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Common Neural Functions during Children’s Learning
from Naturalistic and Controlled Mathematics Paradigms
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Abstract

B Two major goals of human neuroscience are to understand
how the brain functions in the real world and to measure neural
processes under conditions that are ecologically valid. A critical
step toward these goals is understanding how brain activity dur-
ing naturalistic tasks that mimic the real world relates to brain
activity in more traditional laboratory tasks. In this study, we
used intersubject correlations to locate reliable stimulus-driven
cerebral processes among children and adults in a naturalistic
video lesson and a laboratory forced-choice task that shared
the same arithmetic concept. We show that relative to a control

INTRODUCTION

When children learn mathematics at school, they need to
combine many pieces of information such as the teacher’s
verbal explanation, formulas or diagrams drawn on the
board, reference to a book, and so forth. In contrast to
the richness of the school environment, most of what
we know about mathematics development in the brain
has been established using highly controlled laboratory
paradigms that tend to minimize context and extraneous
input. Although controlled paradigms are essential to
make pure contrasts and test specific hypotheses, they
can result in oversimplified and somewhat narrow theo-
ries with only limited implications to children’s real-life
mathematics development (Cantlon, 2020). An alternative
approach is to use visually and auditorily rich naturalistic
paradigms such as video watching, including cartoon edu-
cational videos, to mimic real-world learning conditions as
closely as possible. This approach is essential for under-
standing how human brains function in the real world.
Recent neuroimaging studies have tested children with
naturalistic educational videos to measure the similarities
between neural processes in children and adults (Lerner,
Scherf, Katkov, Hasson, & Behrmann, 2021; Kersey,
Wakim, Li, & Cantlon, 2019; Richardson, Lisandrelli,
Riobueno-Naylor, & Saxe, 2018; Emerson & Cantlon,
2015; Cantlon & Li, 2013). Those studies use intersubject
correlation (ISC) measures to quantify the similarity in
brain activation time courses between children and adults.
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condition with grammatical content, naturalistic and laboratory
arithmetic tasks evoked overlapping activation within brain
regions previously associated with math semantics. The regions
of specific functional overlap between the naturalistic mathemat-
ics lesson and laboratory mathematics task included bilateral
intraparietal cortex, which confirms that this region processes
mathematical content independently of differences in task
mode. These findings suggest that regions of the intraparietal
cortex process mathematical content when children are learning
about mathematics in a naturalistic setting. il

In ISC, the neural time course at each voxel is tested for
temporal correlation among participants. Significant cor-
relation in brain responses among participants indicates
the presence of a reliable stimulus-driven neural process
in that brain region. These studies established that natural-
istic paradigms evoke patterns of activation that associate
or dissociate by function and age in predictable and reli-
able ways. For example, Cantlon and Li (2013) showed that
4- to 8-year-old children exhibited correlated brain
activity—also called neural similarity—with adults while
watching educational “Sesame Street” videos. Neural sim-
ilarity between a given child and a group of adults is
thought to indicate how adult-like is this child’s brain activ-
ity, and is thus a measure of neural maturity. In Cantlon
and Li’s study, children’s neural maturity in the parietal
cortex predicted their performance on mathematical tests,
whereas their neural maturity in Broca’s area predicted
their performance on verbal tests. Kersey et al. (2019) con-
firmed the functional dissociation between math- versus
reading-related natural viewing activity, and demonstrated
that both math- and reading-related networks also show
immature neural activity patterns—that is, dissimilar brain
activity—in 4- to 8-year-old children relative to adults.
However, in prior naturalistic studies of children, it is
unclear how brain activity during naturalistic tasks relates
to activity in the more traditional simplified tasks because
they were not directly compared. On the one hand, both
types of tasks could recruit similar brain circuitry. For
example, in 2013, Dastjerdi, Ozker, Foster, Rangarajan,
and Parvizi (2013) showed that the neural populations acti-
vated during a laboratory arithmetic task also activated
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when adult patients were referring to objects with numer-
ical content during natural dialog. On the other hand, crit-
ical features of the context of learning may be unique to
naturalistic video watching tasks (Sanchez-Alonso & Aslin,
2022; Cantlon, 2020). Indeed, the theory of mind network
that Richardson et al. (2018) revealed with a naturalistic
task differed from the one predicted by traditional tasks.
In 2013, Cantlon and Li showed that math achievement
was better predicted by children’s brain responses to a
naturalistic math task than to a laboratory math task.
Moreover, Jovanovic, Fishbein, de la Mothe, Lee, and
Miller (2022) recently showed that neural responses to
vocalizations in the marmoset’s pFC depended on the
context—from traditional head-restrained listening to nat-
uralistic free-moving communication—in which they were
heard. Note that the two alternatives presented here are
not mutually exclusive. If the same brain regions are
recruited for both types of tasks, they are not necessarily
recruited in the same way.

In this study, to test whether the same brain regions that
are engaged during controlled tests of a math concept in
the laboratory are also involved when children are taught a
lesson about that concept at school, we compare a natural-
istic math video lesson and a simplified laboratory math
task, which both present the same arithmetic concept:
the commutative principle of multiplication. In the natu-
ralistic video, a cartoon teacher explains the formal
arithmetic principle of commutativity in an educational
narrative, whereas in the simplified laboratory task, the
same principle is queried in a traditional two-alternative
forced-choice task. Beyond the perhaps trivial difference
in their respective involvement of the motor cortex versus
auditory and language-related brain regions, our core pre-
diction is that, relative to a naturalistic control video lesson
testing nonmathematical content (a grammar lesson), the
naturalistic and laboratory arithmetic tasks should evoke
overlapping activation within brain regions that process
math semantic content. These brain regions are expected
to be primarily the intraparietal sulcus (IPS), as well as
some frontal regions such as the inferior frontal gyrus
(IFG) that are consistently found in studies of mental arith-
metic and math processing in both adults and children,
and the posterior inferior temporal gyrus (pITG) in adults
(for meta-analyses, see the work of Hawes, Sokolowski,
Ononye, & Ansari, 2019; Arsalidou, Pawliw-Levac, Sadeghi,
& Pascual-Leone, 2018; Yeo, Wilkey, & Price, 2017; Arsalidou
& Taylor, 2011; Kaufmann, Wood, Rubinsten, & Henik,
2011; Houdé, Rossi, Lubin, & Joliot, 2010). In these
regions, we then investigate similarities and differences
in the activation elicited by both types of math tasks.

METHODS
Sample Size and Participants

Based on previous studies evidencing the neural disso-
ciation between mathematics and general knowledge

semantics, and others using ISCs in children, we aimed
at collecting data in at least 15 adults and 20 children. Data
collection was interrupted because of restrictions due to
the COVID-19 pandemic, after scanning 39 participants:
24 typically developing children at the end of their third
grade year and 15 adult undergraduate students. One
adult was excluded from further analyses because of
technical issues during the fMRI session, and six children
were excluded because of opting out (four participants)
or excessive (> 3 mm) head motion (two participants),
leaving a total of 32 participants (14 adults: mean age
19.5 years old, 6 men, 8 women; and 18 children: mean
age 9.25 years old * 2 months, 6 boys, 12 girls).

All adult participants and parents of child participants
gave informed consent after reading or being read consent
information. All children also gave their assent to partici-
pate after being read the consent information. The pro-
tocol was approved by the Carnegie Mellon University
institutional review board.

Protocol and Stimuli

Participants were scanned using fMRI while completing a
two-alternative forced-choice math task, a naturalistic
mathematics video lesson, and a naturalistic grammar
video lesson. Whereas the controlled laboratory math
task and math video lesson shared content about the
commutative principle of multiplication, the grammar
and math videos, in contrast, shared superficial perceptual
features of the naturalistic video lesson.

Forced-choice Same/Different Math Task

The fMRI session started with three runs of the forced-
choice task, which tested participants’ performance in an
arithmetic task with the commutative principle of multi-
plication. Each run included 24 trials. On each trial, par-
ticipants were given a few seconds to decide whether
two symbolic operations or two dot arrays, including
commutative pairs (e.g. “2 X 3”7 vs. “3 X 2”), were numer-
ically equal or not (Figure 1).

Each trial of the same/different task started with two
white circles horizontally distributed on a gray background
and a blue fixation cross at the center of the screen. After
500 msec, the fixation cross disappeared, and a first oper-
ation or dot array appeared in the first circle. At 1500 msec,
a second operation or dot array appeared in the second
circle. One second later, the color of the two circles turned
to red, indicating the beginning of the 4-sec response
period. The two operations or dot arrays remained on
the screen during the entire response period. Partici-
pants were instructed to press a button with their right
thumb if they thought that the two operations had the same
arithmetic outcome, and to press a button with their left
thumb otherwise. Each trial ended with a rest period of
variable duration (mean = 5 sec, SD = 1 sec).
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Figure 1. Protocol. (Top) Timeline of a trial of the two-alternative forced-choice math task. Participants were given 4 sec to decide whether the
results of two simple operations or the numbers of dots in two different sets were the same or were different. (Middle and bottom) Timeline of the
presentation of both naturalistic arithmetic and grammar video lessons and representative frames extracted from each of the three sequences

composing the videos.

The same pairs were presented symbolically and non-
symbolically in each run. Symbolic pairs were simple math
operations (e.g., “2 X 3”and “3 X 27). Their nonsymbolic
counterparts were sets of dots visually arranged in
subgroups (e.g., “2 groups of 3 dots” and “3 groups of
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2 dots”). Subgroups of the same size in a set were arranged
according to the same pattern. Subgroup arrangements
were identical to the ones generated by Ciccione and
Dehaene (2020). In each run, eight pairs tested for the
understanding of the commutative principle (e.g., “4 X
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Table 1. Operations Used in the Laboratory Forced-choice Math Task

Second Item

First Item

Same Number - Different Number of Sets

Different Number - Same Number of Sets

Same Operation

Different Operation

Same Operation Different Operation

2 X3 3 X2 1+2+3 2 x4 5+ 2

3 X2 2 X3 4+ 2 3 X 4 3+4+5

2 X4 4 X2 1+2+2+3 2 X2 1+3

4 X2 2 %X 4 1+3+4 4 %3 24+3+3+4

2”and “2 X 47”). We compared them to eight pairs with the
same number of items but different math operations (e.g.,
“4 + 2”7 and “3 X 2”). We also introduced eight pairs con-
trolling for numerosity and ensuring that participants did
not simply estimate the number of items but computed
exact additions and multiplications (half of them used
the same operation: e.g., “4 X 3” and “4 X 2”; and the
other half used different operations: e.g., “5 + 2” and “2 X
3™). See Table 1 for a list of stimuli.

Naturalistic Video Lessons

The arithmetic video was a lesson explaining the commuta-
tive principle of multiplication. The grammar video was a
lesson explaining the principle of combining relative pro-
nouns into phrases. Both the math and grammar videos
were created with the on-line application Powtoon (https://
www.powtoon.con/). They were designed to parallel a real-
world school lesson by presenting formal information in a
building narrative. Both lessons included the same virtual
teacher explaining either a mathematical or grammatical
principle over three sequences that followed a natural pro-
gression from a simple example, to a more complex exam-
ple, to a general definition of the principle (Figure 1). The
videos had matching visual and auditory frameworks (same
teacher, same voice, same blue background, same transi-
tion animations and sound effects, same cartoon format,
and a combination of symbols and pictures).

Video runs started with a plain blue screen with a central
black fixation cross for 10 sec, in order to measure the acti-
vation baseline before the video started playing. Both
videos consisted of three sequences of 80 = 4 sec, sepa-
rated by 10 sec rest periods (Figure 1). Half of the partic-
ipants watched the math video first, and the other half
watched the grammar video first.

fMRI Acquisition and Analyses

Functional images were acquired on a Siemens Prisma
3-Tesla scanner with multiband imaging sequences
(multiband factor = 4, slice acceleration factor = 3, 60
interleaved axial slices, 3-mm thickness and 3-mm in-plane
resolution, repetition time = 2000 msec, echo time =
30 msec), with 64 channel headcoil. fMRI data were pre-
processed and entered into two-level analyses. At the first

level, we evaluated the level of activation to each task using
a standard general linear model (GLM) approach on the
one hand and the synchrony across participants’ brain
response to each task thanks to ISCs on the other hand.

Preprocessing

fMRI data were processed with SPM12. Functional images
were corrected for slice timing, realigned, despiked,
normalized to the standard MNI brain space, resampled
to a 2-mm voxel size, and spatially smoothed with an
isotropic Gaussian filter of 4-mm full width at half maxi-
mum (FWHM), and a 100-sec high-pass filter was applied.

Before completing the ISC analysis, the six framewise
displacement parameters extracted from previous realign-
ment were regressed out. Rest periods at the beginning of
each run were then trimmed, resulting in two video runs of
276 sec each and three forced-choice task runs of 272 sec
each. Each run was finally z-scored (standardized to zero
mean and unit variance) for each voxel. An average gray-
matter mask was applied before performing any further
analyses.

GIM

Time series from all five runs were modeled altogether by
three regressors obtained by convolution of the canonical
SPM12 hemodynamic response function with a rectangular
kernel capturing the onset and duration of each trial, corre-
sponding to (1) the laboratory math task, (2) the naturalistic
math video lesson, and (3) the naturalistic grammar video
lesson. Regressors of noninterest corresponded to the six
movement parameters for each run. Individual contrast
images for each task (laboratory math task, naturalistic
math video lesson, naturalistic grammar video lesson) rela-
tive to rest were then calculated and smoothed with an iso-
tropic Gaussian filter of 5-mm FWHM.

1SCs

The technique of ISC is a data-driven analysis technique
that consists of identifying brain regions where the
response to a stimulus is systematic over time, that is, cor-
related among participants (Nastase, Gazzola, Hasson, &
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Keysers, 2019). Both within groups (children and adults)
and between children and adults, the ISC was calculated
using the leave-one-out approach. This means that, at each
voxel, each participant’s time series (i.e., each run) was
correlated with the average time series of all other partici-
pants. This approach directly gave us five R-maps for each
participant (one for the math video, one for the grammar
video, and three for the laboratory math task). Correlating
each child’s time series with the average time series of
the group of adults gave us five additional R-maps per
child, which are typically interpreted and referred to as the
child’s neural maturity maps (Kersey et al., 2019; Cantlon &
Li, 2013). All R-maps were converted into z-maps using
the Fischer transformation. The three z-maps calculated
from each run of the laboratory math task were finally
averaged into one mean z-map for further analysis.

Group-level Analyses

At the group level, to evaluate similarities and differences
in activation level or ISCs between tasks, we performed
Bayesian tests on the individual contrast maps or z-maps
obtained for each task. We used the default prior that con-
sists of a Cauchy distribution centered on 0 with a scale
parameter of 0.707 (Rouder, Speckman, Sun, Morey, &
Iverson, 2009). This analysis gave us the Bayes factor
(BF), which indicates how many times more likely the data
are under the alternative hypothesis compared with the
null hypothesis. If BF is equal to 1, both the null and alter-
native hypotheses are equally likely. BF = 1-3 (respectively,
.33-1) provides anecdotal evidence in favor of the alterna-
tive (respectively, null) hypothesis; BF = 3-10 (respec-
tively, .10-.33) provides moderate evidence in favor of
the alternative (respectively, null) hypothesis; and BF =
10-30 (respectively, .03-0.10) provides strong evidence
in favor of the alternative (respectively, null) hypothesis
(Jeffreys, 1961). Here, we only report at least moderate evi-
dence. Bayesian statistics are robust to variation in sample
size—a BF greater than 3 indicates that the data are reliable.
In cases without enough power to detect an effect, BF will
be close to 1, which indicates inadequate evidence in favor
of either hypotheses. Thus, the Bayesian approach of
model comparison presents many advantages over classical
frequentist null hypothesis testing methods: It not only pro-
vides a metric of evidence both for and against the null
hypothesis, it is also robust to variation in sample size
(Schonbrodt, Wagenmakers, Zehetleitner, & Perugini,
2017; Williams, Baath, & Philipp, 2017; Dienes, 2014).

ROI Analysis

To evaluate fine-grained similarities and differences
between both the naturalistic and laboratory math tasks,
we conducted a series of analyses within regions where
they were found to functionally overlap, that is, in parietal,
inferior frontal, and inferior temporal regions. These
regions are similar to regions consistently found in studies
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of calculation and math semantics processing (e.g.,
Amalric, 2021; Hawes et al., 2019; Yeo et al., 2017; Ansari,
2016; Arsalidou & Taylor, 2011). Based on these studies,
we selected four bilateral a priori defined math-related
regions of the brain: both anterior and posterior intrapar-
ietal sulcus (aIPS and pIPS), the pITG, and the IFG. These
regions were defined functionally from two independent
studies, as the intersection of the contrast of “calculation
versus sentences” from localizer scans performed in a
cohort of 83 participants (Pinel et al., 2007)—that also
served to define the ROIs used by Amalric and Dehaene
(2016, 2019)—and the contrast of “known math versus
control nonmath statements” in a cohort of 21 participants
(Amalric, Roveyaz, & Dehaene, in preparation). To ensure
the generalizability of math-related character of these
ROIs, we verified that they included and were even cen-
tered around the main parietal, frontal, and inferior tem-
poral coordinates found by Arsalidou and Taylor (2011)
and by Yeo et al. (2017) in their meta-analyses of calcula-
tion and number tasks.

Within each region and for each task, we extracted the
ISCvalues (i.e., z values) for each adult (relative to the other
adults) and for each child (relative to the other children)
and applied two types of analyses: direct comparisons of
mean z values using Bayesian tests and representational
similarity analysis. Representational similarity analysis is a
kind of multivoxel pattern analysis that measures the spatial
similarity of the BOLD signal elicited by various stimuli
within a given region. Here, we applied it to test the spatial
similarity of the synchronous neural activity elicited by our
three tasks. To do so, we evaluated for each participant the
correlation of ISC values across voxels during each of our
three tasks for each math-related ROI. We then used
¢ tests to compare the correlation values of both math tasks
(naturalistic vs. controlled laboratory math) versus the
correlation values of both video lessons (naturalistic arith-
metic vs. grammar videos). A Bonferroni correction for
the number of ROIs was applied to all test results.

RESULTS

Behavioral Results in the Laboratory Forced-choice
Math Task

Children correctly answered 89.0 = 1.84% of the trials on
the forced-choice math task. Children’s accuracy did not
significantly differ from adults’ accuracy (92.4 * 2.69%,
t(30) = 1.11, p = .275), although they generally answered
more slowly than adults (children: 1.97 + 0.077 sec;
adults: 1.08 * 0.108 sec; #(30) = 7.03, p < .001). Children
failed to respond on 13.7% of the trials whereas adults only
missed 1.98% of trials. When counting missed trials as
errors, children reached an overall accuracy of 76.9 *
2.43%, significantly lower than adults’ accuracy (90.8 =
2.98%, t(30) = 3.58, p < .002). Whether considering
missed trials or not, children performed significantly better
than chance for each condition (symbolic/nonsymbolic X
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3 categories of pairs; all ps < .05), and so did adults (all
ps < .001).

Whole-brain Differences in Activation to the
Naturalistic Math Video Lesson Compared with
the Controlled Laboratory Math Task and the
Naturalistic Grammar Video Lesson

We first searched for activation differences between both
types of math tasks on the one hand and between both nat-
uralistic video lessons on the other hand. Differences in
both the global intensity and the intersubject synchrony
of activation were evaluated. In children and adults, respec-
tively, we computed BF to quantify the strength of evidence
in favor of activation differences between the tasks. The
resulting maps, thresholded at BF > 3 to indicate at least
moderate evidence, are displayed on Figure 2, and the main
peak coordinates are reported in Tables 2 and 3.

In adults and children alike, the naturalistic math video
lesson elicited greater activation than the laboratory-
controlled math task along the bilateral superior temporal
sulcus, extending to the posterior middle temporal gyrus
and to the temporal pole, as well as at various sites of the
mesial superior and left middle frontal regions. In turn, the
laboratory forced-choice task elicited greater activation
than the math video lesson bilaterally in the motor cortex,
the insula, along the brain midline in the anterior Cingu-
late, and along a large swath across the superior and
middle frontal gyri. There was no more than weak evi-
dence (1 < BF < 3) for a difference between adults and
children.

When evaluating ISCs instead of a standard GLM, we
found overall similar results, but yet noticed variations. If
the swath of superior and middle frontal gyri that exhibited
greater activation to the controlled math task than to the
math video lesson did not show more synchronized acti-
vation, differences between the math video lesson and the
controlled math task were found in a larger network when
using an ISC-based approach compared with a GLM-based
approach. Indeed, in addition to temporal activity, the
math video lesson elicited more correlated activity than
the forced-choice task in the bilateral inferior and middle
frontal gyri, precuneus, and in children’s IPS, especially in
the right hemisphere. Differences between children and
adults were also found, the adults exhibiting additional
correlated activity in response to the arithmetic video les-
son compared with the controlled laboratory math task in
the bilateral angular gyrus and the pITG.

We then evaluated brain regions that showed greater
activity during the arithmetic video lesson than during
the grammar one. For both children and adults, the result-
ing activation maps revealed clusters in parietal areas of
both hemispheres. In the pITG, a large cluster was found
in the adults’ left hemisphere and a small cluster in chil-
dren’s right hemisphere. Correlated activity was in parietal
areas and in the right IFG of children and adults alike.
Additional correlated activity was found among adults in

the occipital cortex, the cuneus, and the bilateral posterior
inferior temporal gyri.

The converse contrast of grammar versus arithmetic
video lessons revealed greater variations between the
GLM-based and ISC-based approaches. The grammar
lesson induced more activation than the math lesson for
both children and adults along the left superior temporal
sulcus, in the left IFG, and in the right posterior superior
temporal sulcus and temporal pole. Activation of the left
superior temporal sulcus, however, did not exhibit stron-
ger ISCs. Grammar-related correlated activity was found in
the postcentral gyrus and in various frontal regions for
both children and adults. In adults, such frontal clusters
were mostly in the left IFG pars triangularis and in the
superior frontal gyrus. Children exhibited extensive bilat-
eral grammar-related correlated activity in the middle and
inferior frontal gyri, at the temporo-parietal junction, and
along the right superior temporal sulcus.

If both GLM- and ISC-based approaches yielded compa-
rable results in various regions of the brain, they also
exhibited clear differences. Although traditional GLM anal-
yses are good for identifying differences in the amplitude
of activation between conditions, they cannot capture dif-
ferences in the fluctuation of neural activity over time. On
the contrary, ISC statistics have the potential to reveal
regions showing common patterns of activity over time
across participants. Here, especially in math-related
regions of the brain, the ISC-based approach is more sen-
sitive than GLM-based analyses. In the following, we use
the ISC-based approach.

Functional Overlap between the Naturalistic and
the Controlled Laboratory Mathematics Tasks in
Relation to the Naturalistic Grammar Task

Next, we evaluated the functional overlap between our
three tasks, with the ultimate goal to compare neural
responses elicited by the laboratory forced-choice arith-
metic task to those from the naturalistic arithmetic video
lesson. ISC commonalities between both math tasks are
represented in light blue on Figure 3. They are distin-
guished from the general overlap of all three tasks that
shared a visual input modality (light green areas on
Figure 3) and from the overlap of both videos that had
auditory inputs (pink areas on Figure 3).

All three tasks overlapped in the occipital cortex, fusi-
form gyri, precuneus, and inferior parietal lobule in both
adults and children. In adults, this general overlap also
extended to the left IFG pars opercularis. Correlated
activity between children and adults for all three tasks
minimally overlapped in the inferior and middle occipital
cortex, the fusiform gyri, and in two bilateral small sites of
the posterior inferior parietal lobule.

The arithmetic and grammar video lessons overlapped
in the lingual gyri, bilateral superior and middle temporal
gyri, and bilateral inferior frontal sites (particularly in the
left hemisphere in adults). Children’s adult-like neural
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A Naturalistic vs Laboratory Math Tasks

Adults Activation Level Children Activation Level
(N =14)

Children-to-Children Correlation
(N =18)

Adults Activation Level
(N =14)

Adults-to-Adults Correlation
VERD))

3

Figure 2. Main contrasts between tasks. (A) Whole-brain maps showing the comparison of activity elicited by both math tasks, the naturalistic
video lesson in blue, and controlled laboratory task in green. The top row displays comparison in activation levels obtained from a GLM, and the
bottom row displays comparison in temporally correlated activation across participants. Comparisons among adults and children are respectively
displayed on the left and on the right. The maps are thresholded such that BF is greater than 3, showing at least moderate evidence in favor of a
difference between both math tasks. (B) Same as (A) for the contrast of both naturalistic video lessons, the arithmetic lesson in blue and the
grammar lesson in red.
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Table 2. MNI Peak Coordinates for the Contrasts of the Naturalistic Math Video Lesson versus the Controlled Laboratory Math Task

Activation Level (GLM) ISCs

Adults Children Adults Children
Cortical Region Hemisphere x y z BF X y z BF X y z BF X y z BF
Math Naturalistic Video Lesson > Math Forced-choice Task
Superior Temporal Sulcus Left —60 —22 10 >50 —56 —24 10 >50 —56 —20 4 >50 —-62 —18 8 >50
Superior Temporal Sulcus Right 62 -20 0 >50 62 =26 2 >50 54 —20 -6 >50 62 =24 0 >s0
Middle Temporal Gyrus Left —44 —58 12 >50 -50 -—52 8 >50 —48 —58 0 >50 —42 =56 10 >50
Middle Temporal Gyrus Right 48 —68 4 >50 53 =52 16 >50 44 —70 8 >50 46 =062 12 >50
Temporal Pole Left —58 8 —14 >50 =52 18 =20 >50
Temporal Pole Right 56 4 -8 >50 58 14 =14 >50 60 4 =10 >50
Fusiform Gyrus Left —40 -54 =16 >50 —-32 —-60 —12 >50 —44 —-46 =20 >50 —-30 =50 =12 >50
Fusiform Gyrus Right 44 —38 =28 >50 38 =26 =28 >50 22 —42 =12 >50 30 =50 —4  >50
Superior Frontal Gyrus Bilateral 2 60 28  >50 -2 57 22 >50 -2 40 36 >50
Inferior Frontal Orbitalis Bilateral -2 52 =10 >50 —4 48 -8 >50
IFG Left —54 30 —4 >50 —46 14 22 >50 —52 18 30 >50
IFG Right 52 8 24 >50 54 36 20 >50
Inferior Frontal Triangularis Left —52 22 2 >50
Middle Frontal Gyrus Left —36 —14 36 >50
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Table 2. (continued)

Activation Level (GLM) ISCs

Adults Children Adults Children
Cortical Region Hemisphere X y z BF X y z BF X y z BF X y z BF
Inferior Occipital Gyrus Left —-20  —100 -4 >50 —-12 —102 4 >50
Inferior Occipital Gyrus Right 24 -92 -6 >50
Angular Gyrus Left -36 —64 34 >50
Angular Gyrus Right 48 —062 38  >50 44 —66 54 >50
Superior Parietal Lobule Right 16 —54 64  >50
Precuneus Bilateral 2 —66 24 >50 -8 =066 34 >50
Math Forced-choice Task > Math Naturalistic Video Lesson
Superior/Middle Frontal Gyrus Left —34 52 22 >50 =30 36 36 >50
Superior/Middle Frontal Gyrus Right 34 38 30  >50 38 52 22 >50
Insula Left —38 8 4 >50 —38 14 4 >50 —34 24 8 >50 —40 —4 =2 >50
Insula Right 38 14 6  >50 36 14 8 >50 40 12 -6 >50 46 10 4 >50
Postcentral Gyrus Left —54 -20 34  >50 —-54 —20 26 >50  —40 —26 46 >50 —40  —22 54 >50
Precentral Gyrus Right 34 —14 64  >50 38  —12 54  >50 48 -20 44 >50 36 =30 62  >50
SMA Bilateral 6 0 64 >50 ) —4 60 >50 =2 -10 54 >50 ) 0 60 >50
Anterior and Middle Cingulate Bilateral 8 2 42 >50 8 16 38  >50 12 24 32 >50
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Table 3. MNI Peak Coordinates for the Contrasts of the Naturalistic Math Video Lesson versus the Naturalistic Grammar Video Lesson

Activation Level (GLM) ISCs

Adults Children Adults Children
Cortical Region Hemisphere X y z BF X y z BF X y z BF X y z BF
Math Naturalistic Video Lesson > Grammar Naturalistic Video Lesson
Superior Parietal Lobule Left —12 =70 54 >50 —26 —50 62 >50
Superior Parietal Lobule Right 54 —28 58 >50 28 —52 62 >50
Inferior Parietal Lobule Left —46 —40 56 >50 -36 —46 42 14 —54 —28 44 >50 —32 —40 48 >50
Inferior Parietal Lobule Right 46 —46 54 >50 38 —42 46 49 38 —40 52 >50
Inferior Temporal Gyrus Left -56 —66 —12 >50 —48 —58 -2 >50
Inferior Temporal Gyrus Right 56 -60 -18 26 56 -58 —14 >50
Left Sup Frontal Gyrus Left —28 —4 66 >50 —22 -8 52 >50
Right Inf Frontal Gyrus Right 54 14 42 >50 58 14 26 >50 52 4 30 >50
Calcarine/Lingual Gyrus Right 12 —68 4 >50
Cuneus Bilateral 2 =72 24 >50
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Table 3. (continued)

Activation Level (GLM) ISCs

Adults Children Adults Children
Cortical Region Hemisphere X y z BF X y z BF X y z BF X y z BF
Grammar Naturalistic Video Lesson > Math Naturalistic Video Lesson
Superior Temporal Sulcus Left —46  —34 4 >50 —64 —38 4 >50
Superior Temporal Sulcus Right 48 —22 -6 >50
Temporal Pole Right 58 2 —12 >50 48 2 —14 >50 34 12 —42 >50
Temporo-Parietal Junction Left —46 —58 16 >50 —42 —56 28 49 —42 —60 20 >50
Temporo-Parietal Junction Right 44 —-52 24 >50 50 —66 20 25 50 —48 24 >50
Inferior Occipital Gyrus Left -20 -9 —10 >50
Inferior Occipital Gyrus Right 18 —92 —4 >50
Insula Left -38 =20 14 >50 —36 14 -8 >50 38 14 0 >50
Inferior Frontal Opercularis Left -36 14 22 >50
Inferior Frontal Opercularis Right 50 14 10 >50
Inferior Frontal Triangularis Left —44 36 2 >50
Superior Frontal Gyrus Left —24 32 42 >50
Superior Frontal Gyrus Right 18 40 34 >50
Middle Frontal Gyrus Left -30 48 8 >50
Middle Frontal Gyrus Right 34 40 8 >50
Left Postcentral Gyrus Left —54 —16 46 >50 —40 —22 52 >50

(/0558202/¥91 L/.L/¥E/3pd-ajon1e/udolnpa-iwjoauip//:dRy woly papeojumoq

) B U9O|

220z dunr Oz Uo 4asn | N9-SY3 HOS MV AYVANVYH Aq 4pd-8r8L0



Adults-to-Adults (N =14)

Individualtasks Math commonalities
Il Overlap between
both math tasks

Arithmetic video
Laboratorymath task

Grammarvideo

Children-to-Children (N = 18)

EI’OCECUI’G commonalities
B Overlap between

B Generaloverlap

Children-to-Adults

Other

[l Overlapbetween
the controllied math
task and the
grammar video

both videos

Figure 3. Functional overlap of all three tasks. Maps showing the significant correlations of brain activation time course during each task, and their
respective overlaps. Red, dark blue, and dark green clusters reveal correlated activation, respectively, associated with the grammar video lesson, the
arithmetic video lesson, and the laboratory forced-choice math task. Light blue clusters, mostly found in the parietal cortex, represent correlated

activation common to both math tasks, whereas pink clusters, mostly found in the superior temporal cortex, represent correlated activation common
to the viewing of both educational videos. Light green clusters locate the brain regions exhibiting significantly correlated activation for all three tasks

together. All maps are thresholded at BF > 3.

responses that were common to both arithmetic and
grammar video lessons were also found mostly in the lin-
gual gyri, bilateral superior and middle temporal gyri, and
bilateral inferior frontal sites. This suggests that visual and
auditory processing of the videos happened similarly in
children and adults.

We finally observed significant overlap of correlated activ-
ity for the naturalistic and laboratory math tasks among chil-
dren in the bilateral parietal cortex, and the right IFG. Adults
showed the same functional overlap patterns as children
but showed additional overlapping activation between tasks
in the right pITG. Both types of math tasks elicited adult-
like neural responses in children’s bilateral IPS, especially
in the right hemisphere, in the left inferior frontal extend-
ing toward the precentral gyrus, and in the right pITG.

Similarities and Differences in Neural Responses
Elicited by the Naturalistic versus the Controlled
Laboratory Mathematics Tasks in Math-related
Regions of the Brain

The spatial overlap of neural responses elicited by both
naturalistic and laboratory math tasks indicated the com-
mon involvement of brain regions similar to regions
known to be generally involved in math-related processes.

Here, we analyzed neural response patterns within those
regions to compare spatial patterns of activation. Within
eight main math-related ROIs (bilateral aIPS, bilateral
pIPS, bilateral pITG, and bilateral IFG), we first measured
the similarity between spatial patterns of ISC activity across
tasks. For each participant, across all voxels of our math-
related ROIs, we computed the correlation coefficients
between the ISC values observed during each pedagogical
video as well as during the forced-choice math task. We
then compared the correlation of ISC values correspond-
ing to the two math tasks versus the correlation of ISC
values corresponding to the two videos (paired # tests).
In children and adults, ISCs in the left and right IPS were
more spatially correlated between the naturalistic arith-
metic video lesson and the laboratory forced-choice
arithmetic task than between the naturalistic arithmetic
and grammar video lessons (left aIPS: #(31) = 3.46, uncor-
rected p = .0016, Bonferroni corrected p = .0127; right
alPS: t(31) = 2.37, uncorrected p = .0241, Bonferroni
corrected p = .193; right pIPS: #(31) = 6.39, uncorrected
p < 5.1077, Bonferroni corrected p < 5.10_6). These rela-
tions hold for children and adults separately (ps < .03).
Next, we evaluated the similarities and differences
in the synchrony of activation elicited by the two math
tasks within each math-related ROI (see Figure 4). We
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Figure 4. Similarities and differences in the systematic response elicited by the naturalistic math task compared with the controlled math task in
math-related ROIs. (Top) A priori defined math-related ROIs composed of the left and right aIPS, left and right pIPS, left and right pITG, and left and
right IFG. (Bottom) Mean ISC values (z values) extracted from each math-related ROI, for the naturalistic arithmetic video lesson in blue and the
controlled laboratory math task in green. Error bars equal 1 SEM. Equals and greater signs indicate at least moderate evidence, respectively, in favor of
an absence of difference and in favor of a difference, between tasks as well as between adults and children.
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computed the BF of a comparison between mean ISC
values from the naturalistic and controlled laboratory math
tasks to quantify the strength of evidence in favor of the
null hypothesis, “naturalistic and controlled math tasks
elicit similar correlated activity,” versus the alternative
hypothesis, “naturalistic math task elicits more correlated
activity than the controlled math task.” In both adults and
children, we found that the naturalistic and controlled
laboratory math tasks elicited similar correlated activity
in the right pIPS (adults: BF = 0.271; children: BF =
0.252). In children, they elicited similar correlated activity
in the left pIPS (BF = 0.256), and a difference in activity
in the right aIPS (BF = 5.75). In adults, both types of
math tasks elicited similar correlated activity in the left
alPS (BF = 0.277) and the left IFG (BF = 0.273), whereas
the naturalistic math video lesson elicited more correlated
activity than the controlled laboratory math task in the
right IFG (BF = 8.18) and bilateral pITG (left: BF =
21.3; right: BF = 110). This difference in the bilateral
pITG was greater in adults than in children (left: BF =
5.09; right: BF = 5.56). We note that no such differences
were found when comparing correlated activation induced
by the grammar video lesson versus the controlled math
task. This allowed us to verify that the difference we
observed between the naturalistic and the controlled labo-
ratory math tasks was not directly explained by video fea-
tures unrelated to the content, such as animacy, color,
and so forth. Distilling across these findings, the naturalistic
mathematics lesson elicited a broader pattern of systematic
activation in both children and adults than the controlled
laboratory mathematics task.

DISCUSSION

We compared children’s neural activity during a naturalis-
tic arithmetic video lesson, in which information unfolds
in a rich narrative, to their neural activity during a more
traditional laboratory two-alternative forced-choice task.
ISC measures were more sensitive to detect math-related
brain activity than a GLM of the level of activation. ISC mea-
sures revealed reliable neural signals across participants in
the parietal cortex during the two types of mathematics
tasks, and this pattern differed from that of the grammar
task. Within the math-related network, the naturalistic
math video lesson elicited more widespread systematic
activation than the controlled laboratory task, especially
in the right aIPS among children.

Regions of the parietal cortex, particularly the IPS, are
often implicated in arithmetic processing (Peters & De
Smedt, 2018; Arsalidou & Taylor, 2011; Ansari, 2008;
Dehaene, 2004) and more generally in conceptual pro-
cessing of mathematics (Amalric & Dehaene, 2016, 2019;
Vogel, Goffin, & Ansari, 2015; Cantlon & Li, 2013; Zhang,
Chen, & Zhou, 2012). Mathematical expertise and gifted-
ness are supported by enhanced connectivity and gener-
ally greater activity of the posterior parietal cortex (Jeon,
Kuhl, & Friederici, 2019; Prescott, Gavrilescu, Cunnington,

O’Boyle, & Egan, 2010; O’Boyle et al., 2005). Arithmetic
training impacts the structural and functional properties
of the IPS in children (e.g., Jolles et al., 2016; Zamarian,
Ischebeck, & Delazer, 2009; Rivera, Reiss, Eckert, &
Menon, 2005), and weak IPS responses during arithmetic
problem-solving are associated with developmental dyscal-
culia (Ashkenazi, Rosenberg-Lee, Tenison, & Menon, 2012;
Price, Holloway, Risdnen, Vesterinen, & Ansari, 2007).

Here, we confirm and extend those prior findings by
comparing two tasks in which the semantic content is the
same, but the format of the stimuli differs—both tasks tar-
get the same arithmetic principle of commutativity, but
one is a naturalistic educational lesson and the other a
forced-choice laboratory task. Both the naturalistic and lab-
oratory mathematics tasks systematically modulated neu-
ral activation in the IPS among participants and dissociated
from the grammar task. Findings from our ROI analysis
suggest that both types of math tasks engaged the IPS in
a systematic way over time across participants and evoked
spatially similar patterns of activation. Previous studies
found functional overlap in IPS regions for symbolic and
nonsymbolic numerical processing in children (Cantlon,
2015; De Smedt, Noél, Gilmore, & Ansari, 2013; Holloway,
Price, & Ansari, 2010; Ansari, 2008), and neural responses
during arithmetic processing in children dissociate from
control tasks in those regions (Kersey et al., 2019; Price,
Mazzocco, & Ansari, 2013; Bugden, Price, McLean, &
Ansari, 2012). In adults, the cortical networks for high-level
mathematics processing and basic numerical processing
functionally overlap and dissociate from networks involved
in language processing (Kersey et al., 2019; Amalric &
Dehaene, 2016, 2017; Kanjlia, Lane, Feigenson, & Bedny,
2016; Maruyama, Pallier, Jobert, Sigman, & Dehaene,
2012; Monti, Parsons, & Osherson, 2012; Baldo & Dronkers,
2007; Klessinger, Szczerbinski, & Varley, 2007). The similar-
ities in the underlying neural processes across a range of
mathematics tasks from many studies are argued to be
semantic in nature (e.g., Ansari, 2008; Dehaene & Cohen,
2007). Similarly, in the current study, the functional overlap
and similarity between the naturalistic and controlled mathe-
matics task, but not the grammar task; likely reflects the shared
arithmetic content between the mathematics tasks.

The naturalistic and laboratory tasks exhibited some dif-
ferences in various regions of the brain. The controlled
laboratory task elicited greater activation than the natural-
istic math video lesson in the motor cortex whereas the
math lesson elicited greater activation in the auditory
and language-related brain areas. These differences likely
reflect the difference in modalities between both math
tasks: Participants answered by pressing buttons in the
controlled math task, and they followed a verbal narrative
in the math video lesson. Activation to the controlled
forced-choice task was also found in the bilateral insula,
and across the superior and middle frontal gyrus. These
regions are often found in meta-analyses of math activity,
and they have, respectively, been associated with partici-
pant’s intrinsic motivation in the task, and active planning
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and working memory processes (Arsalidou et al., 2018;
Houdé et al., 2010; Uddin & Menon, 2009; Delazer et al.,
2003; Simon, Mangin, Cohen, Le Bihan, & Dehaene, 2002).
Differences between both math tasks in the insula
remained when evaluating the level of synchrony in activa-
tion among participants, but disappeared in the superior
frontal gyrus. This might suggest that while the laboratory
math tasks required more planning than the naturalistic
math video lesson, temporal fluctuations of planning-related
activity were disparate among participants. Overall, the differ-
ences we observed between both math tasks are likely
because of modality differences and likely due to the active
character of the forced-choice task compared with the pas-
sivity of natural viewing.

Children and adults showed largely similar patterns of
synchronized activation during both the naturalistic and
controlled mathematics tasks within the math-responsive
brain network. Both groups systematically engaged the
IPS and inferior frontal regions for both the naturalistic
and laboratory-controlled mathematics tasks. However,
unlike in children, the naturalistic mathematics task
yielded greater activation in adults than the controlled
mathematics task in the pITG. In adults, the pITG has been
shown to be involved in the visual processing of Arabic
numbers (Conrad, Wilkey, Yeo, & Price, 2020; Yeo,
Pollack, Merkley, Ansari, & Price, 2020; Skagenholt, Triff,
Vistfjill, & Skagerlund, 2018; Shum et al., 2013; Park,
Hebrank, Polk, & Park, 2012), and is implicated in adult
mathematics processing more generally (Amalric &
Dehaene, 2016, 2019; Grotheer, Jeska, & Grill-Spector,
2018; Pinheiro-Chagas, Daitch, Parvizi, & Dehaene,
2018). Yet no clear number-specific responses have been
found in the pITG in fMRI studies of children (Soltanlou
et al., 2019; Dehaene-Lambertz, Monzalvo, & Dehaene,
2018; Cantlon, Pinel, Dehaene, & Pelphrey, 2011). The
absence of systematic activation of the pITG in children
could suggest that these math-related neural responses
develop later in childhood.

In adults, but not in children, the naturalistic mathemat-
ics task also yielded greater activation than the controlled
mathematics task in the angular gyrus, which is often found
in studies of mental calculation (Arsalidou & Taylor, 2011;
Grabner et al., 2009; Ansari, 2008; Ischebeck et al., 2006;
Delazer et al., 2005; Dehaene, Piazza, Pinel, & Cohen,
2003). The angular gyrus is generally seen as a semantic
and conceptual hub, as it is involved in word and sentence
comprehension, memory retrieval, spatial attention, and
reasoning among other functions (e.g., Zhou et al., 2018;
Boylan, Trueswell, & Thompson-Schill, 2015; Price, Bonner,
Peelle, & Grossman, 2015; Seghier, 2013; Binder, Desali,
Graves, & Conant, 2009). Our finding provides converging
evidence with previous studies that the angular gyrus has
a protracted developmental trajectory in mathematics
(Soltanlou, Sitnikova, Nuerk, & Dresler, 2018; Zamarian
et al., 2009; Rivera et al., 2005), just as observed in other
domains such as reading (Church, Coalson, Lugar, Petersen,
& Schlaggar, 2008; Booth et al., 2004).
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In children, within brain regions that are thought to
respond to math semantics, the naturalistic and laboratory
tasks differed in their neural signatures particularly in the
anterior part of the right IPS. Many previous studies sug-
gest that the right IPS matures faster and plays a greater
role than the left IPS in young children’s early numerical
development (Matejko & Ansari, 2021; Vogel et al., 2015;
Ansari, 2008; Cantlon, Brannon, Carter, & Pelphrey, 2006).
Children appear to have a right lateralization bias for math-
ematics processing in the parietal cortex whereas activity
in the left IPS emerges gradually over development and
tracks the acquisition of formal symbolic numerical knowl-
edge (Emerson & Cantlon, 2015; Bugden et al., 2012;
Kaufmann et al., 2011; Cantlon et al., 2006). Our results
indicate that naturalistic mathematics learning systemati-
cally engages a greater expanse of the dominant right IPS
in children compared with the controlled math task and
mostly showed equivalent activation to the controlled
task in the left IPS. One possibility is that children engage
greater neural resources within the parietal mathematics
network during the naturalistic task compared with the
more stripped-down controlled task.

Naturalistic learning is a key phenomenon to under-
stand in human brain development, and although this is
a new area of enquiry, several studies have made progress
toward comparing naturalistic learning with controlled
laboratory performance in children (see the work of
Cantlon, 2020, p. 20; Vanderwal, Eilbott, & Castellanos,
2019, for reviews). We found that a naturalistic mathemat-
ics lesson systematically evoked functional activation in
brain regions that are classically involved in mathematics
tasks. Our comparison of arithmetic versus grammar les-
sons vielded the predicted dissociation between math
and language networks. The data revealed key functional
similarities between math-related neural processes during
qualitatively different tasks that probe the same arithmetic
functions, one a naturalistic video lesson and the other a
laboratory task. These findings suggest that regions of the
intraparietal cortex process mathematical content when
children are learning about mathematics in the real world.
Moreover, the naturalistic math task engaged a broader
expanse of the math-responsive network compared with
the controlled math task, suggesting that naturalistic edu-
cational tasks may be more powerful than controlled tasks
for eliciting activation within the math network—or for
revealing functions that cut across math-specific and
domain-general functions.
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