n = 841.
	Paired t-tests with factors of age and CP status.
Multiple one-tailed independent t-tests.

– see Analysis plan section in paper.
	[bookmark: _1t3h5sf]Since this is the first fNIRS study of numerical knowledge acquisition in preschool children, sample size calculation is necessarily inexact.  A relevant fMRI study of a similar numerical adaptation paradigm in adults reported Cohen’s d effect size of 0.73 (Holloway, Battista, Vogel, & Ansari, 2013). However, considering also the file drawer problem of unpublished studies, and publication bias towards significant findings (Cipora & Soltanlou, 2021; Fanelli, 2011), as well as the current lack of studies on the neuroimaging differences between subset-knowers and CP-knowers, we have decided to utilize a low to medium effect size of Cohen's d = 0.35.
 we have decided to utilize a medium effect size of Cohen's d = 0.5.

– see Material and Methods
section in paper. 
	Moderate BF10 of difference in the left parietal and frontal regions in CP-knowers compared to subset-knowers will be taken as strong evidence and the anecdotal BF10 of difference in the left parietal and frontal region in CP-knowers will be taken as weak evidence.


– see Analysis plan section in paper
	Failure to find evidence for higher activation  within the left frontoparietal network region in CP-knowers compared to subset-knowers might suggest that the emergence of symbolic numerical knowledge may not necessarily rely on the frontoparietal network in young children.

Explanations for all results will be presented in the discussion.


	Does CP knowledge relate to the functional connectivity of the left parietal to the and  right parietal and the left frontal regions within the frontoparietal network of mathematical thinking?
	Hypothesis 2: CP-knowers will exhibit higher functional connectivity between the left parietal regionleft and the right parietal and left frontal regions relative to subset-knowers because they have built a link between number words and intuitive representations of quantity and can recruit supportive frontal cognitive processes.

	See above
	Multiple two-tailed independent t-tests.
– see Analysis plan section in paper.
See above
	See above
	 See above 
	See above
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