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Home numeracy experiences are
associated with number-related brain
activity and connectivity in early childhood
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Children vary widely in numerical knowledge before school entry, and these early differences predict
later achievement. Although home numeracy experiences relate to young children’s skills, it remains
unclear how early experiences shape neural systems supporting number processing at the start of
formal schooling. Using fMRI, we measured brain activity during passive perception of digits (vs.
letters) in 37 five-year-olds. Parents reported the frequency of home numeracy practices and engaged
in a free play session allowing us to quantify number talk. Children showed digit-specific activity in the
left intraparietal sulcus (IPS). Across families, higher home numeracy experiences were associated
with lower digit-related activity in several regions, including the IPS, but with stronger functional
connectivity between the left IPS and other regions. Our results suggest that home numeracy
experiences may support early number-related brain networks by enhancing connectivity and
reducing local processing demands, illustrating how home experiences influence the developing

learning brain.

Early childhood is an important period for cognitive development, with
long-lasting effects on academic learning. Even before first grade, there is
significant variability in the quality and quantity of literacy and numeracy
experiences children are exposed to, particularly within their home
environment'~. These experiences not only contribute to disparities in early
literacy and numeracy skills at school entry™, but they also have long-term
implications. Indeed, numerous studies have found that early academic
skills are strongly related to later academic success’.

How do early experiences affect children’s cognitive development?
Although the mechanisms underlying the relation between early experiences
and cognitive development may include a domain-general component (e.g.,
executive functions®), recent neuroimaging studies predominantly suggest
domain-specific pathways. For example, variability in early language
experiences at home has been linked to the development of language-related
brain regions’ through variations in white matter organization'*"", functional
connectivity™", and language-related brain activity">"".

However, the neurocognitive mechanisms underlying the relation
between early numeracy experiences and children’s numerical skills are
much less understood than those related to literacy experiences. This is
despite the fact that several previous studies have found that the quality of
the home numeracy environment, often assessed through questionnaires
and linguistic analysis of caregiver-child verbal interactions, relates to
numerical skills in young children'. For example, in a recent study'’, we

measured a wide range of mathematical skills in 128 5-year-old children,
while one of their parents completed an extensive questionnaire evaluating
the frequency of home numeracy practices. Parents were also asked to
engage in a free play session with their child in the laboratory, allowing us to
measure the type and quantity of number-related verbal input that children
receive (i.e., the so-called “number talk™"®). Although we did not replicate the
previously reported association between children’s skills and parental
number talk'”’, we found a relation between symbolic mathematical skills
and numeracy practices that were the most formal (i.e, when parents
explicitly intend to teach math concepts) and relatively advanced (i.e., above
expectations for a kindergartner), in keeping with several other studies™ .

To our knowledge, no study has specifically investigated the impact of
early numeracy experiences on brain function. In a previous study conducted
on older children (ie., 8-year-olds)2"', we found a relation between the fre-
quency of numeracy activities at home and brain responses to digits in a
region that is central to the representation of numerical magnitudes, i.e., the
intraparietal sulcus (IPS)”. Yet, these results may not fully inform our
understanding of the relation between numeracy experiences and the
development of the numerical brain in young children for at least three
reasons. First, the environment of an 8-year-old is heavily influenced by
several years of formal schooling, which makes it difficult to disentangle the
effects of the home environment from the co-occurring influence of formal
math instruction. Second, the nature of math activities that families typically
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engage in with elementary-aged children differs significantly from those
conducted during preschool or kindergarten. For example, a focus at these
ages may be promoting the acquisition and understanding of numerical
symbols. This, in turn, may support school readiness™. Finally, parents might
play a lesser role in their children’s mathematical development during ele-
mentary school than during preschool or kindergarten, where learning is less
focused on formal academics. This is supported by meta-analyses showing
that the association between the home numeracy environment and children’s
numerical skills is stronger in preschool than in elementary school"”.

To shed light on how early numeracy experiences may impact young
children’s numerical development, the objective of the present study was to
examine the relation between these early experiences and the development
of the brain systems supporting number processing at the very beginning of
formal schooling (i.e., around 5 years of age). Our sample consisted pre-
dominantly of French children in kindergarten (though some were in
preschool and at the very beginning of 1st grade). In France, compulsory
education starts at around 3 years of age, with children attending two years
of preschool before kindergarten in nursery schools that are called “école
maternelle”. While these nursery schools follow a national curriculum
(ensuring homogeneity in instruction), it primarily emphasizes play-based
activities focused on socialization, language development, and motor skills.
As children progress to kindergarten, there is a gradual introduction of more
structured learning activities, including basic numeracy. However, formal
math instruction typically starts in first grade, which provides a unique
opportunity to examine the role of home numeracy experiences while
minimizing the influence of formal math instruction. In the present study,
we invited preschool children who participated in a prior study about the
early home numeracy environment'” to attend an additional fMRI scanning
session. Parents completed an extensive questionnaire evaluating the fre-
quency of numeracy practices shared with children at home. Parents also
engaged in a free play session with their child in the laboratory, allowing us
to measure number-related verbal input that children may receive (i.e.,
number talk). Children’s numeracy skills were also assessed using a com-
prehensive battery of standardized tests. Finally, fMRI activity associated
with number processing was measured using a passive viewing task
(adapted from a previous study in 8-year-olds™ in which children completed
separate runs of digit and letter blocks interleaved with fixation).

We made the following series of pre-registered hypotheses. Our first
and main hypothesis was that the quality of the early home numeracy
environment (measured by the frequency of home numeracy practices and
instances of number talk) would be positively associated with digit-related
brain activity in the IPS (hypothesis #1). Indeed, while digit processing
engages brain circuits distributed across various cortical regions™”, digit-
related activity in the IPS may serve as a key marker of children’s numerical
development. For example, IPS activity during numerical processing has
been shown to increase with children’s age™” and skill level’**”. Con-
nectivity between the IPS and other brain regions has also been observed
during digit processing™. Furthermore, it has been suggested that numerical
development in children is characterized by a functional shift from the right
[PS—primarily involved in processing non-symbolic quantities™*—
towards the left IPS, as children gain experience with symbolic numerical
information”"’. Therefore, digit processing may be particularly associated
with the left IPS, even in relatively young children™.

Our second hypothesis was that number-specific activity in the IPS
would be positively related to children’s numerical skills (hypothesis #2).
Our third hypothesis was that number-specific activity in the IPS would
explain the relation between the home numeracy environment and chil-
dren’s numeracy skills, as observed in our previous study (hypothesis #3).
Our fourth expectation, based on our previous findings™, was that the
relation between the home numeracy environment and number-specific
activity would be strongest for numeracy practices that were both the most
formal and the most advanced, as well as for the type of number talk
involving more frequent use of large number words'**’ (hypothesis #4). Our
fifth hypothesis was that any relation between the home numeracy envir-
onment and IPS activity would be specific to digit processing as opposed to

letter processing (hypothesis #5). Finally, our prediction was that the above
relations would hold even when controlling for variables that may be
potential confounding factors for the observed associations* (hypothesis
#6). Specifically, family SES and children’s IQ were included as general
indicators of environmental and cognitive resources*>*. Parental numeracy
skills were also controlled for because prior studies have shown that relations
between home learning environments and children’s academic skills may
partly reflect genetic or familial influences rather than purely environmental
effects™. Finally, following our previous work in older children**", we
controlled for parents’ subjective estimates of their child’s numeracy skills.
Indeed, parents who perceive their child as more skilled might engage in
more numeracy activities with them®*. Controlling for perceived child
ability may therefore ensure that the observed relations between home
numeracy experiences and brain measures are not only explained by parents
adapting their practices to their child’s perceived skills.

Results

Behavioral associations between children’s numeracy skills and
home numeracy practices

A comprehensive report of associations between children’s numeracy skills
and home numeracy practices in the entire sample of children who parti-
cipated in the first behavioral session can be found in our previous report'”.
Briefly, we found in the original sample (n=128) a positive association
between advanced formal home numeracy practices and children’s trans-
coding and calculation skills (controlled for basic formal practices). How-
ever, as also reported in Girard et al.”, we did not observe any significant
association between children’s numeracy skills and either basic formal
practices or informal home numeracy practices.

To evaluate whether these findings held in the subsample of children
who were included in the fMRI analyses (n = 37), we performed the same
analyses in this subsample. First, similar to the full sample, a qualitative
examination of reported home numeracy practices indicated wide variability
in this subsample (see Figs. 1 and 2). Among parents, mean responses on the
rating scale ranged from 0.20 to 2.80 for informal practices (M = 1.51, SD =
0.49), from 0.10 to 4.40 for basic formal practices (M = 2.12, SD = 1.17), and
from 0 to 2.73 for advanced formal practices (M = 1.23, SD = 0.69).

Correlational analyses in the fMRI subsample replicated key findings
from the original sample (see Table S1 for the full correlation matrix,
including significance levels and Bonferroni correction). Controlling for
basic formal practices, we found a positive relation between advanced for-
mal practices and children’s transcoding and calculation skills (transcoding:
7(35) = 0.63, p <0.001; calculation: r(35) =0.40, p=0.015). As in the full
sample, we did not find any positive relation between advanced formal
practices and most other numeracy skills (all rs < 0.26). One notable dif-
ference between the full sample and the fMRI subsample was observed with
non-symbolic skills, which was found to be positively correlated with
advanced formal numeracy practices in the fMRI subsample (r(35) = 0.38,
p=0.024). However, because this relation was not observed in the full
sample"’, it should be considered with caution. Consistent with the full
sample, no significant associations were observed between children’s
numeracy skills and either basic formal or informal practices in the fMRI
subsample (all s < 0.28). These findings are summarized in Table S2. To
assess the robustness of these associations, we conducted sensitivity analyses
controlling for potential confounding variables, including child sex, age, and
head motion during fMRI scanning. All key findings remained significant
when these covariates were taken into account (see Table S3 in the Sup-
plementary Materials).

We then performed two exploratory (i.e., not pre-registered) analyses
in the fMRI subsample. First, previous studies have found a relation between
children’s numeracy skills and the number of games at home reported by
parents, suggesting that this measure may act as a proxy for informal math
exposure”"”’, Therefore, we assessed the relation between the number of
children’s games that parents reported having at home and children’s
numeracy skills. There was a positive relation between the number of
children’s games at home and both counting and non-symbolic skills
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Fig. 1 | Divergent stacked bar chart showing the frequencies of informal practices among parents. Percentages on the right indicate the share of parents who engaged in

each practice at least once a week. Practices are ordered from the most frequent (top) to the least frequent (bottom).
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Fig. 2 | Divergent stacked bar chart showing the frequencies of basic and advanced formal practices among parents. Percentages on the right indicate the share of parents

who engaged in each practice at least once a week. Practices are ordered from the most frequent (top) to the least frequent (bottom), separately for each level of complexity.

(counting: r(35)=0.36, p=0.030; non-symbolic skills: r(35)=0.50,
p =0.002). This pattern was relatively specific to these skills, as there was
no positive relation between the number of children's games and any
other skills (all #s < 0.27). These associations remained significant after
controlling for socioeconomic status (parental education and income).
Specifically, the number of children’s games at home was still positively
associated with counting skills (partial 7(35) = 0.35, p = 0.04) and non-
symbolic skills (partial r(35) =0.51, p=0.002). Second, it has been
argued that the relation between parental numeracy practices and
children’s numeracy skills may not necessarily be unidirectional. For
example, parents may also engage in numeracy practices because they
respond to their child’s skills and interests. To evaluate whether this was
the case, we tested whether there was a relation between the parental
assessment of children’s numeracy skills and home numeracy practices.
We did not find any significant relation between this subjective assess-
ment and any subtype of home numeracy practices (all rs <0.29, all
ps>0.09). However, there was a positive relation between the parental
assessment of children’s numeracy skills and the number of children’s
games at home ((35) = 0.38, p=0.019).

Behavioral associations between children’s numeracy skills and
parental number talk

Our previous investigation of parental number talk in the full behavioral
sample did not reveal any relation between children’s numeracy skills
and either total number words or subcategories of number words". In
the fMRI subsample (as in the full behavioral sample), there was a large
variation in the total number of words spoken by parents, from 132 to
1332 words (M =790, SD = 289). On average, there were 34 instances of
number words across families, also with a large variability (SD =28,
range = 0-121). However, the proportion of total number words was not
positively related to any numeracy skills (all s < 0.07). This was also the
case when only the largest number words (> 10) were considered (all
rs < —0.01). Thus, as in the full behavioral sample, we did not find any
relation between parental number talk and our measures of numeracy
skills in the fMRI subsample.

Finally, we also tested whether there was a relation between the par-
ental assessment of children’s numeracy skills and the proportion of total
number words. We did not find any significant relation
(r(35) = —0.04, p = 0.795).
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Average number-related activity across all children

Before turning to our pre-registered hypotheses, we first evaluated whether
any brain region showed number-specific activity across all children. This
was done by contrasting activity associated with blocks of digits to activity
associated with blocks of letters. We found number-specific activity in two
left-lateralized clusters located in the IPS (x = —54, y =-52, 2 = 52; Z = 4.24;
volume = 1750 mm®) and in the Middle Frontal Gyrus (x=—34, y=14,
z=48; Z=3.94; volume = 1918 mm’) (see Fig. 3).

Relations between the home numeracy environment and
number-specific activity

As pre-registered, we hypothesized that the quality of the home numeracy
environment (measured by the frequency of home numeracy practices and
the instances of number talk) would be associated with brain activity, par-
ticularly in the IPS (hypothesis #1). Nonetheless, all analyses reported here
were conducted using whole-brain voxelwise regressions to allow for
identification of effects in the IPS but also beyond that brain region. We
further anticipated that this relation would be specific to the processing of
digits compared to letters (hypothesis #5).

In line with these hypotheses, whole-brain regression analyses con-
firmed that brain activity associated with perceiving digits (compared to
perceiving letters) was related to both the frequency of home numeracy
practices. However, contrary to our hypothesis, it was not related to the
proportion of total number words after removing one outlier (Cook’s dis-
tance > 1) that was driving spurious correlations. As can be seen in Table 1
and Fig. 4, all types of home numeracy practices (informal, basic formal and
advanced formal) were related to number-specific activity in several regions
(see also Fig.4 for scatter plots of brain-behavior correlations in most active
clusters for all relevant measures). This was also the case of the number of
games parents reported having at home, which was an exploratory variable.
Critically, number-specific activity in the IPS was related to the frequency of
informal numeracy practices and the number of children’s games at home.
However, associations with these variables clearly extended beyond the IPS
and were also found in regions of the frontal as well as temporal cortices.
This was notably the case for formal numeracy practices.

Another pre-registered hypothesis was that the relations above would
hold even when controlling for family SES (ie., parental education and
income), children’s IQ, parental numeracy skills, and parental subjective
estimate of their child’s numeracy skills (hypothesis #6). To test this
hypothesis, in line with our pre-registered plan, we included all of these
covariates in additional whole-brain regression models. As shown in Sup-
plementary Fig. 1, the relations between most dimensions of home
numeracy experiences and number-specific activity remained significant in
the same regions, even after accounting for these variables.

Interestingly, exploratory analyses revealed that the relations above
between the home environment and number-specific activity in children
were relatively specific to numeracy. Indeed, as can be seen in Supple-
mentary Fig. 2, number-specific activity was not significantly related to
informal and basic formal literacy practices, overall number of words spo-
ken by parents during the free play session, or number of books at home.
The only relation found was between advanced formal literacy practices and
number-specific activity in an occipital cluster.

Critically, however, several aspects of our pre-registered hypotheses
were not confirmed. First, we anticipated that number-specific activity in the
IPS would be more strongly linked to formal than informal dimensions of
the home numeracy environment (hypothesis #4). This did not appear to be
the case, as informal but not formal practices were associated with number-
specific activity in the IPS (see Fig. 4). Second, we anticipated that generally
the relation between the home numeracy environment and number-specific
activity would be the strongest for advanced formal practices and more
frequent use of large number words (hypothesis #1). As shown on Fig. 4, the
relation between the home numeracy environment and number-specific
activity was observed across all subtypes of numeracy practices, including
informal and basic formal. Separate analyses of the relation between the
proportion of parental number words and number-specific activity as a
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Fig. 3 | Digit-specific brain activity in the left IPS and left MFG in 5-year-old
children. a Standard brain surface renderings showing regions with significantly
greater activity for digits than for letters (Digits > Letters contrast) across all parti-
cipants. The highlighted clusters are located in the left Intraparietal Sulcus (pos-
terior) and the left Middle Frontal Gyrus (anterior), and reflect number-specific
brain activity at the group level (see Results Section “Average number-related
activity across all children”). These clusters survived whole-brain correction for
multiple comparisons using a cluster-forming threshold of p < 0.0025 (uncorrected)
and a cluster-level FWE correction at p < 0.05. b Mean beta values extracted from
each cluster for the contrasts Digits > Rest (Red) and Letters > Rest (Blue) in the Left
IPS and Left MFG across participants. Each dot represents one child; Error bars
indicate the standard error of the mean.

function of the magnitude of the words (i.e., small, medium, and large) did
not reveal any significant clusters after removing the outlier (see above).
Third, in all hypotheses we expected all relations between quality of the
home numeracy environment and number-specific activity to be positive, as
in our previous study™. In contrast to this prediction, however, higher-
quality of the home numeracy environment (indexed by more frequent
numeracy practices and greater number of games at home) were system-
atically associated with lower rather than higher number-specific brain
activity.

Overall, then, we were able to confirm some but not all aspects of our
pre-registered hypotheses regarding the relations between the home
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Table 1 | Brain regions in which number-specific activity was negatively associated with quality of the home numeracy

environment

Anatomical location MNI coordinates Z-score PFWE corrected Cluster sizeat p <0.0025 Cluster sizeat p <0.001(voxels)
X Y Z (voxels)
Informal practices
Left IPS -32 —74 48 4.23 0.030 111 -
Left Superior Frontal Gyrus —26 30 48 4.22 0.003 169 -
Right IPS* 38 —64 52 4.01 <0.001 410 217
Left Inferior Frontal Gyrus 24 -84 6 3.75 0.026 114 -
Right Middle Frontal Gyrus 40 16 22 3.63 0.039 105 -
Basic formal practices
Right Middle Temporal Gyrus* 54 —58 2 4.70 0.033 110 65
Advanced formal practices
Right Inferior Frontal Gyrus* 36 —-90 2 4.52 <0.001 344 213
Right Precuneus* 6 —48 6 4.41 <0.001 396 94
Left Medial Frontal Cortex* 0 60 —4 3.94 <0.001 262 78
Proportion of number words
No significant cluster
Number of children’s games
at home
Left Precuneus* -8 —56 44 5.17 <0.001 1275 775
Left Superior Frontal Gyrus* -20 36 41 4.36 <0.001 234 171
Left IPS* —40 -78 38 4.27 0.012 133 90

Al clusters indicated in the table are significant at p < 0.0025 (voxelwise) and p < 0.05 FWER corrected (clusterwise).
* indicates clusters that are also significant at p < 0.001 (voxelwise) and p < 0.05 FWER corrected (clusterwise). All Z-values reflect one-sided statistical maps derived from whole-brain analyses, and are
therefore presented as positive values. The direction of the associations (positive or negative) is described in the main text.

MNI Montreal Neurological Institute.

numeracy environment and brain activity. On the one hand, we found a
relation between quality of the home numeracy environment and number-
specific activity in several regions (including the IPS), controlling for a
number of factors. On the other hand, that relation was found across most
categories of practices, was not found for number talk, and was system-
atically negative rather than positive when it was found. Exploratory con-
nectivity analyses below explore a potential explanation for why these
relations might be negative.

To further explore whether the observed associations were specifi-
cally driven by digit-related activity rather than reduced letters-related
activity, we conducted additional exploratory analyses using the Digits >
Rest contrast extracted from the same functional clusters. These analyses
revealed a qualitatively similar negative pattern of associations (Supple-
mentary Fig. 3).

Relations between the home numeracy environment and
number-specific connectivity

A surprising and unexpected aspect of our results is the fact that the relations
between the home numeracy environment and number-specific activity are
negative rather than positive. In other words, a higher quality home
numeracy environment (i.e., more frequent practices) is associated with
lower rather than higher brain activity associated with number processing
(compared to letter processing). One possibility to explain this result is that
children who have the highest quality home numeracy environment might
be those who have the greatest weakness in numerical processing, which
would be reflected by less number-specific activity. However, this is
inconsistent with our behavioral results, which showed that home numeracy
practices (and number of children’s games) are associated with better
numeracy skills (i.e., transcoding and calculation). This is also inconsistent
with the fact that there was no negative relation between the parental
assessment of children’s numeracy skills and the quality of the home
numeracy environment (see above). Therefore, it is unlikely that the quality

of that environment increases in response to a perceived weakness in
children.

Another possibility is that lower number-specific activity reflects
greater efficiency in the cognitive system, perhaps because regions become
more connected with higher quality home numeracy environment. Indeed,
greater communication between regions may decrease local processing
demands”* and changes in functional connectivity may be more promi-
nent than changes in functional activity in young children®. To test this
hypothesis, we used PPI to measure whether communication between the
IPS and other brain regions during number processing (compared to letter
processing) was stronger in children exposed to higher quality of the home
numeracy environment. The IPS seed region was defined based on the
contrast of numbers versus letters across all children, which showed acti-
vation in a left-lateralized cluster (see Fig. 3). We found that number-specific
connectivity between that left IPS cluster and several prefrontal, parietal, and
occipital regions was positively associated with the frequency of all sub-
categories of home numeracy practices, as well as for the number of chil-
dren’s games at home (see Table 2, see also Fig. 5 for scatter plots of brain-
behavior correlations in most active clusters for all relevant measures).
Therefore, with the exception of the proportion of total number words that
were not found related to number-specific connectivity, all aspects of the
home numeracy environment were positively related to number-specific
connectivity with the left IPS.

Relations between number-specific activity and children’s
numeracy skills

Another pre-registered hypothesis was that number-specific activity in the
IPS would be related to children’s numeracy skills (hypothesis #2). Contrary
to this hypothesis, our whole-brain analyses failed to reveal any significant
relation between number-specific activity and any of the children’s
numeracy skills anywhere in the brain (at least at the statistical threshold
chosen). Therefore, we were also unable to formally test our subsequent
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hypothesis that number-specific activity in the IPS would account for the
relation between the home numeracy environment and children’s numer-
acy skills (hypothesis #3). We speculate on the possible reasons for the lack
of significant relation between number-specific activity and children’s
numeracy skills in the discussion.

Discussion
The present study aimed to explore the relation between early home
numeracy experiences and number-related brain function in young chil-
dren. Our main findings are twofold. First, they reveal that the passive
perception of digits (compared to letters) is associated with enhanced
activity in a left-lateralized fronto-parietal system in 5-year-old children,
including the IPS. Second, they show that differences in home numeracy
experiences at that age (measured through parental reports of home
numeracy practices and measures of number talk) are associated with dif-
ferences in levels of activity and functional connectivity with the IPS in
several prefrontal, parietal, and occipital regions.

As described in “Material and Methods Section” “Pre-registration and
justification of sample size”, we initially planned to assess number-specific
brain activity by examining neural adaptation to repeated symbolic stimuli,

based on our previous study in older children*'. However, because no robust
adaptation effects were observed in the present younger sample of 5-year-
olds, we instead focused on a between-category contrast (digits vs letters).
Similar contrasts have been previously used to study emerging symbolic
number processing in preschool-aged children®. Indeed, such contrasts
may not require the level of automaticity needed to elicit robust neural
adaptation effects.

As shown in Section “Average number-related activity across all chil-
dren” and Fig. 3, the passive perception of digits (compared to letters) was
associated with enhanced activity in both the left IPS and the left Middle
Frontal Gyrus across all children. These findings indicate a selective
recruitment of parietal and frontal regions during symbolic number per-
ception at this relatively young age. Activity in the frontal cortex is notably
consistent with previous studies that have observed greater involvement of
frontal regions in children than adults’ . This may indicate a greater
reliance on working memory and executive functions when these newly
learned symbols are not yet automatized™. It may also indicate that frontal
mechanisms might be involved in the association between symbols and their
semantic meanings™ . To some extent, the involvement of the left IPS in
our sample of 5-year-old children may be more notable because the
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Table 2| Brain regions in which number-specific functional connectivity with the left IPS was positively associated with quality of

the home numeracy environment

Anatomical location MNI coordinates Z-score PFWE corrected Cluster size at p <0.0025 Cluster siz at p <0.001(voxels)
X Y Z (voxels)

Informal practices

Left Superior Frontal Gyrus* -10 24 52 5.28 <0.001 474 209

Left Precentral Gyrus* —46 0 38 5.07 <0.001 231 100

Left Thalamus* -8 —26 —4 4.71 0.009 138 80

Left Lingual Gyrus -12 -42 -4 4.60 0.009 139 -

Right Basal Ganglia* 6 8 -12 4.43 0.037 104 61

Right Precuneus 10 —40 58 414 0.039 108 -

Left Precuneus -14 —40 58 4.11 0.001 186 -

Left Fusiform Gyrus -32 -30 —18 4.10 0.011 133 -

Left Anterior Insula -38 22 —-12 4.08 0.009 137 -

Left IPS —40 —-32 38 4.04 0.021 117 =

Right Fusiform Gyrus* 34 —42 -12 3.89 0.004 160 65

Right Lingual Gyrus 12 —86 -1 3.86 0.003 163 -

Basic formal practices

Right Superior 18 —86 16 4.52 <0.001 1483 734

Occipital Gyrus*

Right Inferior Frontal Gyrus* 48 8 10 4.33 <0.001 364 168

Right IPS 24 —48 44 4.00 0.010 139 -

Right Supramarginal Gyrus 64 —22 30 3.98 0.035 108 =

Right Thalamus 8 —6 10 3.79 0.021 120 -

Advanced formal practices

Right Cuneus* 10 -90 20 3.93 .<0.001 233 125

Left Cuneus -6 —86 13 3.71 0.034 111 -

Proportion of number words

No significant cluster

Number of children’s games at home

Left Precuneus* —6 —58 6 4.21 0.001 215 80

Right Lingual Gyrus* 16 —52 —4 417 <0.001 484 202

All clusters indicated in the table are significant at p < 0.0025 (voxelwise) and p < 0.05 FWER corrected (clusterwise). * indicates clusters that are also significant at p < 0.001 (voxelwise) and p < 0.05 FWER
corrected (clusterwise). All Z-values reflect one-sided statistical maps derived from whole-brain analyses, and are therefore presented as positive values. The direction of the associations (positive or

negative) is described in the main text.
MNI Montreal Neurological Institute.

recruitment of left IPS mechanisms during numerical processing is often
thought to be contingent upon formal learning and to develop gradually.
This is suggested by studies demonstrating a correlation between left IPS
activity during symbolic processing tasks and either age or participant
performance™”*. Though some studies have failed to observe left-
lateralized IPS activity in young children in symbolic comparison tasks™,
our results are consistent with other studies that did show early engagement
of the left IPS in matching or symbolic comparison tasks”*. Therefore, the
present study suggests that left IPS mechanisms are sensitive to symbolic
numerical information relatively early in development. This sensitivity may
be further enhanced as children become proficient in using these symbols.
This is supported by the fact that sequentially repeating the same number
(compared to repeating different numbers) was not associated with
decreased activity in the left IPS, whereas that effect was present in older
children in a previous study’’. Therefore, although 5-year-old children may
recognize that digits represent quantities, accessing quantitative informa-
tion from digits may not be fully automatized at that age®". Importantly,
however, behavioral results confirmed that children in the fMRI sample
accurately understood the quantitative meaning of the digits, as indicated by
their near-ceiling performance on the symbolic number comparison and
written numerical decision tasks. This supports the interpretation that left

IPS activity in the present study may result (at least in part) from genuine
symbolic number processing and may not simply reflect mere visual
familiarity with number symbols.

Our main pre-registered hypothesis was that home numeracy
experiences would also be positively associated with number-related brain
activity in young children. We did find that activity of several brain regions
was related to differences in (i) the frequency of home numeracy practices,
(ii) the quantity of parental number talk measured in the free play session,
and (iii) the number of children’s games at home. Unexpectedly, however,
the relations were systematically negative, in contrast to the pre-registered
direction of that relation. Indeed, enhanced home numeracy experiences
were systematically associated with decreased levels of brain activity, con-
trary to our previous study in older children, in which the relation was
positive™.

Several explanations may account for this finding. One is that home
numeracy experiences might constitute a parental response to perceived
struggles in children, as indexed by lower levels of activity associated with
the perception of digits (compared to letters). In other words, home
numeracy experiences might not cause changes in brain activity rather than
the reverse. However, this explanation is inconsistent with the finding that
there was a positive relation between the symbolic numeracy skills of
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Fig. 5 | Positive associations between home numeracy experiences and number-
specific functional connectivity with the left IPS. Surface renderings of brain
regions showing positive associations between number-specific functional con-
nectivity with the left Intraparietal Sulcus (shown as a yellow circle) and higher levels

Basic formal practices

Right SOG cluster
(number specific brain activity)

r=.614

Basic formal practices

Proportion of number words

mmmmm Positive association at p <.0025

Positive association at p < .001

of different aspects of the home numeracy environment. Scatterplots display indi-
vidual data points and fitted regression lines for each significant brain-behavior
association. Clusters are color-coded according to the statistical threshold (red for
P <0.0025 and yellow for p < 0.001).

children who participated in the present fMRI study (i.e., transcoding and
arithmetic) and the frequency of home numeracy practices reported by their
parents (notably practices that were formal and relatively challenging) (for
consistent results with a larger sample, see Girard et al."’). Therefore, chil-
dren who benefited from improved numeracy experiences were those with
the most advanced numerical skills. This suggests another possibility to
explain the negative relation between home numeracy experiences and
brain activity: Decreased brain activity associated with more frequent home
numeracy experiences may reflect experience-dependent tuning and
increased local processing efficiency. For example, this could be because
early development is often associated with an increase in communication
between brain regions**’, which may reduce processing demands on each
individual region®. Such a pattern of reduced local activity coupled with
increased inter-regional connectivity has been described as a hallmark of
experience-induced optimization in cortical networks” and would be
consistent with our exploratory results on brain connectivity (see below).
The idea that reduced activity with more frequent home experiences reflects
processing efficiency, however, remains speculative given the lack of

observed relation between brain activity and numerical performance.
Finally, another possibility is that reduced number-specific activation in
children exposed to richer home numeracy experiences could reflect
reduced cognitive effort during passive viewing, or differences in processing
strategy, rather than efficiency per se. Altogether, these interpretations
cannot be disentangled within the current passive paradigm. Future studies
combining passive and active symbolic number tasks may be able to directly
test these hypotheses.

A novel finding from the present study is that home numeracy
experiences (assessed through parental questionnaires and the number of
children’s games at home) were positively associated with greater com-
munication between the IPS and several brain regions. A growing body of
evidence suggests that symbolic numerical processing may trigger neural
communication across multiple brain regions in young children who are
actively learning to associate mathematical symbols with their meanings™.
This neural communication may be fundamental to the development of
number-related brain systems. For example, longitudinal studies indicate
that the connectivity of a given brain region may be associated with its
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subsequent specialization (e.g., related to word or letter processing™*"®).

Connectivity of the left IPS in children has also been found to be predictive
of later numeracy skills***. Although our study is the first to show an
association between home numeracy experiences and number-related brain
connectivity, previous studies have suggested that brain connectivity typi-
cally increases with number knowledge, as indexed by age and enhanced
symbolic knowledge’®****. A previous study also demonstrated an increase
in brain connectivity following an intervention targeting numerical skills*’.
Overall, our findings suggest that home numeracy experiences may play a
significant role in shaping the connectivity of the left IPS, which might later
contribute to its specialization for digit processing. This is broadly consistent
with research on the effects of home literacy experiences, which have been
found to be associated with children’s language-related brain
connectivity***.

Interestingly, we found positive associations between brain con-
nectivity with the IPS and the frequency of both formal and informal home
numeracy practices, despite the fact that only advanced formal practices
were associated with children’s skills. Not only does this suggest that neural
measures may be more sensitive to individual differences in experiences
than behavioral measures®, but it also suggests that all types of numeracy
practices may affect the brain system supporting numerical development in
young children. However, the brain network associated with each type of
practice was not homogeneous. Specifically, while informal home numeracy
activities were associated with higher connectivity between the IPS and a
bilateral system composed of the fusiform, precentral, and precuneus gyri,
basic formal numeracy practices were associated with a right-lateralized
network that included the IPS, the inferior frontal, and the supramarginal
gyri. In contrast, advanced formal numeracy practices were associated with
a more spatially restricted pattern of connectivity, primarily involving the
bilateral cuneus. Although both basic and advanced formal practices were
associated with increased connectivity in occipital regions, the underlying
neural patterns were nonetheless distinct. Specifically, connectivity related
to basic formal practices involved a broader right-lateralized network
extending into frontal and parietal cortices, while advanced formal practices
were linked to more focal effects in the bilateral cuneus (see Table 2 for
anatomical details).

Thus, there appears to be a reduction in network density as we move
from informal to advanced formal practices, perhaps due to differences in
network maturity™*® or in the range of activities that underlie informal
compared to formal practices (the former being associated with a broader
range of experiences and learning opportunities than the latter).

Although it is always difficult to speculate on the role of different brain
regions, we note that several of the regions found in the connectivity ana-
lyses have been found critical to numerical cognition. For example, the right
IPS™***% and the fusiform gyrus®’® may reflect the spatial and visual
processing of quantitative information, respectively. It has been suggested
that the cuneus may have a role in episodic memory’', while the supra-
marginal gyrus may reflect associations between digits and the quantities
they represent™. Finally, the precentral gyrus has often been linked to finger
representations, which are intertwined with the representation of numbers
in young children™*”.

Finally, while PPI analyses revealed increased connectivity between the
IPS and several frontal and temporal regions as a function of the home
numeracy environment, these regions did not spatially overlap with those
showing decreased number-specific activation. This dissociation suggests
that changes in activation and connectivity may reflect distinct but poten-
tially complementary neural mechanisms shaped by early numeracy
experiences. Although we cannot exclude the possibility of functional
interactions—especially given the spatial proximity between some of these
regions—future studies using methods such as mediation or longitudinal
designs will be needed to clarify the temporal and mechanistic links between
connectivity and regional activation.

We believe that our study makes a critical contribution to the literature
on the relation between numerical development and early home experiences
by suggesting underlying neural mechanisms. However, we also note six

main limitations of this work. First, although we argue that higher con-
nectivity between several brain regions and the left IPS leads to a local
decrease in processing demands (which might explain a decrease in brain
activity), our cross-sectional design does not allow us to assess whether
connectivity precedes activity or the other way around. This calls for future
studies using longitudinal designs. More generally, it is important to keep in
mind that the cross-sectional nature of our study limits our ability to draw
any causal conclusions about the observed relations.

Second, while we showed that the frequency of home numeracy
activities was related to both brain activity and connectivity with the left IPS,
our results in terms of number talk are less clear. Indeed, while our measure
of number talk was associated with brain activity, we did not find any
relation with brain connectivity. We also failed to find any relation between
number talk and children’s numerical skills, in line with several other pre-
vious studies””°. A recent meta-analysis' indicated a very small effect size
for the relation between mathematical language used by parents and chil-
dren’s mathematical skills (r =.03). Therefore, our sample size may have
been insufficient to detect such an effect. It is also possible that our lab-based
assessment of number talk may not have accurately captured the extent of
the verbal interactions between parents and children”. Future studies
should include larger samples, as well as more ecological measures of lan-
guage, to better understand the relation between number talk and both skills
and brain functioning.

Third, we did not find any correlation between children’s math skills
and either measures of brain activity or connectivity, preventing us from
investigating whether brain activity or brain connectivity mediated any
relation between home numeracy experiences and skills and, therefore, from
determining the functional relevance of these neural differences. This may
seem relatively surprising given that such brain-behavior correlations have
been found in older children and adults during active tasks requiring
semantic processing of symbolic numerical information”’, as well as in
adaptation tasks™””. Although it is always difficult to discuss a null finding,
one potential explanation lies in the passive nature of our task. Indeed, while
there might be a relation between automatic processing of numerical
symbols (ie., in the absence of any explicit task) and mathematical per-
formance in older children®, this might be less clear in younger children
(first or second grade’™). This hypothesis is supported by findings from a
study that measured brain activity associated with the implicit processing of
numerical information in children aged 4 to 11 years while they watched
educational videos”. The authors found that brain activity was linked to
mathematical skills only when neural activity patterns were sufficiently
mature (i.e., exhibiting more adult-like brain responses). Therefore, it is
possible that any relation between brain functioning and math skills requires
a level of processing of numerical information that is sufficiently mature
(e.g., involving a deeper understanding of ordinality and cardinality). In
addition, although the passive viewing task was designed to elicit automatic,
stimulus-driven responses with minimal cognitive demands, we cannot be
certain that all children engaged deeply with the symbolic stimuli. Reduced
activation among children exposed to richer home numeracy environments
may therefore partly reflect shallower or less consistent attention. Future
studies combining passive and active number tasks could help disentangle
the roles of attention, task demands, and experience-dependent neural
tuning.

Fourth, although our spatial normalization procedure followed prac-
tices commonly used in developmental fMRI studies'®"", we used the
standard adult MNI template rather than an age-specific brain template.
This choice was motivated by the desire to maintain consistency with our
previous study in 8-year-olds™, and to enable cross-age comparisons.
However, we acknowledge that using an adult template may introduce some
imprecision in anatomical localization in young children’s brains. Future
studies may benefit from the use of age-appropriate pediatric templates*"*,
which could improve spatial accuracy and individual alignment, especially
in regions with high morphological variability during early childhood.

Fifth, our reliance on group-level whole-brain analyses does not
account for inter-individual variability in the precise spatial location of digit-
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selective regions (including within the IPS) in young children. A probabil-
istic overlap map (Supplementary Fig. 4) illustrates substantial variability
across children in the voxel-level location of peak activation for the
Digits > Letters contrast, with a maximum overlap of 12 participants at any
given voxel. Such heterogeneity may reduce sensitivity in cluster-level group
analyses and limit the detection of brain-behavior associations. Future
studies may benefit from subject-specific functional ROIs to better capture
individual functional organization.

Finally, all of our participants similarly benefited from two years of
public preschool education in France prior entering kindergarten. Although
this ensured some homogeneity in terms of quantity of preschool experi-
ence, it does not completely control for potential differences in the quality of
this preschool experience. To some extent, this is minimized by the fact that
all French preschool teachers follow the standardized French preschool
curriculum, However, we cannot rule out the possibility that the way this
curriculum is implemented varies across schools and teachers, such that
children may still differ in the extent to which they have been exposed to
similar early numeracy instruction prior to our study.

In sum, the present study demonstrates the relation between early
home numeracy experiences and the development of brain networks
involved in number processing in young children. Our findings suggest that
while the left IPS is already engaged in digit processing by five years of age,
differences in home numeracy experiences may contribute not only to
variations in brain activity but also to enhanced connectivity across number-
related regions. We argue that the association between home numeracy
experiences and number-related brain activity might reflect experience-
dependent tuning and greater processing efficiency, underscoring the
potential role of early numerical experiences in shaping neural pathways.
While our findings are correlational in nature, they provide a foundation for
future experimental studies assessing the impact of early interventions
targeting the home numeracy environment of young children to enhance
foundational number skills.

Material and methods

Participants

Participants were drawn from the 128 children of approximately 5 years of
age who took part in the behavioral evaluation reported in Girard et al."”.
The sample, which was recruited via flyers sent to schools and advertise-
ments on social media, was mainly composed of children in kindergarten
(only two children were in pre-K (i.e., second year of preschool in the French
system) and eight children were within the first four months of first grade).
In France, preschool education is free, starts at 3 years of age, and is attended
by the vast majority of children. Two years of preschool and one year of
kindergarten are organized in nursery schools (ie., “école maternelle”),
which are mandatory since 2019 but were already attended by 97.5% of
children before 2018".

Although all children were invited to participate in the fMRI experi-
ment, only 106 came back to the lab for fMRI scanning. Of the children who
came back for the fMRI session, 69 children did not have at least one usable
run of digits and one usable run of letters for fMRI data analyses because of
incomplete data (n =49), excessive motion in the scanner (n = 17, details
below), and poor performance on the target detection task embedded in the
fMRI runs (n = 3). Therefore, 37 children were included in the final fMRI
analyses. Demographic information is described in Table 3. All children and
parents were native French speakers. Parents completed a questionnaire
evaluating their approximate monthly income and level of education.
Monthly parental income of the final sample, measured using ranges with
increments of €1000, varied from less than €1000 (n = 5) to more than €5000
(n=2) (in France, the median monthly income is about €1700*). Parental
level of education ranged from a high school degree or below (n=5) to a
master’s degree or higher (n = 18). Therefore, socio-economic status (SES)
ranged from relatively low to relatively high (see Table 3). The study was
approved by a French ethics committee (Comité de Protection des Per-
sonnes du Sud-Ouest et Outre-Mer 4, reference number: CPP18-050/2018-
A01229-46). Parents gave written informed consent, and children gave their

Table 3| Demographic information and test scores for children
and parents

Variable Children Parents
Age (in years) 5.79 (0.42) 37.97 (4.66)
Sex (female/male) 15/22 33/4
Parental education (humber of years - 3.82 (2.56)
after high school)

Approximate monthly income (in - 2257 (1234)
euros)’'

IQ composite (standard score)’ 109 (15.92) -

Values except sex are means (standard deviations are given in parentheses). 32 children were in
kindergarten, 2 were in pre-K and 3 were within the first four months of first grade.

' As a reference, the median monthly income in France is about €1,700 (Robin, 2019).

2 Scale mean = 100, Scale SD =15.

oral consent to participate in the study. Families were paid 40 euros for their
participation in the fMRI session.

Pre-registration and justification of sample size

Hypotheses, sample size, methods, and planned analyses were pre-
registered via the Open Science Framework (https://osf.io/yjzqn). We
planned a priori to recruit a sample of 120 participants, anticipating an
exclusion rate of about 60% for the fMRI analyses given the challenges raised
by task-based imaging with young children. This sample size was based on
analyses assuming a small to medium effect size, observed in (i) the only
available meta-analysis at the time of the pre-registration about the relation
between home numeracy practices and children’s numeracy skills”
(r =0.46), (ii) two studies investigating the relation between home literacy
practices and language-related brain activity in young children'** (from
r=0.40 to r=0.58), and (iii) cross-sectional neuroimaging studies of the
relation between arithmetic fluency and brain activity”>* (from r = 0.30 to
r=0.58). Although our exclusion rate was greater than 60%, a power ana-
lysis using G*Power 3.1* indicates that our final sample of 37 participants
would still give us 80% power to detect an effect size of r = 0.38 (at & = 0.05,
one-tailed), which is within the anticipated range of effect sizes.

Three changes were made to the current manuscript compared to the
pre-registration. First, because our sample included children who scored in
the superior range on the IQ measure, we also included children whose
standardized IQ was below the 25th percentile, not to bias the sample
towards high IQ children (only one child who scored below the 3™ percentile
was excluded). Second, following our previous neuroimaging study with 8-
year-olds™, we had planned to investigate associations between parental
variables and brain activity associated with neural adaptation to repeated
digits, letters, and dot arrays (i.e., a form of intra-category discrimination).
However, based on pre-registered whole-brain, group-level analyses, we
failed to detect significant average neural adaptation effects in any of the
conditions and brain regions across participants. This may be due to
methodological challenges with data acquisition (i.e., lower signal-to-noise
ratio in 5-year-olds compared to older age groups*”*) or to a lesser degree of
automaticity in number (and letter) processing in 5-year-olds compared to
8-year-olds® (see also the “Discussion” section). This lack of adaptation
effects across all children would have made investigating associations
between individual differences in adaptation effects and other parental
variables difficult to interpret. As in other studies focusing on children of
equivalent age, we instead focused on a form of inter-category dis-
crimination that relies less on automatic processing. Specifically, we com-
pared the average activity associated with digits (collapsed across blocks, see
below) to the average activity associated with letters (also collapsed across
blocks). Because we did not have a control condition for dot arrays (in the
same way as letters are a control condition for digits because both are
abstract symbols), the present report exclusively focuses on analyzing dif-
ferences between activity associated with digits and with letters. Third, all of
the hypotheses stated in the Introduction follow our pre-registered

npj Science of Learning| (2026)11:31

10


https://osf.io/yjzqn
www.nature.com/npjscilearn

https://doi.org/10.1038/s41539-026-00419-5

Article

hypotheses, with the exception of Hypothesis #4 that originally involved
both symbolic and non-symbolic processing (i.e., dot arrays). Because we
ended up focusing only on symbolic processing only (see above), we are only
presenting the part of the hypothesis that involves the relation between digit-
related activity and the home numeracy environment. Finally, because our
current analyses focused on the contrast between digits and letters (rather
than on adaptation effects within each category), Hypothesis #5 from the
pre-registration (initially designed to test the specificity of home numeracy
effects for digit-related adaptation) became conceptually redundant with
Hypothesis #3. Although the hypothesis was kept in the manuscript for
transparency, we note that it no longer represents an independent analytical
step (as its content is now captured by the contrast between digits and
letters).

Child measures

Numeracy and cognitive skills of all children were measured in a
behavioral session prior to fMRI scanning, as detailed in Girard et al."”.
Numeracy skills of children were assessed using the TEDI-MATH
battery®, which includes 26 subtests assessing 7 specific numeracy skills.
These are described in detail in Girard et al.”. Briefly, non-symbolic
skills were estimated using subtests involving non-symbolic quantity
comparison. Knowledge of the verbal numerical sequence was measured
using subtests asking children to state the verbal numerical sequence as
far as possible, as well as with lower and upper limits. Counting was
assessed using subtests in which children enumerated items. Knowledge
of the written number system and knowledge of the oral number system
were each assessed using different subtests involving numerical decision,
comparison, estimation, and judgment of grammaticality. Transcoding
was estimated using two subtests involving writing and reading Arabic
numbers. Calculation was assessed using eight different subtests in
which children solved different types of arithmetic problems with and
without visual support. We also asked parents to provide a subjective
assessment of their child’s numeracy skills using a point rating scale from
—21t02 (i.e., Not sure or no opinion was coded as 0, Severe difficulty was
coded as —2, Difficulty was coded as —1, Average skills was coded as 0.5,
Good skills was coded as 1 and Excellent skills was coded as 2).

In addition, a standardized full-scale IQ score was estimated for each
child with the NEMI-2%, using verbal intelligence subtests (including gen-
eral knowledge, vocabulary, and comparison) and matrix reasoning. Stan-
dard IQ scores varied from below average (min = 76) to very superior (max
= 146), with a mean in the average range (see Table 1).

To ensure that children included in the fMRI sample understood the
quantitative meaning of the digits presented during the fMRI task, we
examined their performance on several subtasks of the NEMI-2. On the
symbolic number comparison subtask, performance was very high (mean =
3.84 out of 4), with most children scoring 4/4, three scoring 3/4, and only one
scoring 1/4 (note that re-running all analyses excluding this participant did
not change any results). In addition, all children obtained a perfect score (8/
8) on the written numerical decision subtask, confirming that they could
reliably distinguish digits from letters and other non-alphanumeric sym-
bols. Together, these findings indicate that all children included in the fMRI
sample understood the quantities symbolized by single-digit numbers.

Parental measures

Parents’ math skills, home practices, and number talk were assessed during a
behavioral session prior to children’s fMRI scanning"’. First, arithmetic skills
were measured using the Math Fluency subtest of the Woodcock-Johnson-
III Tests of Achievement (WJ-III""). Parents were asked to complete simple
addition, subtraction, and multiplication problems within a 3-minute time
limit. The test consists of 2 pages of 80 problems with operands ranging
from 0 to 10.

Second, home numeracy practices were measured using an electronic,
parent-administered questionnaire (see the list of practices in Figs. 1 and 2).
To reduce the math-focus of the study, items on home numeracy practices
were presented alongside items related to other types of practices (e.g.,

literacy, see Tables 4 and 5). For each activity, parents were asked to indicate
the frequency of its occurrence at home during the previous month, using a
six-point rating scale (i.e., Did not occur/Activity is not relevant to my child,
1-3 times per month, Once per week, 2-4 times per week, Almost daily,
Daily). The one-month recall period, which is standard in HNE
questionnaires'’, was selected to ensure comparability with prior work and
was adapted directly from the wording used in the original LeFevre et al.
questionnaire™. Items were also adapted from the original questionnaire
used by LeFevre et al.”” and from one of our previous studies with French
elementary school children*. Following recommendations on a priori
classifications”™”* and our pre-registered method, we identified 15 activities
as informal and 21 as formal. Based on the pre-registration and previous
studies that highlighted the importance of dissociating formal activities
according to their level of difficulty”"', we further identified 10 formal
activities as basic (i.e., meeting the expectations of the French kindergarten
curriculum) and 11 activities as advanced (i.e., exceeding the expectations of
the French kindergarten curriculum). Tables 4 and 5 show how literacy
activities were also divided into formal versus informal and basic versus
advanced. Finally, though that measure was exploratory and not pre-
registered, we also asked parents to estimate the number of games (as well as
books) that they had at home.

Third, parental number talk was measured during a free-play session in
the lab. Each parent was given the opportunity to engage with their childina
separate room of the lab, where their dialogue and interactions were cap-
tured on video for ten minutes. Parents were instructed to interact and play
with their child as they normally would at home for ten minutes. No
additional instructions or prompts were given, in order to elicit naturalistic
parent—child interactions. The environment was equipped with a selection
of objects and toys, including picture books, play food and dishes, a cash
register with pretend money, paper and colored pencils, puppets, a building
game, and a set of toy vehicles'”. The video footage was transcribed verbatim
by research assistants. A random sample of 22% of the transcripts (drawn
from the original behavioral sample, n=120) was independently re-
examined by a second assistant for transcription accuracy, yielding an
agreement rate exceeding 95%. These transcriptions were then coded at the
word level for instances of number talk. A subsample of 25% of the coded
transcripts (n=31) was double-coded by another assistant, yielding an
inter-coding agreement rate above 98%. We extracted from the transcrip-
tions every instance of number words used by the parent throughout the
ten-minute play interaction*>”. We then calculated for each dyad the pro-
portion of number words used by the parent (including uses of zero) out of
the total number of words. We also derived additional scores for the pro-
portion of small (0-5), medium (6-10), and large number words (more than
10) used by the parent.

Experimental task

In two separate fMRI runs adapted from Girard et al.*, children were
presented with series of digits and letters that were interspersed with periods
of visual fixation. Digits ranged from 1 to 8 and letters consisted of A, B, C, D,
E,F, M, R, S. Series of digits and letters were presented in blocks, half of
which included eight repetitions of the same stimulus (digit or letter)
whereas the other half included different stimuli (digit or letter) (see Fig. 6).
This repetition manipulation was initially included to allow for the inves-
tigation of neural adaptation effects, as in our previous study”. Periods of
visual fixation between these blocks consisted of a picture of a star that was
presented at the center of the screen. In each block of digits and letters, the
stimuli (digits or letters) remained on the screen for 700 ms, with a 500 ms
interstimulus interval, for a total block duration of 9.6 s. Periods of visual
fixation also lasted 9.6 s. In each of the two runs, there were 20 blocks of
stimuli (digits or letters) and 10 blocks of visual fixation. The task was
programmed and presented using PsychoPy™. A screen was installed at the
end of the scanner bore, and stimuli were displayed by a projector in the
room adjacent to the scanner. A 45° mirror was placed over the headrest so
that participants could view the screen by looking upward. Head movement
was minimized during the scan using cushions placed around the
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Table 4 | Frequency ratings associated with informal home
literacy practices

Item Mean (SD) Min Max
Telling invented stories 1.68 (1.51)
Talking about school day 4.49 (0.69)

Playing computer/tablet games involving reading or
spelling

0.41(0.76) 0 3

Reading texts in everyday life (advertisements, etc.) 3.27(1.63) 0 5
0.89(0.81) O 2
1.08(1.40) 0O 5

1.97 (0.59)

Visiting the library for children’s books

Singing alphabet songs

Average

Minimum rating is 0, maximum rating is 5.

Table 5 | Frequency ratings associated with formal home
literacy practices

Skill level Item Mean (SD) Min Max

Basic Writing his/her own first name 251(1.63) O 5
Recognizing and reading all letters 257(1.72) 0 5
Reading together 3.05(1.600 O 5
Average 2.71(1.32)

Advanced Reading words 219(191) 0 5
Reading sentences/short texts 142(1.66) O 5
Writing words 1.86(1.58 0 5
Teaching and correcting spelling 0.70(1.37) O 5
Writing sentences 0.73(1.19) 0O 5
Writing letters or stories 0.59(1.21) O 5
Asking questions when we read 3.05(1.47) O 5
together
Average 1.58(1.22)

Minimum rating is 0, maximum rating is 5.

'EiEm
| ﬂmﬂﬂﬁ

m} r' ' .

Resting b\otk

Variable stimuli

Fig. 6 | Experimental task. Participants were sequentially presented with digits (A)
or letters (B) that were identical (repeated stimuli) or different (variable stimuli).

participant’s head. Some children were also presented with series of dot
arrays in another run, which is not analyzed here for reasons detailed above.

Because no active task was asked to participants upon perceiving digits
and letters, we included a target detection task to ensure that participants
paid minimal attention to the stimuli. The target was the picture of a rocket
that appeared randomly 10 times during the periods of visual fixation.
Participants were asked to press a button every time it appeared. Participants
who detected less than 3 targets in both runs were excluded from further
analysis. Due to technical issues, target detection data were not recorded but
instead monitored online during acquisition for 6 participants. In the final

sample of children included in the fMRI analyses, the average target
detection rate was 81% (SD = 21) in the digit run and 82% (SD = 19) in the
letter run. No difference in target detection rate was observed between the
runs (Wilcoxon rank sum test: p = 0.71), indicating that children paid equal
attention to the stimuli in both runs.

fMRI data acquisition

To ensure children’s comfort and optimize data quality, we implemented a
child-adapted MRI protocol. Before scanning, children and parents viewed a
short video introducing both the mock and real MRI environments. During
a preparatory session in an inflatable mock scanner, children practiced the
task, heard scanner sounds, and were instructed to remain still using real-
time motion feedback. The actual MRI room was decorated as a spaceship to
create a child-friendly environment, and a pediatric head coil with inflatable
pads was used to maximize comfort and head stability. Active noise-
canceling headphones, real-time motion tracking (FIRMM Software’’), and
an in-coil camera allowed continuous monitoring of gaze and movements.
During the anatomical sequence, children watched a cartoon movie to
maintain comfort and reduce motion.

Images were collected with a Siemens Prisma 3 T MRI scanner
(Siemens Healthcare, Erlangen, Germany) at the CERMEP Imagerie du
vivant in Lyon, France. The BOLD signal was measured with a sus-
ceptibility weighted single-shot EPI sequence. Imaging parameters were
as follows: TR=2000 ms, TE=24ms, flip angle=280° matrix
size = 128 x 120, field of view =220 x 206 mm, slice thickness =3 mm
(0.48 mm gap), number of slices = 32. A high-resolution T1-weighted
whole-brain anatomical volume was also collected for each participant.
Parameters were as follows: TR = 3500 ms, TE = 2.24 ms, flip angle = 8°,
matrix size = 256 x 256, field of view = 224 x 224 mm, slice thickness =
0.9 mm, number of slices = 192.

fMRI data preprocessing

Using the SPM software (https://www.fil.ion.ucl.ac.uk/spm/), functional
images were corrected for slice acquisition delays and for spatial rea-
lignment to the first image of the first run to account for head motion.
Realigned images were smoothed with a Gaussian filter (4x4x7 mm full-
width at half maximum). Motion outliers were detected using ArtRepair
(https://www.nitrc.org/projects/art_repair/), in accordance with our
pre-registered data processing plan (https://osf.io/yjzqn) and consistent
with our previous studies™**. Volumes were flagged as outliers if they
exhibited (i) a global mean intensity greater than 3 standard deviations
from the run average or (ii) volume-to-volume motion greater than
2 mm. These outlier volumes were replaced by interpolating the two
closest non-flagged volumes. Participants were excluded from the ana-
lyses if more than 20% of the volumes were repaired in either the digit or
the letter runs (n=17). For these excluded participants, the average
percentage of repaired volumes was 47% for the digit task (range =
20.4-90.8%) and 64% for the letter task (range = 22.4-98%). To verify
that excluding these participants did not bias our sample, we compared
home numeracy measures and children’s numeracy skills between
included and excluded participants (based on motion-related exclusion)
using independent samples t-tests. No significant group differences were
found (all s < 1.55, all ps > 0.13). The proportion of repaired volumes for
each included participant, for both digit and letter runs, is reported in the
shared behavioral dataset.

Finally, functional images were normalized into the standard Montreal
Neurological Institute (MNI) space, consistent with previous developmental
fMRI studies in preschool children'®**®. This approach also ensured
comparability with our prior study in 8-year-olds™. This was done in two
steps. First, after coregistration with the functional data, the structural image
was segmented into gray matter, white matter, and cerebrospinal fluid by
using a unified segmentation algorithm™. Second, the functional data were
normalized to the MNI space by using the normalization parameters esti-
mated during unified segmentation (normalized voxel size,
2mm® x 2 mm® x 3.5 mm?®).
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fMRI data analysis

Statistical analysis of the fMRI data was performed with a general linear
model implemented in the SPM software. At the individual level, brain
activity associated with blocks of digits and letters was modeled as epochs
with onsets time-locked to the beginning of each block and a duration of
9.6's, with separate regressors for series of identical and different stimuli.
Blocks of visual fixation were also modeled in a separate regressor. All
epochs were convolved with a canonical hemodynamic response function.
The time series data were high-pass filtered (1/128 Hz), and serial correla-
tions were corrected with an auto-regressive AR(1) model.

At the individual level, blocks were modeled separately according to
both the stimulus category (digits vs. letters) and the repetition condition
(repeated vs. variable), to examine potential adaptation effects (consistent
with our pre-registered plan). However, since no significant adaptation
effect was observed in any condition or brain region (see “Materials and
Methods” Section “Pre-registration and justification of sample size”), we
pooled across repetition conditions in our contrasts of interest. Specifically,
we used contrast weights that combined both repetition conditions within
each stimulus category (e.g., [1 1 —1 —1] to contrast digits vs. letters, pooling
across repetition conditions). This approach effectively examines digit-
related versus letter-related activity while accounting for any potential
repetition effects in the model. Such an inter-category discrimination
approach has been successfully used in prior developmental neuroimaging
studies™.

Brain activity associated with blocks of digits and letters was modeled
separately. Blocks of visual fixation were also modeled explicitly. For each
subject, brain activity associated with all blocks of digits (versus fixation) was
contrasted to brain activity associated with all blocks of letters (versus
fixation) to capture activity that was specifically elicited by perceiving digits.
This contrast reflects regions that respond more to digits than to letters,
while the reverse contrast (Letters > Digits) captures regions preferentially
activated during letter processing. Subject-level contrasts were then entered
into 2nd-level.

In line with our pre-registered hypotheses, we conducted five inde-
pendent whole-brain regression analyses, each including a home environ-
ment predictor: (1) informal home numeracy practices, (2) basic formal
practices, (3) advanced formal practices, (4) the number of children’s games
at home, and (5) the proportion of parental number words.

All models were implemented as whole-brain voxelwise analyses,
consistent with our pre-registered analytic plan. All statistical maps were
thresholded at a cluster-forming threshold of p < 0.0025 (uncorrected)
and corrected for multiple comparisons at the cluster level using a
family-wise error (FWE) correction of p <0.05, consistent with our
previous study”’. For transparency and comparability with other studies,
we also report in the figures and tables the clusters that survive a FWE
correction (p<0.05) using a more conservative cluster-forming
threshold of p < 0.001 (uncorrected).

In addition, exploratory analyses were performed using psychophy-
siological interaction (PPI) analyses to assess task-dependent changes in
functional connectivity’'®. PPI analyses estimate whether the functional
coupling between a seed region and the rest of the brain is modulated by a
psychological condition (here, digits vs. letters). This method has been
widely used in cognitive neuroimaging'®"'”, including in studies on
numerical cognition with children™**'®.

A PPI analysis assesses whether certain brain areas (target regions)
show activity that can be explained in terms of an interaction between the
influence of a distal area (source region) and an experimental parameter. In
other words, a PPI analysis tests whether activity in a source area contributes
to activity in a target area to a greater (or lesser) extent in one condition
versus another. Here, we aimed to explore how functional connectivity
between the IPS and other brain regions changed as a function of home
numeracy practices, parental number talk, and children’s numeracy skills
when children processed digits (as compared to letters). At the first level, the
PPI model included three regressors: (i) the average time series of the IPS
(i.e., the “physiological” part of the PPI), (ii) the contrast of digits versus

letters after it had been convolved with a standard HRF (the “psychological”
parts of the PPI), and (iii) the interaction between the physiological and
psychological factors (i.e., the “interaction” part of the PPI). The average
time series of the IPS was defined as the first eigenvariate time series
extracted from a 6 mm radius sphere centered around the IPS coordinates in
the contrast of digits versus letters across all participants. To compute the
interaction regressor, the BOLD signal from the IPS was deconvolved by
using a Bayesian estimation algorithm®. The regressor coding for the con-
trast of digits versus letters was multiplied by the deconvolved seed activity
regressor to produce the interaction term. This interaction term, which was
in the end convolved with a standard HRF, quantified the degree to which
activity in various brain regions may be explained by the interaction between
IPS activity and a difference between perceiving digits versus letters. Indi-
vidual whole-brain beta maps of the interaction term were entered into 2nd-
level regression analyses that included as predictors home numeracy prac-
tices, parental number talk, number of games at home, and children’s
numeracy skills. Consistent with our pre-registration, all PPI analyses were
also conducted at the whole-brain level, without applying any region-of-
interest or small-volume corrections. A cluster-level threshold of p < 0.05
(defined using a cluster-forming threshold of p <0.0025) corrected for
family wise error was applied to all whole-brain statistical maps to assess
brain areas of significant connectivity changes with the IPS. Because most of
the analyses involved brain-behavior correlations, Cook’s distances were
systematically examined for all activated clusters, and outliers were identi-
fied and removed if Cook’s distance > 1 (this was the case for one analysis on
the proportion of parental number words; see Results).

Data availability

The pre-registration, questionnaires, fMRI task, behavioral data, and indi-
vidual beta maps that support the findings of this study are available via the
OSF at https://ostf.io/vuar8/.

Code availability

The Matlab scripts used to analyze the fMRI data are available via the OSF at
https://osf.io/vuar8. The scripts are also available on GitHub (https://github.
com/BBL-lab/BBL-batch-system).

Received: 3 September 2025; Accepted: 16 March 2026;
Published online: 03 April 2026

References

1. Daucourt, M. C., Napoli, A. R., Quinn, J. M., Wood, S. G. & Hart, S. A.
The home math environment and math achievement: a meta-
analysis. Psychol. Bull. 147, 565-596 (2021).

2. Libertus, M. E. Parent-Focused Interventions to Support Children’s
Early Math Learning. Current Directions in Psychological Science
09637214231212806 (APS, 2023).

3. Mol, S. E. &Bus, A. G. To read or not to read: a meta-analysis of print
exposure from infancy to early adulthood. Psychol. Bull. 137, 267
(2011).

4, Niklas, F. & Schneider, W. Home literacy environment and the

beginning of reading and spelling. Contemp. Educ. Psychol. 38,
40-50 (2013).

5. Silver, A. M. & Libertus, M. E. Environmental influences on
mathematics performance in early childhood. Nat. Rev. Psychol. 1,
407-418 (2022).

6. Dong, Y., Wu, S. X.-Y., Dong, W.-Y. & Tang, Y. The effects of home
literacy environment on children’s reading comprehension
development: a meta-analysis. Educ. Sci. Theory Pract. 20, 63-82
(2020).

7. Duncan, G. J. et al. School readiness and later achievement. Dev.
Psychol. 43, 1428-1446 (2007).

8. Silver, A. M., Elliott, L. & Libertus, M. E. Parental math input is not
uniformly beneficial for young children: The moderating role of
inhibitory control. J. Educ. Psychol. 114, 1178-1191 (2022).

npj Science of Learning| (2026)11:31

13


https://osf.io/vuar8/
https://osf.io/vuar8
https://github.com/BBL-lab/BBL-batch-system
https://github.com/BBL-lab/BBL-batch-system
www.nature.com/npjscilearn

https://doi.org/10.1038/s41539-026-00419-5

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Romeo, R. R. Socioeconomic and experiential influences on the
neurobiology of language development. Perspect. ASHA Spec.
Interest Groups. 4, 1229-1238 (2019).

Davison, K. E. et al. Examining shared reading and white matter
organization in kindergarten in relation to subsequent language and
reading abilities: a longitudinal investigation. J. Cogn. Neurosci. 35,
259-275 (2023).

Hutton, J. S., Dudley, J., Horowitz-Kraus, T., DeWitt, T. & Holland, S.
K. Associations between home literacy environment, brain white
matter integrity and cognitive abilities in preschool-age children.
Acta Paediatrica. 109, 1376-1386 (2020).

Romeo, R. R. et al. Language exposure relates to structural neural
connectivity in childhood. J. Neurosci. 38, 7870-7877 (2018).
Horowitz-Kraus, T. & Hutton, J. S. Brain connectivity in children is
increased by the time they spend reading books and decreased by
the length of exposure to screen-based media. Acta Paediatrica.
107, 685-693 (2018).

King, L. S., Camacho, M. C., Montez, D. F., Humphreys, K. L. &
Gotlib, I. H. Naturalistic language input is associated with resting-
state functional connectivity in infancy. J. Neurosci. 41, 424-434
(2021).

Girard, C. et al. Nurturing the reading brain: home literacy practices
are associated with children’s neural response to printed words
through vocabulary skills. npj Sci. Learn. 6, 1-11 (2021).

Romeo, R. R. et al. Beyond the 30-million-word gap: children’s
conversational exposure is associated with language-related brain
function. Psychol. Sci. 29, 700-710 (2018).

Girard, C., Longo, L., Chesnokova, H., Epinat-Duclos, J. & Prado, J.
To what extent do home numeracy practices and parental number
talk relate to children’s math skills? A pre-registered study in 5-year-
old children. Learn. Individ. Differences 106, 102328 (2023).
Gunderson, E. A. & Levine, S. C. Some types of parent number talk
count more than others: relations between parents’ input and
children’s cardinal-number knowledge. Dev. Sci. 14, 1021-1032
(2011).

Mutaf-Yildiz, B., Sasanguie, D., De Smedt, B. & Reynvoet, B. Probing
the relationship between home numeracy and children’s
mathematical skills: a systematic review. Front Psychol. 11, 2074
(2020).

Del Rio, M. F., Susperreguy, M. |., Strasser, K. & Salinas, V. Distinct
influences of mothers and fathers on kindergartners’ numeracy
performance: the role of math anxiety, home numeracy practices,
and numeracy expectations. Early Educ. Dev. 28, 939-955 (2017).
Skwarchuk, S.-L., Sowinski, C. & LeFevre, J.-A. Formal and informal
home learning activities in relation to children’s early numeracy and
literacy skills: the development of a home numeracy model. J. Exp.
Child Psychol. 121, 63-84 (2014).

Susperreguy, M. |., Douglas, H., Xu, C., Molina-Rojas, N. & LeFevre,
J.-A. Expanding the home numeracy model to Chilean children:
relations among parental expectations, attitudes, activities, and
children’s mathematical outcomes. Early Child. Res. Q. 50, 16-28
(2020).

Susperreguy, M. I. et al. Home learning environments of children in
Mexico in relation to socioeconomic status. Front. Psychol. 12,
(2021).

Girard, C. et al. Nurturing the mathematical brain: home numeracy
practices are associated with children’s neural responses to Arabic
numerals. Psychol. Sci. 33, 196-211 (2022).

Nieder, A. The neuronal code for number. Nat. Rev. Neurosci. 17,
366-382 (2016).

Merkley, R. & Ansari, D. Why numerical symbols count in the
development of mathematical skills: evidence from brain and
behavior. Curr. Opin. Behav. Sci. 10, 14-20 (2016).

Dunst, C. J.,Hamby, D. W., Wilkie, H. & Dunst, K. S. Meta-Analysis of
the Relationship Between Home and Family Experiences and Young

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Children’s Early Numeracy Learning. in Engaging Families as
Children’s First Mathematics Educators: International Perspectives
(eds Phillipson, S., Gervasoni, A. & Sullivan, P.) 105-125. https://doi.
org/10.1007/978-981-10-2553-2_7. (Springer Singapore,
Singapore, 2017).

Hyde, D. C. The emergence of a brain network for numerical thinking.
Child Dev. Perspect. 15, 168-175 (2021).

Menon, V. & Chang, H. Emerging neurodevelopmental perspectives
on mathematical learning. Dev. Rev. 60, 100964 (2021).

Matejko, A. A., Hutchison, J. E. & Ansari, D. Developmental
specialization of the left intraparietal sulcus for symbolic ordinal
processing. Cortex 114, 41-53 (2019).

Sommerauer, G., GraB, K.-H., Grabner, R. H. & Vogel, S. E. The
semantic control network mediates the relationship between
symbolic numerical order processing and arithmetic performance in
children. Neuropsychologia. 141, 107405 (2020).

Bugden, S., Price, G. R., McLean, D. A. & Ansari, D. The role of the left
intraparietal sulcus in the relationship between symbolic number
processing and children’s arithmetic competence. Dev. Cogn.
Neurosci. 2, 448-457 (2012).

Nemmi, F., Schel, M. A. & Klingberg, T. Connectivity of the human
number form area reveals development of a cortical network for
mathematics. Front. Hum. Neurosci. 12, (2018).

Cantlon, J. F., Brannon, E. M., Carter, E. J. & Pelphrey, K. A.
Functional imaging of numerical processing in adults and 4-y-old
children. PLOS Biol. 4, e125 (2006).

Edwards, L. A., Wagner, J. B., Simon, C. E. & Hyde, D. C. Functional
brain organization for number processing in pre-verbal infants. Dev.
Sci. 19, 757-769 (2016).

Izard, V., Sann, C., Spelke, E. S. & Streri, A. Newborn infants perceive
abstract numbers. PNAS 106, 10382-10385 (2009).

Emerson, R. W. & Cantlon, J. F. Continuity and change in children’s
longitudinal neural responses to numbers. Dev. Sci. 18, 314-326 (2015).
Kucian, K., Von Aster, M., Loenneker, T., Dietrich, T. & Martin, E.
Development of neural networks for exact and approximate
calculation: a FMRI study. Dev. Neuropsychol. 33, 447-473 (2008).
Vogel, S. E., Goffin, C. & Ansari, D. Developmental specialization of
the left parietal cortex for the semantic representation of Arabic
numerals: An fMR-adaptation study. Dev. Cogn. Neurosci. 12,61-73
(2015).

Elliott, L., Braham, E. J. & Libertus, M. E. Understanding sources of
individual variability in parents’ number talk with young children. J.
Exp. Child Psychol. 159, 1-15 (2017).

Girard, C. etal. Therelation between home numeracy practices and a
variety of math skills in elementary school children. PLoS ONE 16,
0255400 (2021).

Jordan, N. C., Huttenlocher, J. & Levine, S. C. Assessing early
arithmetic abilities: effects of verbal and nonverbal response types
on the calculation performance of middle-and low-income children.
Learn. Individ. Differences 6, 413-432 (1994).

Gustafsson, J.-E. & Undheim, J. O. Individual differences in cognitive
functions. in Handbook of educational psychology 186-242
(Prentice Hall International, 1996).

Hart, S. A, Little, C. & Bergen, E. van. Nurture might be nature:
cautionary tales and proposed solutions. npj Sci. Learn. 6, 1-12
(2021).

Zippert, E. L. & Ramani, G. B. Parents’ estimations of preschoolers’
number skills relate to at-home number-related activity
engagement. Infant Child Dev. 26, e1968 (2016).

Blevins-Knabe, B. & Musun-Miller, L. Number use at home by
children and their parents and its relationship to early mathematical
performance. Early Dev. Parent. 5, 35-45 (1996).

Ghuman, A. S., Bar, M., Dobbins, |. G. & Schnyer, D. M. The effects of
priming on frontal-temporal communication. Proc. Natl. Acad. Sci.
USA 105, 8405-8409 (2008).

npj Science of Learning| (2026)11:31

14


https://doi.org/10.1007/978-981-10-2553-2_7
https://doi.org/10.1007/978-981-10-2553-2_7
https://doi.org/10.1007/978-981-10-2553-2_7
www.nature.com/npjscilearn

https://doi.org/10.1038/s41539-026-00419-5

Article

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Prado, J., Carp, J. & Weissman, D. H. Variations of response timeina
selective attention task are linked to variations of functional
connectivity in the attentional network. Neurolmage 54, 541-549
(2011).

Saygin, Z. M. et al. Connectivity precedes function in the
development of the visual word form area. Nat. Neurosci. 19,
1250-1255 (2016).

Dehaene-Lambertz, G., Monzalvo, K. & Dehaene, S. The emergence
of the visual word form: Longitudinal evolution of category-specific
ventral visual areas during reading acquisition. PLoS Biol. 16,
2004103 (2018).

Ansari, D. Effects of development and enculturation on number
representation in the brain. Nat. Rev. Neurosci. 9, 278-291 (2008).
Kaufmann, L., Wood, G., Rubinsten, O. & Henik, A. Meta-analyses of
developmental fMRI studies investigating typical and atypical
trajectories of number processing and calculation. Dev.
Neuropsychol. 36, 763-787 (2011).

Ansari, D., Garcia, N., Lucas, E., Hamon, K. & Dhital, B. Neural
correlates of symbolic number processing in children and adults.
Neuroreport 16, 1769-1773 (2005).

Cantlon, J. F. et al. The neural development of an abstract concept of
number. J. Cogn. Neurosci. 21, 2217-2229 (2009).

Diester, I. & Nieder, A. Semantic associations between signs and
numerical categories in the prefrontal cortex. PLoS Biol. 5, €294
(2007).

Nakai, T., Girard, C., Longo, L., Chesnokova, H. & Prado, J. Cortical
representations of numbers and nonsymbolic quantities expand and
segregate in children from 5 to 8 years of age. PLoS Biol. 21,
3001935 (2023).

Rivera, S. M., Reiss, A. L., Eckert, M. A. & Menon, V. Developmental
changes in mental arithmetic: evidence for increased functional
specialization in the left inferior parietal cortex. Cereb. Cortex 15,
1779-1790 (2005).

Rosenberg-Lee, M., Barth, M. & Menon, V. What difference does a
year of schooling make?: Maturation of brain response and
connectivity between 2nd and 3rd grades during arithmetic problem
solving. Neurolmage 57, 796-808 (2011).

Park, J., Li, R. & Brannon, E. M. Neural connectivity patterns
underlying symbolic number processing indicate mathematical
achievement in children. Dev. Sci. 17, 187-202 (2014).

Klein, E. et al. Processing of intentional and automatic number
magnitudes in children born prematurely: evidence from fMRI. Dev.
Neuropsychol. 39, 342-364 (2014).

Pina, V., Castillo, A., Cohen Kadosh, R. & Fuentes, L. J. Intentional
and automatic numerical processing as predictors of mathematical
abilities in primary school children. Front. Psychol. 6, (2015).
Conrad, B. N., Pollack, C., Yeo, D. J. & Price, G. R. Structural and
functional connectivity of the inferior temporal numeral area. Cereb.
Cortex 33, 6152-6170 (2023).

Moulton, E. et al. Connectivity between the visual word form area
and the parietal lobe improves after the first year of reading
instruction: a longitudinal MRI study in children. Brain Struct. Funct.
224, 1519-1536 (2019).

Battista, C. et al. Mechanisms of interactive specialization and
emergence of functional brain circuits supporting cognitive
development in children. npj Sci. Learn 3, 1-11 (2018).

Price, G. R,, Yeo, D. J., Wilkey, E. D. & Cutting, L. E. Prospective
relations between resting-state connectivity of parietal subdivisions
and arithmetic competence. Dev. Cogn. Neurosci. 30, 280-290
(2018).

Jolles, D. et al. Reconfiguration of parietal circuits with cognitive
tutoring in elementary school children. Cortex. 83, 231-245 (2016).
Horowitz-Kraus, T., Hutton, J. S., Phelan, K. & Holland, S. K.
Maternal reading fluency is positively associated with greater
functional connectivity between the child’s future reading network

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

and regions related to executive functions and language processing
in preschool-age children. Brain Cognition 121, 17-23 (2018).
Farah, M. J. The neuroscience of socioeconomic status: correlates,
causes, and consequences. Neuron 96, 56-71 (2017).

Skagenholt, M., Skagerlund, K. & Traff, U. Neurodevelopmental
differences in task-evoked number network connectivity: comparing
symbolic and nonsymbolic number discrimination in children and
adults. Dev. Cogn. Neurosci. 58, 101159 (2022).

Vogel, A. C., Miezin, F. M., Petersen, S. E. & Schlaggar, B. L. The
putative visual word form area s functionally connected to the dorsal
attention network. Cereb. Cortex 22, 537-549 (2012).

Amalric, M., Roveyaz, P. & Dehaene, S. Evaluating the impact of
short educational videos on the cortical networks for mathematics.
In Proc. National Academy of Sciences of the United States of
America. 120, e2213430120. https://doi.org/10.1073/pnas.
2213430120.

Fischer, M. H., Kaufmann, L. & Domahs, F. Finger counting and
numerical cognition. Front. Psychol. 3, (2012).

Andres, M., Michaux, N. & Pesenti, M. Common substrate for mental
arithmetic and finger representation in the parietal cortex.
Neurolmage 62, 1520-1528 (2012).

DePascale, M., Prather, R. & Ramani, G. B. Parent and child
spontaneous focus on number, mathematical abilities, and
mathematical talk during play activities. Cogn. Dev. 59, 101076
(2021).

Mutaf-Yildiz, B., Sasanguie, D., De Smedt, B. & Reynvoet, B.
Investigating the relationship between two home numeracy
measures: A questionnaire and observations during Lego building
and book reading. Br. J. Dev. Psychol. 36, 354-370 (2018).
Thippana, J., Elliott, L., Gehman, S., Libertus, K. & Libertus, M. E.
Parents’ use of number talk with young children: Comparing
methods, family factors, activity contexts, and relations to math
skills. Early Child. Res. Q. 53, 249-259 (2020).

Vogel, S. E. et al. Automatic and intentional processing of numerical
order and its relationship to arithmetic performance. Acta Psychol.
193, 30-41 (2019).

Bugden, S. & Ansari, D. Individual differences in children’s
mathematical competence are related to the intentional but not
automatic processing of Arabic numerals. Cognition 118, 32-44
(2011).

Cantlon, J. F. & Li, R. Neural activity during natural viewing of
Sesame Street statistically predicts test scores in early childhood.
PLoS Biol. 11, 1001462 (2013).

Cho, S. et al. Hippocampal-prefrontal engagement and dynamic
causal interactions in the maturation of children’s fact retrieval. J.
Cogn. Neurosci. 24, 1849-1866 (2012).

Richards, J. E., Sanchez, C., Phillips-Meek, M. & Xie, W. A database
of age-appropriate average MRI templates. Neurolmage 124,
1254-1259 (2016).

Dickie, D. A. et al. Whole brain magnetic resonance image atlases: a
systematic review of existing atlases and caveats for use in
population imaging. Front. Neuroinform. 11, (2017).

Garnier, P. L’obligation d’instruction dés I’age de trois ans: un
tournant dans I’histoire de I’école maternelle en France. Revue
internationale de communication et socialisation (2020).

Robin, M. Davantage de personnes vivent dans un ménage médian
dans les régions de I'Ouest. Insee Focus (2019).

Powers, S. J., Wang, Y., Beach, S. D., Sideridis, G. D. & Gaab, N.
Examining the relationship between home literacy environment and
neural correlates of phonological processing in beginning readers
with and without a familial risk for dyslexia: an fMRI study. Ann.
Dyslexia 66, 337-360 (2016).

Faul, F., Erdfelder, E., Lang, A.-G. & Buchner, A. G. * Power 3: A
flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. methods. 39, 175-191 (2007).

npj Science of Learning| (2026)11:31

15


https://doi.org/10.1073/pnas.2213430120
https://doi.org/10.1073/pnas.2213430120
https://doi.org/10.1073/pnas.2213430120
www.nature.com/npjscilearn

https://doi.org/10.1038/s41539-026-00419-5

Article

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Gaillard, W. D., Grandin, C. B. & Xu, B. Developmental Aspects of
Pediatric fMRI: Considerations for Image Acquisition, Analysis, and
Interpretation. Neurolmage 13, 239-249 (2001).

Thomason, M. E., Burrows, B. E., Gabrieli, J. D. E. & Glover, G. H.
Breath holding reveals differences in fMRI BOLD signal in children
and adults. Neurolmage 25, 824-837 (2005).

Van Nieuwenhoven, C., Noél, M.-P. & Grégoire, J. Tedi-Math: Test
Diagnostique Des Compétences de Base En Mathématiques.
(Edition du Centre de Psychologie Appliquée, Paris, France,
2001).

Cognet, G. NEMI-2: Nouvelle Echelle Métrique de I'Intelligence-2.
(2006).

Woodcock, T. A., McGrew, K. S. & Mather, N. Woodcock-Johnson Il
Tests of achievement. (2001).

LeFevre, J.-A. et al. Home Numeracy Experiences and Children’s
Math Performance in the Early School Years. Can. J. Behav. Sci./
Rev. Canadienne des. Sci. du Comport. 41, 55-66 (2009).

Elliott, L. & Bachman, H. J. How Do Parents Foster Young Child.’s.
Math. Skills? Child Dev. Perspect. 12, 16-21 (2018).

Vasilyeva, M., Laski, E., Veraksa, A., Weber, L. & Bukhalenkova, D.
Distinct Pathways From Parental Beliefs and Practices to Children’s
Numeric Skills. null 19, 345-366 (2018).

Levine, S. C., Suriyakham, L. W., Rowe, M. L., Huttenlocher, J. &
Gunderson, E. A. What counts in the development of young
children’s number knowledge?. Dev. Psychol. 46, 1309-1319
(2010).

Peirce, J. et al. PsychoPy2: Experiments in behavior made easy.
Behav. Res 51, 195-203 (2019).

Badke D’Andrea, C. et al. Real-time motion monitoring improves
functional MRI data quality in infants. Dev. Cogn. Neurosci. 55,
101116 (2022).

Ashburner, J. & Friston, K. J. Unified segmentation. Neurolmage 26,
839-851 (2005).

Gitelman, D. R., Penny, W. D., Ashburner, J. & Friston, K. J.
Modeling regional and psychophysiologic interactions in fMRI: the
importance of hemodynamic deconvolution. Neurolmage 19,
200-207 (2003).

Friston, K. J. et al. Psychophysiological and modulatory interactions
in neuroimaging. Neurolmage 6, 218-229 (1997).

Moeller, K., Willmes, K. & Klein, E. A review on functional and
structural brain connectivity in numerical cognition. Front. Hum.
Neurosci. 9, (2015).

Smith, D. V., Gseir, M., Speer, M. E. & Delgado, M. R. Toward a
cumulative science of functional integration: a meta-analysis of
psychophysiological interactions. Hum. Brain Mapp. 37,2904-2917
(2016).

Rosenberg-Lee, M. et al. Brain hyper-connectivity and operation-
specific deficits during arithmetic problem solving in children with
developmental dyscalculia. Dev. Sci. 18, 351-372 (2015).

Acknowledgements

This study was funded by grants from the Agence Nationale de la Recherche
(ANR-17- CE28-0014 and ANR-23-CE28-0002-01) to J. Prado. We thank
Franck Lamberton and Danielle Ibarrola for their help with data collection. We
are also grateful to the children and parents who participated.

Author contributions

C.G. and J.P. developed the study concept. C.G.and J.P. designed the
study. C.G,, L.L.,H.C.,and J.E.-D. collected the data. C.G. and J.P. analyzed
and interpreted the data. C.G. drafted the manuscript, and J.P. provided
critical revisions. All authors reviewed the manuscript and approved the final
version of the manuscript for submission.

Competing interests

J.P.is an Associate Editor of npj Science of Learning but was not involved in
the review or decision-making process for this paper. The other authors
declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41539-026-00419-5.

Correspondence and requests for materials should be addressed to
Cléa. Girard.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

npj Science of Learning| (2026)11:31

16


https://doi.org/10.1038/s41539-026-00419-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjscilearn

	Home numeracy experiences are associated with number-related brain activity and connectivity in early childhood
	Results
	Behavioral associations between children&#x02019;s numeracy skills and home numeracy practices
	Behavioral associations between children&#x02019;s numeracy skills and parental number talk
	Average number-related activity across all children
	Relations between the home numeracy environment and number-specific activity
	Relations between the home numeracy environment and number-specific connectivity
	Relations between number-specific activity and children&#x02019;s numeracy skills

	Discussion
	Material and methods
	Participants
	Pre-registration and justification of sample size
	Child measures
	Parental measures
	Experimental task
	fMRI data acquisition
	fMRI data preprocessing
	fMRI data analysis

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




