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Abstract

Number sense is fundamental to the development of numerical problem-solving skills.
In early childhood, children establish associations between non-symbolic (e.g., a set
of dots) and symbolic (e.g., Arabic numerals) representations of quantity. The devel-
opmental estrangement theory proposes that the relationship between non-symbolic
and symbolic representations of quantity evolves with age, with increased disso-
ciation across development. Consistent with this theory, recent research suggests
that cross-format neural representational similarity (NRS) between non-symbolic and
symbolic quantities is correlated with arithmetic fluency in children but not in ado-
lescents. However, it is not known if short-term training (STT) can induce similar
changes as long-term development. In this study, children aged 7-10 years under-
went a theoretically motivated 4-week number sense training. Using multivariate
neural pattern analysis, we investigated whether short-term learning could modify
the relation between cross-format NRS and arithmetic skills. Our results revealed
a significant correlation between cross-format NRS and arithmetic fluency in dis-
tributed brain regions, including the parietal and prefrontal cortices, prior to training.
However, this association was no longer observed after training, and multivariate
predictive models confirmed these findings. Our findings provide evidence that inten-
sive STT during early childhood can promote behavioral improvements and neural
plasticity that resemble and recapitulate long-term neurodevelopmental changes
that occur from childhood to adolescence. More generally, our study contributes
to our understanding of the malleability of number sense and highlights the poten-
tial for targeted interventions to shape neurodevelopmental trajectories in early
childhood.
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* We tested the hypothesis that short-term number sense training induces the dis-
sociation of symbolic numbers from non-symbolic representations of quantity in

children.
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training.

1 | INTRODUCTION

Number sense, the ability to represent and manipulate non-symbolic
(e.g., a set of dots) and symbolic (e.g., Arabic numerals) forms of quan-
tities and understand their relations, is one of foundational cognitive
abilities in our everyday life (Butterworth & Walsh, 2011; Gilmore et al.,
2013; Jordan et al., 2022; Jordan et al., 2009; Rousselle & Noel, 2007;
Siegler et al., 2012). Number sense is strongly predictive of higher-level
math problem-solving skills and plays a critical role in mathemati-
cal skill development (Ansari, 2008; Ansari & Dhital, 2006; Bulthé
et al.,, 2018; Schwartz et al., 2021). Here, we focus on understand-
ing the mechanisms underlying numerical skill acquisition in response
to short-term training (STT), and whether it can recapitulate learning
that occurs over the course of development. Knowledge of whether
an effective STT can facilitate learning and brain plasticity in a similar
way as long-term learning that occurs during normative development
has the potential to inform the role of learning experience in cognitive
development and help develop more effective interventions.

According to the “developmental estrangement account,” symbolic
quantity representations become dissociated from non-symbolic
quantity representations over the course of development as indi-
viduals master the relations between non-symbolic and symbolic
numbers (Lyons et al., 2012; Nakai et al., 2023; Schwartz et al., 2021).
A recent study by Schwartz et al. investigated this hypothesis in a
neurodevelopmental context. The researchers found that the degree
of cross-format neural representational similarity (cross-format NRS)
between non-symbolic and symbolic quantity is correlated with arith-
metic skills in children but not in adolescents. In children, significant
associations between cross-format NRS and arithmetic skills were
found in multiple brain regions, including frontal-parietal cortical
regions consistently implicated in numerical information processing
(Arsalidou et al., 2018; Sokolowski et al., 2017). These findings sug-
gest developmental changes in the association between the neural
measure of number sense and arithmetic skills. However, it remains
an open question whether a short-term learning focused on enhancing
individuals’ understanding of quantity (number sense) can induce
changes in the relation between neural mechanisms of number sense
and arithmetic skills.

In the present study, we used a theoretically motivated 4-week

number sense intervention designed to enhance mappings between
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* We leveraged a theoretically motivated intervention and multivariate pattern anal-
ysis to determine training-induced neurocognitive changes in the relation between
number sense and arithmetic problem-solving skills.

* Neural representational similarity between non-symbolic and symbolic quantity

representations was correlated with arithmetic skills before training but not after

* Short-term training recapitulates long-term neurodevelopmental changes associ-
ated with numerical problem-solving from childhood to adolescence.

non-symbolic and symbolic numbers, combined with a multivariate
neural pattern analysis approach. Leveraging this neural pattern anal-
ysis approach, our goal was to determine whether short-term training
can induce neural changes that resemble neurodevelopmental changes
observed from childhood to adolescence. Building upon findings from a
previous long-term developmental (LTD) study (Schwartz et al., 2021),
which included 53 children and 48 adolescents, we sought to recapit-
ulate and extend these results within a STT context (Figure 1a). We
reasoned that even in the absence of LTD changes and learning experi-
ences, an effective STT intervention could induce comparable patterns
of brain and behavioral changes to those observed over the course
of long-term development. Specifically, we investigated whether find-
ings from before and after training in a STT sample, which included
40 children aged 7-10 years, could recapitulate findings from children
and adolecents in the LTD study, respectively. To establish a meaning-
ful basis for evaluating comparable findings between the two samples
at each respective time point or developmental stage, we employed
the same tasks in the STT sample as those used in the LTD study. To
investigate potential changes in underlying representations of mapping
between two number formats induced by our intervention, we exam-
ined cross-format NRS, indexing neural relations between non-symbolic
and symbolic representation of quantity, similar to the approach in the
LTD study (Schwartz et al., 2021).

In the STT study, each participant completed two fMRI sessions,
one session before training and another after training, during which
they performed number comparison tasks in both non-symbolic and
symbolic formats. Additionally, participants underwent a standardized
test of arithmetic fluency before and after training. We first inves-
tigated whether the short-term number sense training could lead to
improvements in behavioral performance on number comparison tasks
in both non-symbolic and symbolic formats. Previous intervention
studies targeting children’s understanding of quantity by mapping sym-
bolic numbers to non-symbolic quantities have reported significant
performance gains (Honore & Noel, 2016; Michels et al., 2018; Ober-
steiner et al., 2013; Wilson et al., 2006). We hypothesized that children
in our STT sample would exhibit enhanced performance across both
non-symbolic and symbolic number comparison tasks as a result of the
intervention.

Next, we examined whether the short-term number sense training
could influence the relation between performance on non-symbolic
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FIGURE 1 Short-term training (STT) and long-term developmental (LTD) study overview and behavioral results from STT. (A) STT and LTD
samples. In the current study, we compared training-induced learning in a 4-week training study (STT) to neurodevelopmental differences between
children and adolescents in Schwartz et al. (2021) (LTD). (B) STT study design. First, children’s arithmetic fluency was assessed from Math Fluency
subtest from Woodcock-Johnson-I111 (WJ-IIl; Woodcock et al., 2001). On a separate day, children underwent an fMRI scan session during which
they had to determine which of two quantities (presented in dot arrays [or Arabic numerals] for non-symbolic [or symbolic] condition) is larger.
Upon the completion of fMRI scan, children went through intensive 4 weeks of one-on-one number sense training with a tutor, focusing on
improving mapping between non-symbolic and symbolic numerical quantity representations. The training occurred three times per week with
each session taking ~60 min. After training, children underwent a second fMRI scan session and completed a second WJ-IIl Math Fluency subtest.
(C) fMRI tasks. In the fMRI session, participants performed non-symbolic and symbolic number comparison tasks in separate runs. The figure
depicts an example trial of a non-symbolic comparison task. Participants responded which side had the larger quantity after the onset of the
presentation of the pair of quantities and before the end of the intertrial interval. Neural representational similarity (NRS) between brain response
patterns of the numerical distance effect (near—far distance) in non-symbolic and symbolic number comparison tasks was computed (see details in
Methods). (D) Behavioral performance improvements in response to STT. Increased performance efficiency was observed in number comparison
task in both non-symbolic (Nonsym) and symbolic (Sym) formats. Performance efficiency was measured by dividing accuracy by median reaction

time, with higher scores indicating higher efficiency. p*** < 0.001.

and symbolic number comparison tasks. Previous work observed that
children, not adolescents, exhibited a significant association in perfor-
mance between these tasks (Schwartz et al., 2021), which suggests a
developmental shift from mapping to dissociation in task performance
across number formats, in line with the developmental estrangement
account. We hypothesized that training-induced changes in the STT
sample would resemble and recapitulate developmental differences
observed between children and adolescents in the LTD sample. Specifi-
cally, we predicted that children in our STT sample would demonstrate
a significant correlation between non-symbolic and symbolic number
comparison task performance before training but not after training.
We then sought to determine whether the neurodevelopmental tra-
jectories of the relation between cross-format NRS and arithmetic
skills, as observed in the LTD study (Schwartz et al., 2021), could be
recapitulated following a STT intervention. We hypothesized that our

4-week number sense training would facilitate learning-related neural

plasticity in the STT sample, resembling the neural plasticity observed
across development in the LTD sample. Specifically, we investigated
two key aspects regarding the relation between cross-format NRS and
arithmetic fluency. First, we examined whether the relation between
cross-format NRS and arithmetic fluency in the STT sample prior to
training was comparable to that observed in children from the LTD
sample. Second, we examined whether the relation between cross-
format NRS and arithmetic fluency in the STT sample post-training
resembled that found in adolescents from the LTD sample. By evalu-
ating these criteria, we aimed to determine if findings from the STT
sample recapitualted those observed in the LTD sample.

Our findings elucidate the effects of STT on children’s number
sense development, advance our understanding of shared neural
representations between symbolic and non-symbolic quantity and
their links with arithmetic fluency, and clarify whether STT could

recapitulate long-term neurodevelopmental changes observed from
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TABLE 1 List of comparison stimuli in the current study.
Condition (relative difficulty) Big near (1)
Stimuli repeated 4x in each task 6:7 (0.86)

(ratio): 8:9(0.89)
7:6(0.86)
9:8(0.89)

Developmental Science

Little near (2) Big far (3) Little far (4)
1:2(0.50) 3:8(0.38) 1:6(0.17)
3:4(0.75) 4:9 (0.44) 2:7(0.29)
2:1(0.50) 8:3(0.38) 6:1(0.17)
4:3(0.75) 9:4(0.44) 7:2(0.29)

Note: Size of stimuli (big or little) was determined by the sum of quantities in each pair.

childhood to adolescence. Our study offers valuable insights into
the plasticity of neural representations induced by training and their

downstream impact on children’s problem-solving abilities.

2 | MATERIAL AND METHODS
2.1 | Participants

STT sample: Training group. A total of 66 second or third grade children
recruited from multiple school districts participated in the training
study as a part of a larger study including children with and without
mathematical difficulties (Karraker et al., 2018). Among these partici-
pants, a total of 24 participants were excluded from data analysis due
to excessive head movement (n = 11), poor image quality (n = 3), poor
co-registration of brain images to a template (n = 1), brain abnormality
(n=1), low birth weight (n = 1), missing data (n = 5), or task administra-
tion error (n = 2). Two additional participants were excluded during the
process of matching general cognitive abilities between children with
and without mathematical difficulties in the larger study where cur-
rent sample was obtained. Therefore, the final sample consisted of 40
children (21 females, Mean,g, = 8.18, SD g, = 0.58).

STT sample: No-contact control group. As part of a larger study, a total
of 30 second or third grade children were recruited to participate as no-
contact controls for the training study. These participants completed
all aspects of the training study except for the training protocol. Among
30 participants, a total of 6 participants were excluded due to missing
behavioral data (n = 3) or below chance level performance in either
non-symbolic or symbolic number comparison tasks at pre- or post-
training session (n = 3). Therefore, the final sample for behavioral data
analysis for no-contact control group included 24 children (15 female,
Mean g = 8.29, SD44. = 0.60). No additional neuroimaging data analysis
was performed for no-contact controls due to insufficient sample with
high-quality fMRI data across time points.

Additional details on demographics of participants in the STT sam-
ple are included in Supplementary Methods. Informed written consent
was obtained from the child’s legal guardian and the protocol was
approved by the Institutional Review Board.

LTD sample. We used the previous dataset of Schwartz et al. (2021).
The final sample of Schwartz et al. consisted of 53 children (28
females, Mean,g, = 8.2, SDog, = 0.65) and 48 adolescents (26 females,
Mean,ge = 18.2, SD4ge = 1.56). Additional details are described in
Schwartz et al. (2021).

2.2 | Experimental procedures

The STT study aimed to examine cognitive and brain plasticity follow-
ing number sense training. Children completed cognitive assessments,
which included an arithmetic fluency test, and brain imaging scans,
which included number comparison fMRI tasks, before and after a 4-
week number sense training (Figure 1b,c). Children and adolescents in
the LTD study (Schwartz et al., 2021) completed identical cognitive and
brain measures.

2.2.1 | Non-symbolic and symbolic number
comparison fMRI tasks

Children completed the non-symbolic and symbolic number compar-
ison tasks in the MRI scanner wherein they determined the larger
between two non-symbolic or symbolic numbers (Figure 1c). We used
a 2 x 2 experimental design accounting for both the size of the num-
ber pair (little, big) and the distance between the numbers of the pair
(near, far), resulting in 16 trials per condition (Table 1). In half of the tri-
als, the sum of the pair was >10 (“big” comparison), and in the other
half, it was <10 (“little” comparison). In half of the trials, the distance
between the numbers was 1 (“near” distance), and in the other half, the
distance was 5 (“far” distance). Quantities between 1 and 9, excluding 5,
were used.

On each trial, a fixation appeared for 500 ms followed by a pair
of quantities, which remained visible for 1000 ms before disappear-
ing, leaving a blank screen for 1500 ms to fill up the response phase.
Stimuli were presented simultaneously on each side of the screen
and consisted of a pair of dot arrays in the non-symbolic task and a
pair of Arabic numbers in the symbolic task. The duration for stim-
ulus presentation was relatively short in order to avoid counting in
the non-symbolic condition. For the non-symbolic number compari-
son task, we controlled (i) the total area covered by each array of
dots for the half of the trials and (ii) the average size of dots in each
array for the other half of the trials to control for potential confounds
with the number of items. The size of dots in the non-symbolic task
varied, with dots being spaced with similar density without appar-
ent pattern. Each stimulus pair was presented four times, once with
the larger number on the left, and once with the larger number on
the right.

With a button box (2-button fiber optic response pad, Curdes sys-

tem: www.Curdes.com), children indicated their judgment of which
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side of the screen had larger quantity via button press—the left but-
ton if the larger number was on the left side or the right button if
the larger number was on the right side. Stimuli were presented using
E-Prime 2.0 (Schneider et al., 2002) and displayed using an LCD pro-
jector and a back-projection screen in the scanner suite. The intertrial
interval between trials was jittered randomly between 1.7 and 3.8 sec-
onds. A total of 64 trials were presented in each run, which took about
6 minutes. The order of trials and runs (symbolic or non-symbolic) was
randomized across participants.

2.2.2 | Arithmetic fluency

Arithmetic problem-solving skills were assessed using standardized
scores from the Math Fluency subtest of the Woodcock Johnson-IIl
(Woodcock et al., 2001). This subtest is a timed (3 min.) pen-and-paper
test that measures individuals’ ability to accurately solve simple addi-
tion, subtraction, and multiplication as quickly as possible. All problems
were presented vertically and involved operands from O to 10. We then
utilized standardized scores based on population norms provided by

the Woodcock Johnson-III for our analysis.

2.2.3 | Number sense training

In the STT study, children participated in a 4-week number sense train-
ing, which was designed to enhance their fundamental understanding
of quantity in non-symbolic and symbolic forms and the relations
between non-symbolic and symbolic quantities. Our number sense
training primarily focused on enhancing children’s understanding of
cross-format mapping to develop proficiency with exact symbolic num-
bers (Obersteiner et al., 2013; Tobia et al., 2021), rather than targeting
refinement of approximate non-symbolic representation of large quan-
tities (Lau et al., 2021; Suarez-Pellicioni & Booth, 2018). Specifically,
children’s training activities progressed from week to week: children
learned and practiced basic counting principle in week 1, non-symbolic
quantity comparison in week 2, non-symbolic and symbolic quantity
comparison in week 3, and symbolic quantity comparison in week 4. In
each training session, a trained tutor used various instruction meth-
ods, including the use of physical manipulatives, computer games, and
review worksheets. Training occurred three times a week over the
course of 4 weeks. Training activities from each week are described
below.

Week 1. The week 1’s training sessions focused on the counting prin-
ciple. The child was introduced to counting principles with some video
clips demonstrating accurate or inaccurate counting using erasers and
sock puppets. After the lesson, children played Restaurant Game (Blair,
2013a, 2013b), in which they were asked to count the number of
dishes to cook for animals presented in the screen. In the last ses-
sion of week 1, children were asked to complete a 42-problem review
worksheet, in which they were asked to count the number of ani-
mals and to draw a circle around, match, or write the number they

counted.

PARK ET AL.

Week 2. The week 2's sessions focused on the comparison of non-
symbolic numbers using sets of erasers. Children played Math Circles
wherein they determined which of two Math Circles presented on the
table had more erasers. This lesson aimed to get children familiarized
with the concept of number comparison using non-symbolic quanti-
ties. Starting from week 2, children played a computerized game, an
adapted version of Number Race (Wilson et al., 2006). The contents of
each week’s game were corresponded to the progression of training
activities and did not include arithmetic training. For example, in week
2, the game mainly focused on comparisons of non-symbolic quanti-
ties. Children also played two interactive games with the tutor: (1) Math
War (luculano et al., 2015) wherein children compared two quantities
and (2) Comparing speed, in which children identified the quantity of
one value above or below the given quantity. In the Math War game,
depending on the week’s focus (non-symbolic and/or symbolic num-
bers), a deck of card with non-symbolic and/or symbolic number format
was each assigned to the child and the tutor, both of whom chose a
card from their deck one at a time. The child was asked to write down
the number on his/her own card and the one on the tutor’s card, and
then asked to determine the card with a larger quantity. In the Compar-
ing speed game, the child and tutor each took five cards from their own
deck of cards once after the tutor laid four cards with quantities from
4 to 7 on the table. If the quantity on the card each took was below or
above the quantity on the table, they placed the card on the top of the
card on the table. The game finished when the child placed all the cards
from their own deck. As Math War, the format of quantity presented
on the card varied depending on the week’s focus. In each session in
week 2, children completed a review worksheet, which consisted of 24
non-symbolic number comparison problems.

Week 3. The week 3’s sessions had similar paradigm as week 2’s ses-
sions, but with a focus on integrating between symbolic numbers and
non-symbolic quantities. In Math Circles, children compared a set of
erasers in one Math Circle to a card presenting a symbolic number
(Arabic numeral) in another Math Circle. Next, children played Number
Race focusing on comparisons of non-symbolic quantities and symbolic
numbers. Following Number Race, children also played Math War and
Comparing speed with one deck of cards presenting non-symbolic num-
bers and the other deck presenting symbolic numbers. In each session
inweek 3, children completed a 48-problem review worksheet, in which
they determined a larger quantity between non-symbolic and symbolic
numbers.

Week 4. The week 4’s sessions focused on enhancing understanding
and fluent use of symbolic numbers. Children played a number order-
ing version of Beat Your Score (Chang et al., 2019) wherein the child
ordered four decks of cards for three times (the tutor shuffled the
card for each trial) with the aim of “beating” the time taken for the
previous trial. The quantities on the cards were presented with non-
symbolic, symbolic, or mixed formats. As in weeks 2 and 3, children
played Number Race focusing on comparisons of symbolic numbers, and
also played Math War and Comparing speed with the cards presenting
only symbolic numbers. In each session in week 4, children completed a
review worksheet, which consisted of 24 symbolic number comparison

problems.
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Additional information on the tutoring protocol can be found in
Changet al. (2022).

2.3 | Statistical analysis

2.3.1 | Behavioral data analysis

For symbolic and non-symbolic number comparison tasks, trials with
response times lower than 150 ms were excluded from analysis of task
performance, which constituted 2.42% of all trials for non-symbolic
comparison (pre: 1.88%, post: 2.96%) and 1.99% of all trials for sym-
bolic comparison (pre: 2.27%, post: 1.72%). To assess performance on
non-symbolic and symbolic number tasks, we computed an efficiency
score obtained by accuracy divided by median reaction times (RTs) for
each task to better capture variability in performance across differ-
ent dimensions of RT and accuracy, while minimizing Type | error by
reducing the number of statistical tests required to test our hypothe-
ses. To address potential concern about the limitation of efficiency
score (Bruyer & Brysbaert, 2011), we additionally report findings of
performance assessed by RT and accuracy (Supplementary Results). To
quantify the discriminability between pairs of quantities with varying
distances, we computed the numerical distance effect (NDE) by calcu-
lating the difference between near distance trials (e.g., 2 vs. 3) and far
distance trials (e.g., 2 vs. 7). This approach is widely used to compute
NDE effects in both non-symbolic and symbolic number comparison
tasks (Ashkenazi et al., 2013; Brannon & Merritt, 2011; Holloway &
Ansari, 2009; Moyer & Landauer, 1967).

ANOVA and t-tests were performed to examine training-induced
changes in behavioral performance, assessed by efficiency scores
or NDE. For efficiency scores and NDE, we performed a 2 x 2
within-subject ANOVA with factors Task (non-symbolic, symbolic) and
Time (pre, post) and follow-up two-tailed paired t-tests to examine
changes in behavioral performance in response to training or differ-
ences in performance between task formats. Planned paired t-test
between pre- and post-training was performed to assess changes
in arithmetic fluency. Pearson correlations were used to assess the
relations between non-symbolic and symbolic efficiency scores or
NDE at pre- and post-training and Fisher’s z-test was employed
to compare correlations between pre- and post-training. We com-
pared the behavioral findings in our STT sample with those in
the LTD sample. To report effect sizes, we used a generalized eta
squared (h2) for ANOVA (Bakeman, 2005) and Cohen'’s d for t-tests
(Cohen, 1992).

We calculated Bayes factor (BFqg) to evaluate the presence or
absence of evidence for the test hypothesis (Keysers et al., 2020).
BF 1o values exceeding 3 indicate evidence for the test hypothesis,
while values between 0.33 and 3 suggest no clear evidence, and values
lower than 0.33 indiciate evidence for the null hypothesis. Addition-
ally, higher values indicate stronger evidence for the test hypothesis.
Specifically, BF1g values between 3 and 10 represent moderate evi-
dence; values between 10 and 30 indicate strong evidence; values

between 30 and 100 suggest robust evidence; and values exceeding

Developmental Science

100 indicate extreme evidence (Faulkenberry et al., 2020; Jeffreys,
1961). Statistical significance was determined using both p-values from
frequentist statistics and BFyq values from Bayesian statistics (i.e.,
p < 0.05 and BF4o> 3). Nonparametric equivalent ANOVA, t-tests,
and correlations were performed to confirm the findings from para-
metric analyses for non-normally distributed data (see Supplementary
Methods and Results).

2.3.2 | fMRI data acquisition and preprocessing

Task-based functional images were acquired on a 3T GE scanner (Gen-
eral Electric, Milwaukee, WI) using an eight-channel GE head coil. A
T1-weighted structural image was acquired at both pre- and post-
training scan sessions to facilitate registering each participant’s data to
standard space. Images were preprocessed and analyzed using SPM12
(Ashburner et al., 2014).

During image acquisition, head movement was minimized using
additional pads and pillows around children’s head. A T2*-sensitive
gradient echo spiral in-out pulse sequence (Glover & Lai, 1998)
was acquired with the following parameters: repetition time
(TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 80°, field of view
(FOV) = 220 mm, matrix size = 64 x 64, resolution = 3.44 x 3.44 x 4.5
mm?3, interleaved. A total of 31 axial slices were acquired, 4 mm in thick-
ness and 0.5 mm in spacing, covering the whole brain. A T1-weighted,
132slice high-resolution structural image was acquired (slice thickness
1 mm; in-plane resolution: 256 x 256, voxel size = 1.5 x 0.9 x 1.1 mm3).

Among acquired images, the first five volumes were discarded to
allow for signal equilibration. The preprocessing pipeline included
realignment, slice-timing correction, co-registration to subjects’ T1 and
normalization to a standardized 2-mm adult Montreal Neurological
Institute (MNI) 152 template in SPM and smoothing using a 6-mm full-
width half-maximum Gaussian kernel to decrease spatial noise. We
used an adult MNI template similar to a standard practice in the field
of developmental cognitive neuroscience (Cantlon et al., 2006; Kersey
& Cantlon, 2017; Nakai et al., 2023; Perrachione et al., 2016), consider-
ing that there is minimal functional activation differences between the
brains of young children and adults (Burgund et al., 2002; Kang et al.,
2003; Szaflarski et al., 2012).

Transitional (x, y, z) and rotational (pitch, roll, yaw) movement
parameters were generated from the realignment procedure. Volumes
with >0.5 voxel scan-to-scan displacement along linear or rotational
axes were deweighted, as well as volumes with >5% change in global
signal. The proportion of volumes with scan-to-scan displacement
higher than 0.5 voxel did not exceed 10% across tasks. Movement
did not exceed 12mm in any rotational and translational axes. Mean
scan-to-scan displacement did not exceed 0.8mm. For participants
included in data analysis (see Participants section), there were no
differences between symbolic and non-symbolic tasks on movement
parameters before (ps > 0.282) and after training (ps > 0.247),
and no differences between the pre- and post-training scans on
these parameters on symbolic (ps > 0.073) and non-symbolic tasks
(ps > 0.237).
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2.3.3 | fMRI data analyses

First-level statistical analysis

Following standard preprocessing of fMRI data, a general linear model
(GLM) implemented in SPM12 was used to determine task-related
brain responses (e.g., luculano et al., 2015).

In the first-level analysis, brain responses representing correct tri-
als for each condition (i.e., big near, big far, little near, little far) were
modeled using boxcar functions of 2500ms corresponding to the length
of a trial convolved with a canonical hemodynamic response function
and a temporal derivative to account for voxel-wise latency differ-
ences in hemodynamic response. An error regressor was also included
in the model to account for the influence of incorrect trials. Addi-
tionally, both transitional and rotational head movement parameters
(six parameters) were included as regressors of no interest. Serial
correlations were accounted for by modeling the fMRI time series
as a first-degree autoregressive process. The GLM was applied to
non-symbolic and symbolic comparison tasks separately. Voxel-wise
contrast maps were generated for each participant for each task. For
both comparison tasks, the contrast of interest was the near versus far
distance condition (collapsing “big” and “little” conditions in each dis-
tance) to assess neural representations of quantity in a similar way as
behavioral NDE.

Multivoxel neural representational similarity (NRS) analysis

We next conducted NRS analysis based on neural distance effects to
assess neural representations of quantities while carefully controlling
for low-level perceptual features, motor responses, and mental activ-
ity associated with resting baseline in both non-symbolic andsymbolic
tasks parallel to Schwartz et al. (2021). Multivariate spatial correla-
tion of brain activity patterns between non-symbolic and symbolic
comparison tasks was computed across the whole brain for each indi-
vidual at each time point (pre- and post-training). Using a searchlight
mapping method (Kriegeskorte et al., 2006), we obtained cross-format
NRS of the NDE in the neighborhood surrounding each voxel of each
individual’s brain. Specifically, a 6-mm spherical region centered on
each voxel was selected, and then cross-format similarity was com-
puted within the sphere using Pearson correlation between voxel-wise
brain activation (beta-weights). Searchlight maps were then created
for every individual by going through every voxel across the whole
brain and assigned NRS values in the center voxel of 6-mm spherical
regions.

We focused on the regions of interest (ROls) that showed significant
relation between cross-format NRS and arithmetic fluency in children
in the LTD cohort of Schwartz et al. (2021). This included bilateral IPS,
precentral gyrus (PreCG), hippocampus (HIPP), thalamus, left Premo-
tor gyrus (preMotor), left insula, left middle frontal gyrus (MFG), and
right central operculum (COper) (Tables 2-6 present peak coordinate
for each region). Each ROl was generated as a spherical region with
6-mm radius centered on each peak coordinate, which corresponded
to the size of ROIs in the searchlight NRS analysis and contained
approximately 17 voxels. We computed Pearson correlations between

cross-format NRS in these regions and arithmetic fluency at each time

PARK ET AL.

point (pre- and post-training). Correlations between cross-format NRS
and arithmetic fluency in our STT sample were compared with the
LTD sample with Fisher’s z-test. Similar to behavioral data analysis,
both p-values from frequentist statistics and BF4y values were used
to determine the significance of statistical tests. To examine multivari-
ate brain-behavioral relations, we performed a multilinear regression
predicting arithmetic fluency scores. Cross-format NRS values from a
total of 15 ROIs were z-transformed and entered into the model as pre-
dictors (see Supplementary Results for additional confirmatory whole
brain analyses).

3 | RESULTS

3.1 | Number sense training improves children’s
non-symbolic and symbolic number comparison
performance efficiency

We first examined whether our 4-week training improved number
sense in both non-symbolic and symbolic formats in the training
group in the STT sample. Efficiency score (accuracy/median RT) and
NDE (near-far efficiency) were used to assess performance efficiency
and discriminability of quantity, respectively (see details in Methods).
We conducted a 2 x 2 within-subject ANOVA with factors Format
(non-symbolic, symbolic) and Time (pre, post) for both measures.

Efficiency score. We found a significant main effect of Time
(F(1,39) = 30.397, p < 0.001, n2= 0.101, BF;g= 9.0e7) but no
significant main effect of Format (p = 0.501, BF1o= 0.20) or For-
mat x Time interaction (p = 0.903, BF1o = 0.225) on efficiency
score for number comparison task. Follow-up paired t-test compar-
ing pre- and post-training confirmed significant increases in effi-
ciency scores in both non-symbolic (t(39) = 4.216, p < 0.001,
Cohen’s d = 0.639, BFo = 176.01) and symbolic (t(39) = 5.902,
p < 0.001, Cohen’s d = 0.686, BF o = 2.3e4) number comparison tasks
(Figure 1d).

We then conducted similar analyses using accuracy and RT mea-
sures (see Supplementary Results for details). We found a significant
main effect of Format on accuracy and significant main effect of
Time and Format and Format x Time interaction for RTs (ps < 0.05).
No other main effects or interactions were significant for accuracy
(ps > 0.061). Follow-up t-tests revealed higher accuracy for sym-
bolic compared to non-symbolic number comparison and significant
decreases in RTs after training for both non-symbolic and symbolic
number comparisons (ps < 0.001). These findings suggest that training-
induced changes in RTs may have primarily contributed to significant
changes in performance efficiency.

Additional analysis with the LTD sample demonstrated significantly
higher non-symbolic and symbolic number comparison task efficiency
in adolescents compared to children (Supplementary Results), which
indicates that number comparison efficiency in both formats may
improve over long-term development and learning.

NDE. We found a significant main effect of Format (F(1,39) = 93.394,
p < 0.001, 772 =0.346, BF1¢ = 3.7e16) but no significant main effect of
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TABLE 2 Regional correlations of neural representational similarity (NRS) between non-symbolic and symbolic quantity and arithmetic
fluency scores in children at pre- and post-training in the short-term training (STT) sample.

Pre-training Post-training Difference in correlation
ROI [MNI coordinates]: r p BFo r p BF,o z p BF g
LIPS/LOC 0.48** 0.008 29.19 0.02 0.585 0.35 2.17* 0.030 1.58
[-22 -62 48]
LIPS 0.43** 0.005 10.57 0.10 0.552 0.41 1.49 0.136 0.59
[-36 —48 48]
LIPS 0.41* 0.002 7.48 -0.09 0.906 0.40 2.27* 0.023 0.80
[-26 —52 48]
RIPS 0.39** 0.012 5.64 0.29 0.075 1.43 0.51 0.607 0.26
[30-5238]
RIPS 0.38 0.016 4.47 0.23 0.154 0.86 0.79 0.430 0.29
[42 —44 46]
L PreCG 0.47** 0.002 21.38 0.003 0.986 0.35 2.16* 0.031 1.22
[-2-2470]
R PreCG 0.37* 0.020 3.83 0.001 0.990 0.35 1.64 0.102 0.67
[4-2262]
LHIPP 0.35* 0.026 3.15 0.14 0.377 0.50 1.07 0.285 0.36
[-20-16 -14]
RHIPP 0.34* 0.034 2.55 0.20 0.221 0.68 0.58 0.560 0.31
[24 —20 -16]
L Thalamus 0.44** 0.004 12.56 0.24 0.137 0.93 1.06 0.288 0.29
[-16 -180]
R Thalamus 0.49** 0.001 36.21 0.22 0.170 0.81 1.31 0.191 0.31
[14 -14 2]
L preMotor 0.45** 0.004 13.53 -0.09 0.564 0.41 2.21* 0.027 212
[-16 -6 62]
L Insula 0.54*** <0.001 109.81 -0.14 0.406 0.48 3.04** 0.002 7.00
[-38-8-10]
L MFG 0.56"** <0.001 162.16 0.32* 0.043 2.14 1.27 0.203 0.24
[-34 2 64]
R COper 0.52** 0.001 67.66 -0.08 0.626 0.39 271 0.007 4.09
[42 -8 16]

Notes: Regions of interest (ROls) were defined from Schwartz et al. (2021). BF4 values greater than 3 (bolded) provide evidence for the existence of corre-
lation, while BF values between 0.33 and 3 provide absence of evidence and BF values lower than 0.33 provide evidence of no correlation. BF;, values
between 3 and 10 represent moderate evidence; values between 10 and 30 indicate strong evidence; values between 30 and 100 suggest robust evidence;
and values exceeding 100 indicate extreme evidence. All z values indicate effect sizes of difference in correlation between pre- and post-training.

Abbreviations: COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; LOC, lateral occipital cortex; MFG, middle frontal gyrus; PreCG,

precentral gyrus; preMotor, premotor cortex; R, right.
*p < 0.05, **p<0.01, **p < 0.001.

Time (p = 0.148, BF 1o = 0.32) or Format x Time interaction (p = 0.165,
BFq1o = 0.42). Follow-up two sample t-test comparing formats con-
firmed significant larger distance effects in non-symbolic comparison
at both pre- (t(62.84) = —-5.460, p < 0.001, Cohen’s d = —-1.22,
BF 1o = 2.4e4) and post-training (t(77.89) = —7.513, p < 0.001, Cohen’s
d = —1.68, BF1g = 8.7e7). Additional analysis with the LTD sample
demonstrated similar patterns of non-significant developmental differ-
ences in symbolic NDE (though this was not the case for non-symbolic
NDE; see details in Supplementary Results).

These results show that our number sense training leads to similar

levels of performance improvements across formats.

3.2 | Number sense training induces dissociation
between non-symbolic and symbolic quantity
discrimination ability

We next examined correlations between non-symbolic and symbolic
task performance in the training group in the STT sample to address
whether training alters the extent to which efficiency score or NDE
relates between number formats.

Efficiency score. We observed that the efficiency score is sig-
nificantly correlated between formats before training (r = 0.827,
p < 0.001, BF1g = 5.2e7) and also after training (r = 0.694, p < 0.001,
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TABLE 3 Regional correlations of neural representational similarity (NRS) between non-symbolic and symbolic quantity and arithmetic
fluency scores in children at pre-training in the short-term training (STT) sample and children in the long-term developmental (LTD) sample.

Pre-training (STT sample)

Children (LTD sample) Difference in correlation

ROI [MNI coordinates]: r p BF g

L IPS/LOC 0.48** 0.008 29.19
[-22 -62 48]

LIPS 0.43** 0.005 10.57
[-36 —48 48]

LIPS 0.41* 0.002 7.48
[-26 —52 48]

RIPS 0.39* 0.012 5.64
[30-52 38]

RIPS 0.38* 0.016 447
[42 —44 46)

L PreCG 0.47* 0.002 21.38
[-2-2470]

R PreCG 0.37*¢ 0.020 3.83
[4-2262]

LHIPP 0.35* 0.026 3.15
[-20-16 -14]

RHIPP 0.34* 0.034 2.55
[24 -20 -16]

L Thalamus 0.44** 0.004 12.56
[-16 -180]

R Thalamus 0.49** 0.001 36.21
[14-142]

L preMotor 0.45** 0.004 13.53
[-16 -6 62]

L Insula 0.54*** <0.001 109.81
[-38 -8 —10]

L MFG 0.56"** <0.001 162.16
[-34 2 64]

R COper 0.52** 0.001 67.66
[42 -8 16]

r p BFy z p BFyo
0.39** 0.006 12.21  0.57 0.570 0.23
0.36"* 0.009 7.14 0.40 0.686 0.27
0.38** 0.004 10.14 0.19 0.848 0.23
0.42** 0.002 29.21 0.17 0.863 0.25
0.35* 0.010 6.27 0.14 0.886 0.25
0.39** 0.004 13.10 0.46 0.647 0.23
0.38** 0.005 11.28 0.08 0.939 0.26
0.42** 0.002 25.76 0.36 0.718 0.27
0.35** 0.009 6.71 0.10 0.923 0.27
0.46** 0.001 63.27 0.08 0.935 0.23
0.54*** <0.001 91436 0.30 0.761 0.23
0.43** 0.001 35.98 0.07 0.944 0.22
0.47*** <0.001 98.40 044 0.660 0.19
0.42** 0.002 2441 0.86 0.392 0.23
0.45** 0.001 59.57 042 0.673 0.21

Note: Regions of interest (ROls) were defined from Schwartz et al. (2021). BF ;5 values greater than 3 (bolded) provide evidence for the existence of correlation,
while BFq values between 0.33 and 3 provide absence of evidence and BF o values lower than 0.33 provide evidence of no correlation. BF o values between
3 and 10 represent moderate evidence; values between 10 and 30 indicate strong evidence; values between 30 and 100 suggest robust evidence; and values
exceeding 100 indicate extreme evidence. All z values indicate effect sizes of difference in correlation between the STT and LTD samples.

Abbreviations: COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; LOC, lateral occipital cortex; MFG, middle frontal gyrus; PreCG,

precentral gyrus; preMotor, premotor cortex; R, right.
*p < 0.05, **p<0.01, **p <0.001.

BF1o = 1.7e4), which indicates association between the two num-
ber formats remained after training. Next, we compared correlation
between efficiency score across formats between the STT and LTD
samples. We found that correlation between non-symbolic and sym-
bolic efficiency at pre-training in STT sample was not significantly
different from correlation in children in the LTD sample (z = 0.74,
p = 0.460) and that the correlation at post-training in the STT sam-
ple was not significantly different from correlation in adolescence in
the LTD sample (z = 0.96, p = 0.340). Although these results did not
support training-induced dissociation of symbolic number format from
non-symbolic formats in the STT sample, the results indicate that the
degree of cross-format correlation in efficiency of the STT sample at

pre- and post-training resembled those of children and adolescents
from the LTD sample, respectively.

NDE. We observed that the NDE is significantly correlated between
formats before training (r = 0.424, p = 0.006, BF o = 9.34), but not
after training (r = 0.261, p = 0.103, BF 1o = 1.14; Supplementary Table
1), which indicates dissociation between the two number formats.
Next, we compared correlation between NDEs across formats between
the STT and LTD samples. We found that correlation between non-
symbolic and symbolic NDE at pre-training in the STT sample was
not significantly different from correlation in children in the LTD sam-
ple (z = 0.26, p = 0.79, BF1¢p = 0.23). Furthermore, correlation at
post-training in the STT sample was not significantly different from
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TABLE 4 Regional correlations of neural representational similarity (NRS) between non-symbolic and symbolic quantity and arithmetic
fluency scores in children at post-training in the short-term training (STT) sample and adolescents in the long-term developmental (LTD) sample.

Post-training (STT sample) Adolescents (LTD sample) Difference in correlation
ROI [MNI coordinates]: r p BF1q r p BF1o z p BF g
LIPS/LOC 0.02 0.585 0.35 -0.12 0.629 0.44 0.30 0.761 0.48
[-22 -62 48]
LIPS 0.10 0.552 041 0.10 0.525 0.40 0.15 0.883 0.32
[-36 —48 48]
LIPS -0.09 0.906 0.40 0.07 0.432 0.37 0.90 0.370 0.36
[-26 —52 48]
RIPS 0.29 0.075 1.43 0.26 0.084 1.27 0.18 0.860 0.29
[30-5238]
RIPS 0.23 0.154 0.86 -0.05 0.744 0.35 141 0.158 0.76
[42 —44 46]
L PreCG 0.003 0.986 0.35 -0.10 0.531 0.40 0.61 0.544 041
[-2-2470]
R PreCG 0.001 0.990 0.35 -0.04 0.783 0.35 0.31 0.759 0.34
[4-2262]
LHIPP 0.14 0.377 0.50 0.07 0.666 0.37 0.40 0.688 0.34
[-20-16 -14]
RHIPP 0.20 0.221 0.68 0.08 0.622 0.38 0.51 0.608 0.35
[24 —20 -16]
L Thalamus 0.24 0.137 0.93 -0.05 0.747 0.35 1.34 0.181 0.62
[-16 -180]
R Thalamus 0.22 0.170 0.81 0.01 0.943 0.34 0.71 0.475 0.35
[14-142]
L preMotor —-0.09 0.564 041 -0.07 0.647 0.37 0.09 0.932 0.33
[-16 -6 62]
L Insula -0.14 0.406 0.48 -0.06 0.690 0.36 0.44 0.661 0.38
[-38 -8 —10]
L MFG 0.32* 0.043 2.14 <0.001 0.979 0.34 1.49 0.136 0.69
[-34 2 64]
R COper -0.08 0.626 0.39 -0.14 0.349 0.50 0.10 0.917 0.32
[42 -8 16]

Note: Regions of interest (ROls) were defined from Schwartz et al. (2021). BF ;5 values greater than 3 (bolded) provide evidence for the existence of correlation,
while BFq values between 0.33 and 3 provide absence of evidence and BF o values lower than 0.33 provide evidence of no correlation. BF o values between
3 and 10 represent moderate evidence; values between 10 and 30 indicate strong evidence; values between 30 and 100 suggest robust evidence; and values
exceeding 100 indicate extreme evidence. All z values indicate effect sizes of difference in correlation between the STT and LTD samples.

Abbreviations: COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; LOC, lateral occipital cortex; MFG, middle frontal gyrus; PreCG,

precentral gyrus; preMotor, premotor cortex; R, right.
*p < 0.05.

correlation in adolescents in the LTD sample (z = 0.47, p = 0.64,
BF ;0 = 0.41). These findings suggest that short-term number sense
training led to dissociation of symbolic numbers from non-symbolic
representations of quantity in a similar way as LTD changes in quantity

representation.

3.3 | No significant changes in non-symbolic and
symbolic number comparison task performance
following 4 weeks without intervention

To examine potential changes in performance across four weeks with-

out intervention on non-symbolic and symbolic number comparison

tasks, we performed ANOVA and follow-up t-tests on efficiency score
and NDE in the control group for the STT sample.

Efficiency score. Using a 2 x 2 within-subject ANOVA with fac-
tors Format (non-symbolic, symbolic) and Time (Pre, Post), we found
no significant main effect of Time (p = 0.208) or Format by Time
interaction (p = 0.704). The main effect of Format was not signifi-
cant for parametric analysis (F(1, 23) = 5.104, p = 0.034, 7;2 =0.014,
BF19 = 1.267). These results indicate no significant gains in effi-
ciency score of number comparison tasks across time in the control
group.

NDE. Using a 2 x 2 within-subject ANOVA with factors For-

mat and Time, we found a significant main effect of Format (F(1,
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e

Multilinear regression analysis of neural representational similarity (NRS) between non-symbolic and symbolic quantity of multiple

regions predicting arithmetic fluency scores in children at pre- and post-training in the short-term training (STT) sample.

Pre-training

Post-training

Adjusted R? = 0.486**, p = 0.003

Adjusted R? = —0.039, p = 0.572

ROI [MNI coordinates]: B t p
LIPS/LOC 0.26 1.07 0.296
[-22 -62 48]

LIPS 0.19 1.26 0.221
[-36 —48 48]

LIPS -0.25 -1.18 0.252
[-26 -52 48]

RIPS 0.42* 2.14 0.042
[30-5238]

RIPS -0.13 -0.75 0.464
[42 —44 46]

L PreCG 0.21 1.11 0.278
[-2-2470]

R PreCG 0.04 0.18 0.857
[4-2262]

LHIPP 0.23 1.24 0.226
[-20-16 -14]

RHIPP 0.17 1.06 0.298
[24 -20 -16]

L Thalamus -0.27 -1.17 0.254
[-16 -180]

R Thalamus 0.13 0.68 0.503
[14-142]

L preMotor -0.29 -1.33 0.197
[-16 -6 62]

LInsula 0.36* 2.32 0.029
[-38 -8 —10]

L MFG 0.12 0.68 0.504
[-34 2 64]

R COper 0.25 1.67 0.109
[42 -8 16]

vif B t p vif

4.65 0.14 0.58 0.568 2.22
1.70 0.17 0.73 0.474 2.13
3.33 -0.26 -0.88 0.390 3.24
2.86 0.35 1.50 0.148 2.10
246 -0.08 -0.32 0.753 2.63
2.63 -0.22 -0.81 0.427 2.85
4.08 0.27 0.82 0.420 4.17
2.68 -0.10 -0.51 0.617 1.45
2.04 -0.07 -0.29 0.778 2.50
3.91 0.21 0.85 0.403 2.34
2.86 0.10 0.43 0.668 2.09
3.66 -0.21 -1.04 0.310 1.58
1.81 -0.18 -0.85 0.403 1.74
2.38 0.46* 2.23 0.036 1.57
1.64 -0.01 -0.04 0.967 1.74

Note: Regions of interest (ROls) were defined from Schwartz et al. (2021). All B values indicate standardized weight for each ROI.
Abbreviations: COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; LOC, lateral occipital cortex; MFG, middle frontal gyrus; PreCG,

precentral gyrus; preMotor, premotor cortex; R, right.
*p <0.05, **p<0.01.

26) = 22.291, p = 0.0001, n%= 0.213, BF;, = 2.5e4) and no signifi-
cant main effect of Time (p = 0.524) or Format by Time interaction
(p = 0.431). Follow-up paired t-test comparing formats confirmed sig-
nificantly larger NDE in non-symbolic compared to symbolic format at
both pre-training (t(45.76) = —3.090, p = 0.004, Cohen’s d = —0.892,
BF10=11.469) and post-training (t(50.06) = —3.947,p < 0.001, Cohen’s
d = —1.14, BF1o = 93.938), similar to observed format effect in the
training group in the STT sample. These results indicate no significant
gains in NDE of number comparison tasks across time in the control
group.

Together, these findings suggest that 4 weeks of no intervention did
not significantly change the efficiency or NDE of number comparison
tasks.

3.4 | No significant changes in correlation between
non-symbolic and symbolic number comparison task
performance following 4 weeks without intervention

To examine potential correlations between non-symbolic and symbolic
task performance across 4 weeks without intervention, we performed
Pearson’s correlations on efficiency score and NDE in the control
group for the STT sample. Here, we observed that the efficiency
score is significantly correlated between formats at both time points
(pre: r = 0.755, p < 0.001, BF1g = 6.5€2, post: r = 0.671, p = 0.003,
BF1o = 78.92), with no significant difference between correlations at
each time point (p = 0.580). For NDE, we found no significant correla-
tion between two number formats at both pre- (r = 0.005, p = 0.982,
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TABLE 6 Multilinear regression analysis of neural representational similarity (NRS) between non-symbolic and symbolic formats of multiple
regions predicting arithmetic fluency scores in children and adolescents in the long-term developmental (LTD) sample.

Children Adolescents

Adjusted R? = 0.423***, p < 0.001 Adjusted R? = —0.191, p = 0.894

ROI [MNI coordinates]: B t p vif B t p vif
LIPS/LOC 0.05 0.28 0.783 2.74 -0.22 -0.93 0.361 211
[-22 -62 48]

LIPS 0.19 1.36 0.183 1.70 0.06 0.24 0.812 2.14
[-36 —48 48]

LIPS -0.21 -1.14 0.261 3.11 0.18 0.59 0.559 3.43
[-26 -52 48]

RIPS 0.33* 2.19 0.035 2.03 0.43 1.83 0.078 1.95
[30-52 38]

RIPS 0.06 0.47 0.640 1.53 -0.31 -1.22 0.234 241
[42 —44 46]

L PreCG 0.04 0.25 0.803 2.51 -0.13 -0.54 0.595 2.01
[-2-2470]

R PreCG 0.10 0.49 0.624 3.84 0.17 0.62 0.543 273
[4-2262]

LHIPP 0.21 1.50 0.142 1.83 0.17 0.62 0.537 2.69
[-20-16 -14]

RHIPP 0.13 0.90 0.373 1.81 0.11 0.51 0.618 1.83
[24 —20 -16]

L Thalamus -0.16 -0.96 0.342 2.52 -0.16 -0.69 0.499 1.92
[-16 -180]

R Thalamus 0.30 1.89 0.067 2.20 0.04 0.20 0.841 1.65
[14-142]

L preMotor —-0.06 -0.34 0.739 2.75 -0.05 -0.22 0.824 1.80
[-16 -6 62]

L Insula 0.20 1.45 0.155 1.64 -0.12 -0.59 0.561 1.49
[-38 -8 —10]

L MFG 0.01 0.05 0.960 1.76 -0.08 -0.30 0.768 2.38
[-34 2 64]

R COper 0.17 1.21 0.232 1.70 -0.04 -0.16 0.871 1.82
[42 -8 16]

Note: Regions of interest (ROls) were defined from Schwartz et al. (2021). All B values indicate standardized weight for each ROI.
Abbreviations: COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; LOC, lateral occipital cortex; MFG, middle frontal gyrus; PreCG,
precentral gyrus; preMotor, premotor cortex; R, right. *p < 0.05, ***p < 0.001.

BFq1o = 0.44) and post-training (r = 0.071, p = 0.743, BF1o = 0.46), ing number sense training recapitulate the developmental differences

with no significant difference between correlations at each time point
(b = 0.830). Together, these findings suggest the degree of associ-
ation between non-symbolic and symbolic number comparison task

performance remained similar following 4 weeks of no intervention.

3.5 | Training-related changes recapitulate
neurodevelopmental shift in the association between
cross-format (non-symbolic-symbolic) neural
representational similarity (NRS) and arithmetic
fluency

Our next major goal of the study was to examine whether changes in
the relation between cross-format NRS and arithmetic skills follow-

between childhood and adolescence (Schwartz et al., 2021). Chil-
dren’s arithmetic skills, assessed by standardized scores of the WJ-III
Math Fluency, were not significantly different between pre- and post-
trainingin the STT sample (p = 0.272). WJ-11l Math Fluency scores from
each time point in the STT sample were also not significantly different
from those of children and adolescents in the LTD sample (ps > 0.806).

To investigate whether training-induced changes in underlying neu-
ral mechanisms support children’s arithmetic skills in a similar or
different way from long-term development, we examined the brain
regions that showed a significant relation between cross-format NRS
and arithmetic fluency in children in the LTD sample (Schwartz et al.
(2021); a total of 15 ROls; see Methods). In the STT sample, all ROls
except for the right hippocampus (p = 0.034, BF o = 2.55) showed
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FIGURE 2 Short-term training leads to dissociation between cross-format (non-symbolic-symbolic) neural representational similarity (NRS)
in parietal and frontal regions and arithmetic fluency in children. Before training (blue dots and regression lines), cross-format NRS significantly
correlates with arithmetic fluency in children in the left intraparietal sulcus/lateral occipital cortex (IPS/LOC), precentral gyrus (PreCG), premotor

cortex (premotor), insula and the right central operculum (COper) (Bayes factors [BFos] > 3). In contrast, after training (red triangles and
regression lines), cross-format NRS does not significantly correlate with arithmetic fluency in children in these regions of interest (ROls)

(BF19s < 3). Correlation coefficients were significantly different between pre- and post-training in these six ROls (ps < 0.04), which were among

the ROls defined from Schwartz et al. (2021) (see also Figure 4a). Results from the other nine ROIs also showed significant brain-behavior

correlations before, but not after, short-term training (Supplementary Results). p* < 0.05, p** < 0.01, p*** < 0.001. Statistically significant r-values

and their corresponding p-values, as well as BF 1o values that provide evidence for test hypothesis are bolded. L, left; R, right.

significant positive correlation between cross-format NRS and arith-
metic fluency (rs > 0.34, ps < 0.026, BF1ps > 3.14) before training,
replicating the results of children in the LTD sample (rs > 0.35,
ps < 0.010, BFgs > 6.71; Table 2). In contrast, after training, the same
children in the STT sample did not show a significant relation between
cross-format NRS and arithmetic fluency in any of the ROls (rs < 0.33,
ps > 0.043, BF1os < 2.15; only L MGF showed p < 0.05 but with BF 1o
< 3), similar to the results observed with adolescents in the LTD sam-
ple (rs < 0.27, ps > 0.083, BF19s < 1.28). Furthermore, a significant
differencein correlation between cross-format NRS and arithmetic flu-
ency was observed, across time points, in the STT sample in the left
insula and right central operculum (difference in correlation coeffi-
cient: zs > 2.71, ps < 0.007, BF1gs > 4.09), although parietal cortical
regions, including the left IPS, precentral gyrus, and premotor cortex,
showed differences only in terms of p-values (difference in correlation
coefficient: zs > 2.16, ps < 0.032) (Figure 2; see Table 2).

We then compared the relation between cross-format NRS and
arithmetic fluency in the STT sample prior to training and children
from the LTD sample. We found that the correlation between cross-

format NRS and fluency in children at pre-training in the STT sample

was not significantly different from that of children in the LTD sam-
ple (difference in correlation coefficient: zs < 0.87, ps > 0.391, BFqo
s< 0.28; Table 3). Furthermore, the correlation in children in the STT
sample post-training was not significantly different from that of adoles-
cents inthe LTD sample (difference in correlation coefficient: zs < 1.50,
ps > 0.135, BFgs< 0.76; Table 4; see Figure 3 for results from ROIls
plotted in Figure 2). These results demonstrate that the patterns of
cross-format NRS-fluency relation in children at pre- and post-training
mirror those observed in children and adolescents, respectively.

To confirm and extend these findings, we performed a multilinear
regression analysis, which examined whether cross-format NRS in all
ROIs jointly predict arithmetic fluency at each time point in the STT
sample or each group in the LTD sample. We found that the model
predicting arithmetic fluency from cross-format NRS in the ROIs was
significant before training (R2Adjusted =0.486, p = 0.003) but not after
training (R2Adju5ted =-0.039,p=0.572) in the STT sample (Figure 4 and
Table 5). In an analogous multilinear regression analysis with the LTD
sample, the results mirrored those of the STT sample with the model
being significant in children (R2Adju5ted = 0.423, p = 0.0009) but not
in adolescents (R2Adju5ted = -0.191, p = 0.894) (Figure 4 and Table 6).
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Short-term Training (STT) vs. Long-term Developmental (LTD) Sample
L IPS/LOC || LIPS | L PreCG |
A A A A -
120 a0 s s
A ‘:ﬂal“:- AA ¢
w 2 r=.019
100 JB25a 2 4 Bre03s
) A : A ‘ >
. 2 2L 09 r=-120
- 80 Ra, Ady & A BF=0.44
2
g A A - A A
T 60 * z=0.30, p=.761 * 2=0.0, p=.370 z=061,p=.544 Group
-g L preMotor | | L Insula I I R COper -= Post-training (STT sample)
g A A A A A A -+ AYA (LTD sample)
<
= ,
2 120 Ca O A A€
A A“ :,A & A N AA A .
ALY © r=-.094 . Q, A e r=-.060
100 *a }‘g.“‘ BF = 0.41 Oadh,a” A A‘_‘: BF=0.36
,A o)
@t b om0
s i~ Vo) r=-.
80 %4 My & Eiow
A . A A A A
60 A z=0.09, p=.932 4z=0.44, p=.661 A z=0.10, p=.917
-1.0 -0.5 00 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -05 00 05 1.0

Cross-format NRS

FIGURE 3 Association between cross-format (non-symbolic-symbolic) neural representational similarity (NRS) and arithmetic fluency in
children after training is comparable to that of adolescents from a long-term developmental (LTD) sample. Cross-format NRS of children at
post-training from the short-term training (STT) sample (red triangles and regression lines) and that of adolescents group from the LTD sample
(purple triangles and regression lines; see details in Figure 1 and Methods) do not significantly correlate with arithmetic fluency in the left
intraparietal sulcus/lateral occipital cortex (IPS/LOC), precentral gyrus (PreCG), premotor cortex (premotor), insula and the right central
operculum (COper) (Bayes factors [BFgs] < 3). Correlation coefficients were not significantly different between children at post-training from STT
and adolescents from LTD in these 6 ROIs (ps > 0.36), which were among the ROIs defined from Schwartz et al. (2021) (see also Figure 4a). Results
from the other nine ROIs also showed no significant brain-behavior correlations at post-training in children in the STT sample and in adolescents in

the LTD sample (Supplementary Results). L, left; R, right.

These results suggest that training-related changes in multivariate
brain-behavior relation between cross-format NRS and arithmetic
fluency were comparable to changes observed to occur across early-
to-late developmental stage. Together, these results indicate that a
short-term number sense training in early childhood may facilitate chil-
dren’s development towards dissociation between cross-format neural

mapping and arithmetic fluency.

4 | DISCUSSION

We implemented a 4-week number sense intervention with the aim
of enhancing neural mapping across non-symbolic and symbolic quan-
tity representations in early elementary school children. Our primary
objective was to test the hypothesis that STT-induced neural plas-
ticity in children could recapitulate long-term neurodevelopmental
changes observed from childhood to adolescence. The results of our
study demonstrated several significant findings. First, we found that
short-term number sense training improved performance on both non-

symbolic and symbolic number comparison tasks. Second, number

sense training induced a dissociation between non-symbolic and sym-
bolic quantity representations at the behavioral level. Third, number
sense training altered the relation between cross-format neural repre-
sentational similarity (NRS) and arithmetic fluency. Remarkably, these
training-induced changes mirrored developmental changes observed
from childhood to adolescence. Taken together, these findings provide
compelling evidence that intensive STT in children’s number sense can
recapitulate neurocognitive changes across development.

Our training program encompassed both conceptual and pro-
cedural aspects of number knowledge, targeting key principles of
numerical quantity such as establishing one-to-one correspondence
between non-symbolic and symbolic numbers and understanding
cardinality and ordinality of quantity. Additionally, the program
included extensive practice of number comparison tasks across dif-
ferent formats, with increasing emphasis on symbolic numbers over
the course of training. The results of our study indicated that our
number sense training had a significant impact on improving the
performance efficiency of both non-symbolic and symbolic number
comparison tasks. Further analysis revealed that observed improve-

ments in efficiency were primarily driven by changes in RTs for
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FIGURE 4 Cross-format (non-symbolic-symbolic) neural representational similarity (NRS) in multiple brain regions jointly contributes to
arithmetic fluency in children before, but not after, short-term training. (a) Regions of interest (ROls). A total of 15 ROls were defined from
Schwartz et al. (2021). (b) Short-term training (STT) sample. Cross-format NRS in all ROls jointly significantly predicted arithmetic fluency in
children at pre-training (adjusted R2? = 0.486, p = 0.003), but not at post-training (adjusted RZ = —0.039, p = 0.572). (c) Long-term developmental
(LTD) sample. Cross-format NRS in all ROIs jointly significantly predicted arithmetic fluency in children (adjusted R2 = 0.423, p = 0.003), but not in
adolescents (adjusted R2 = —0.191, p = 0.894). Each adjusted R? value was obtained from a multilinear regression analysis predicting arithmetic
fluency with cross-format NRS values of all 15 ROls in each group of each sample included as predictors (see details in Methods). p** < 0.01,

p*** < 0.001. COper, central operculum; HIPP, hippocampus; IPS, intraparietal sulcus; L, left; MFG, middle frontal gyrus; PreCG, precentral gyrus;

preMotor, premotor cortex; R, right.

both non-symbolic and symbolic comparison tasks. Importantly, these
changes were specifically observed in the training group and not in
the control group, underscoring the effectiveness of our interven-
tion. Taken together, these results provide evidence that our number
sense training program enhanced children’s performance on number
comparison tasks, aligning with prior research on the effectiveness of
similar interventions (e.g., Honore & Noel, 2016; Kucian et al., 2011,
Obersteiner et al., 2013). More generally, our findings suggest that a
comprehensive approach to children’s learning, including a combina-
tion of conceptual and procedural learning, may be effective in number
sense development.

Next, we investigated the impact of number sense training on the
relationship between NDEs observed in non-symbolic and symbolic
number comparison tasks. NDE, which assesses the discriminability
between numerical quantities (Buckley & Gillman, 1974; Moyer & Lan-
dauer, 1967), has been thought to provide a measure of the sensitivity
to differences in quantity independent of overall performance (Bran-
non & Merritt, 2011; Kaufmann et al., 2008; Nieder & Dehaene, 2009).
In a previous study, NDE on non-symbolic and symbolic number com-
parison tasks were significantly related to each other in children but
not in adolescents (Schwartz et al., 2021). The observed pattern of
a shift from overlap to dissociation between number formats is con-
sistent with the developmental estrangement account (Lyons et al.,
2012; Nakai et al., 2023; Schwartz et al., 2021). Similarly, in the cur-
rent training study, we observed that prior to training, there was a
significant relation in NDE between non-symbolic and symbolic quanti-

ties; following training, this significant association no longer persisted,

indicating dissociation in quantity representations at the behavioral
level. Notably, we did not observe such a training-induced dissocia-
tion in overall efficiency scores, as their association between formats
remained significant both before and after training.

Our findings of the training-induced shift from an association to dis-
sociation between number formats, which were specifically observed
for NDE and not overall efficiency scores, suggest that NDE may be
sensitive to precise quantity representations. In contrast, efficiency
scores may more likely reflect processing efficiency associated with
other cognitive processes such as processing speed or decision-making.
Our findings indicate that STT can facilitate the development of more
distinct representations of quantity between non-symbolic and sym-
bolic formats, providing support for the estrangement account (Bulthé
et al, 2018; Bulthé et al., 2019; Lyons et al., 2012; Wilkey et al.,
2020). The observed cross-format dissociation in NDE after training
also provides insights into how our training may have improved distinct
aspects of numerical processing. Our number sense training proto-
col was structured in a way that gradually progressed from mapping
between non-symbolic and symbolic quantities to fluency of sym-
bolic numbers. Such semantic associations between nons-ymbolic and
symbolic numbers may solidify conceptual understanding of symbolic
numbers and facilitate a dissociation between non-symbolic and sym-
bolic number formats upon mastery of symbolic number knowledge.
Our findings underscore the potential of short-term interventions in
shaping cognitive representations of numerical quantity and highlight
the parallels between short-term learning and long-term learning and

development.
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Critically, our findings from multivariate neural pattern analy-
sis recapitulated long-term neurodevelopmental changes in relations
between cross-format NRS and arithmetic skills. Across the STT and
LTD samples, we found that cross-format NRS in distributed parietal
and frontal cortical regions is significantly correlated with arithmetic
fluency before training or at early developmental stage, and that this
association becomes non-significant following training or at the late
developmental stage. These patterns of findings observed in both
the STT and LTD samples were evident across individual regions in
whole brain analyses and distributed regions in multivariate predic-
tion models. Furthermore, associations between cross-format NRS and
arithmetic skills at post-training in the STT sample were not signifi-
cantly different from those of adolescents in the LTD sample. Together,
our study demonstrates that training-induced learning can alter the
association between cross-format NRS and arithmetic fluency in key
brain regions associated with numerical cognition, similar to learning
that occurs across long-term development.

Our findings provide further support for, and extend, the estrange-
ment account, which is broadly consistent with the notion that later in
development, arithmetic fluency would no longer depend on the associ-
ation between number formats. Previous studies have even shown that
the degree of neural associations between number formats is negatively
correlated with arithmetic skills in adults (Bulthé et al., 2018; Bulthé
et al,, 2019; Wilkey et al., 2020). These findings are also consistent
with the notion that functional circuits or representations supporting
numerical magnitude processing in different formats become “decou-
pled” over development (Nakai et al., 2023; Skagenholt et al., 2022) and
engage different coding mechanisms in adulthood (Bulthé et al., 2014;
Lyons, Ansari, & Beilock, 2015; Lyons & Beilock, 2018; Sokolowski et al.,
2019; Yeo et al., 2020).

Overall, these results reveal that targeted number sense interven-
tion induces significant changes in the association between cross-
format NRS and arithmetic problem-solving abilities in children, which,
after training were indistinguishable from the pattern of associations
observed in adolescents (Schwartz et al., 2021). Crucially, our findings
support the notion that short-term learning experiences can recapit-
ulate long-term neurodevelopmental changes observed in children’s
cognitive development, aligning with previous research demonstrating
a similar recapitulation of longitudinal brain response changes in the
context of arithmetic training (Rosenberg-Lee et al., 2018).

More broadly, our findings are consistent with the idea that inter-
ventions can enhance experience-dependent neural plasticity crucial
for adaptive learning (Fandakova & Hartley, 2020; Galvan, 2010; May,
2011; McLaughlin et al., 2018; Nelson, 2000). Targeted intervention
studies have the potential to address the impact of targeted edu-
cational experiences on neural plasticity (Cooper & Mackey, 2016;
Cramer et al., 2011; Johnson, 2001, 2011; Liu et al.,, 2023; Park &
Mackey, 2022; Perdue et al., 2022; Wenger & Lévdén, 2016; Weyandt
et al., 2020). Such interventions can induce changes in neural represen-
tations or circuits associated with a specific skillset, leading to more
efficient information processing (Johnson, 2001, 2011). By demon-
strating how a targeted training protocol can induce changes in neural

representational patterns associated with behavior in children, our

Developmental Science

study contributes to a mechanistic understanding of how children
acquire numerical abilities and highlights the importance of examining
neural representational patterns associated with cognitive skill devel-
opment in early childhood. Moreover, our approach presents valuable
opportunities to explore the effects of neuromodulation techniques,
such as transcranial direct current stimulation (TDCS) (Kadosh, 2014;
Kadosh et al.,, 2010; Looi et al., 2017; Sarkar & Cohen Kadosh, 2016)
on neural representations pertinent to enhancing cognitive abilities in

neurodiverse populations.

4.1 | Limitations and future work

Across all brain ROIs derived from the LTD sample, our STT recapitu-
lated long-term neurodevelopmental changes in the relation between
cross-format NRS and arithmetic fluency. However, not all regions
exhibited significant differences in this relationship from pre- to post-
training. To better understand the specific factors contributing to
these variations, future studies should examine behavioral and brain
measures at multiple time points from larger cohorts of children
(Schénbrodt & Perugini, 2013). Moreover, studies integrating active
control interventions are necessary to gain a deeper understanding
and pinpoint the mechanisms accountable for the observed training
effects in the current study.

We employed NDE as a behavioral metric of quantity discriminabil-
ity, aiming for consistency with the LTD sample (Schwartz et al., 2021).
While NDE has been widely used for this purpose, some research sug-
gests that its applicability to symbolic numbers may not exclusively
reflect numerical quantity representation or processing. For example,
previous studies suggest that NDE may also reflect general cognitive
processes such as attention and response selection (Lyons, Nuerk, &
Ansari, 2015; Van Opstal et al., 2009; Van Opstal et al., 2008). Fur-
ther studies are needed to validate the robustness of our findings
and to explore alternative measures of quantity processing. Lastly, in
light of differences between the processing of small and large num-
bers (Hutchison et al., 2020; Lyons & Beilock, 2018), it will be important
to investigate how NRS evolves with varying numerical magnitudes of
quantity. This inquiry could shed light on the generalizability of neural
processing mechanisms across different quantity ranges and numerical

formats.

5 | CONCLUSION

Our study reveals that short-term, targeted training in number sense
can replicate developmental changes traditionally seen over prolonged
periods. We observed a dissociation between neural mappings of quan-
tity formats and problem-solving abilities in key cortical regions after
just 4 weeks of training, which mirrored changes that LTD changes
that occur across early-to-late developmental stages. This underscores
the transformative potential of early, focused educational interven-
tions. Utilizing multivariate pattern analysis, our research offers a

more mechanistic view into how learning reshapes neural circuits,
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advancing our understanding of how cognitive skills and acquired and
refined. Our methodological innovations enabled a deeper exploration
of the mechanisms underlying learning and cognitive development, and
highlighted the potential of neural representation analysis in enhanc-
ing our understanding of learning and development. Our findings
underscore the significant impact of early, tailored training on cognitive
development, opening new avenues for educational practices aimed at

individual learning needs.
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