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Abstract 

The development of functionally specialized brain networks allows the emergence and improvement of 

cognitive abilities. This specialization partly emerges from the interactions between brain regions through 

changes in the temporal correlations of their brain activity. Nevertheless, it is now well assumed that the 

functioning of brain networks also depends on the spatial organization of their brain activity. However, how 

this spatial organization is formed during development remains unknown as to whether it contributes to the 

functional specialization of brain networks. This study attempts to answer these questions by examining age-

related changes in the spatial correlations of brain activity within the theory of mind network. The results 

show, for the first time, an age-related increase in the spatial correlations of brain activity within this network, 

reflecting an increase in the similarity of spatial patterns across the network. Furthermore, this increase was 

associated with improved children's performance in a theory of mind task. We propose that the increasing 

similarity of spatial patterns during development has important implications for understanding the functional 

specialization of brain networks. 

Keywords: functional specialization, theory of mind, brain development, spatial cross-correlation 
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Introduction 

The development of cognitive skills results from a combination of changes in the brain structure and 

functioning of brain networks (Gogtay et al., 2004; Menon, 2013). These changes enable these networks to 

become more functionally specialized by refining their brain areas' response and function properties (Johnson, 

2011; Menon, 2013). It is now well assumed that functional specialization depends on intrinsic changes in the 

individual brain areas and in their dynamic interactions (Brown et al., 2005; Johnson, 2000; Schlaggar and 

McCandliss, 2007). Changes in the functional connectivity of brain networks, with a decrease in the temporal 

correlations of local brain areas and an increase of the temporal correlations between its more distant brain 

areas, have consistently been reported across various functional brain networks, making it a general principle 

of development of functional connectivity (Fair et al., 2009; Supekar et al., 2009; Vogel et al., 2010). Yet, it 

is also known that the functioning of mature brain networks also depends on the spatial organization of their 

brain activity (Haxby et al., 2001; Kanwisher et al., 1997). Distributed patterns of brain activity have been 

reported for various cognitive systems, revealing that information is also encoded in the spatial distribution 

of neural activity across brain networks. Recently, Sadoun et al. (2020) have further expanded our 

understanding of how spatial patterns contribute to the functioning of brain networks by showing that the 

local spatial pattern of brain activity within one brain region is preserved in other brain regions of the same 

brain network. They found that brain regions present some spatial correlations of their brain activity with 

other brain regions of the same network. These spatial correlations have been reported for brain networks 

involved in face and word processing (Sadoun et al., 2020). For example, spatial patterns of brain activity in 

the fusiform face area were robustly correlated to brain regions involved in face-specific representations. 

These findings, therefore, show a similarity in the spatial patterns of brain activity across brain areas and that 

this similarity could contribute to the processing and transfer of information within the network. 

However, despite increasing and refined evidence that spatial organization of brain activity contributes to 

network functioning, it remains unknown how this spatial organization emerges through development and 

whether and how the formation of spatially distributed patterns of brain activations contributes to the 

specialization of brain networks. To answer this question, we analyzed the developmental changes in spatial 

correlations between brain areas of a functional brain network using the analysis methodology developed by 

Sadoun et al. (2020). 

We have taken the fMRI data from the cross-sectional study of Richardson et al. (2018), in which they studied 

changes in the activity of the network supporting theory of mind (the capacity to understand others' mental 

states (Premack and Woodruff, 1978) in different groups of children aged 3 to 12 and in a group of adults 

during a theory of mind task. Richardson et al. (2018) have analyzed brain regions of the ToM network: the 

TPJ, the precuneus, and the medial prefrontal cortex in the left and right hemispheres. Their study shows that 

this network is already functional by the age of three years and then undergoes a significant increase in the 

temporal correlation of its brain activity, increasing its functional specialization over development.  
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In this study, we examined whether the spatial correlation of brain activity also changes with age, therefore 

testing for an increase in the similarity of spatial patterns across the ToM network. An increase in similarity 

would mean higher resemblance in spatial coding between the areas and suggest the holistic treatment of 

information in each area of the network. We also examined whether developmental changes in the spatial 

correlations of the network were associated with improvements in children's theory of mind performance.  

 

 

Materials and methods 

fMRI data 

The data used in this study were taken from the study of (Richardson et al., 2018) and extracted from the 

OpenfMRI database, access number ds000228. Richardson and colleagues worked on the development of 

the network associated with the theory of mind with a cross-sectional paradigm. Their study included 122 

children aged 3 to 12 years and 33 adults with an average age of 30 years, divided into different age groups. 

The sample included 17 3-year-olds, 14 4-year-olds, 34 5-year-olds, 23 7-year-olds, and 34 8-12-year-olds, 

as well as a control group of 33 adults. 

Subjects were subjected to an fMRI scan and viewed a silent version of the animated cartoon whose events 

allowed the children to infer mental states to the characters, thus mobilizing regions of the theory of mind. 

Richardson et al. (2018) analyzed ToM-specific regions of interest, such as the right temporo-parietal junc-

tion (RTPJ) and the left temporo-parietal junction (LTPJ), the precuneus (PC), the left dorsomedial pre-

frontal cortex (DMPFC), the medial median prefrontal cortex (MMPFC), and the ventro-medial prefrontal 

cortex (VMPFC). They established the evolution of temporal correlations between regions within this net-

work during development. Furthermore, an increase in the average signal correlation in the ToM network 

was associated with success in the theory of mind task. Therefore, these results suggest an increase in the 

functional specialization of the ToM network during development. In other words, these regions become 

increasingly specialized in theory of mind. Using the same dataset, we asked whether the development of 

functional specialization is also based on the spatial organization of activity, which may become more 

similar in ToM regions. 

 

Spatial correlation of theory of mind regions 

Spatial organization of t h e  activity 

We used the spatial cross-correlation method developed by Sadoun et al. (2020), which allowed us to ex-

amine similarities in spatial organization between different regions. Brain activation maps obtained using 

contrasts corresponding to ToM-specific regions (ToM vs. Pain) were used to examine changes associated 

with this network during development. We used one ToM region as a "seed" (which consisted of 1000 
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voxels) and assessed the degree of similarity in the  spatial organization of  activity between the seed and 

other ToM regions. To study this similarity, we used a cross-correlation technique with all possible 3D 

rotations of a seed. The cross-correlation technique provides a unique correlation value for each voxel, 

highlighting similarities in the spatial organization of activity between the selected seed and other regions 

throughout the brain. In this way, we looked for the existence of similar spatially encoded information 

between the seed and other brain areas. 

Whole brain spatial correlation 

Therefore, in this study, we took all regions of interest from the Richardson et al. (2018) ToM network as 

"seed" and evaluated their spatial correlation across the brain. As a reminder, these regions are the right 

temporoparietal junction (RTPJ) and left temporoparietal junction (LTPJ), precuneus (PC), dorsomedial 

prefrontal cortex (DMPFC), medial prefrontal cortex (MMPFC), and ventromedial prefrontal cortex 

(VMPFC). We also used control regions not involved in ToM, namely the sensory-motor and auditory 

cortices. 

For our analysis, we have chosen a cubic seed of 1000 voxels with a diagonal of 10 voxels. Due to the 

rotation, the seed, which is a cube, covers the volume of a sphere with a radius of 5 voxels. The 3D pattern 

of the "seed", located at a site in the brain, is rotated in steps of 10 degrees around the z, y and x axes, and for 

each rotation step, the the rotated seed is correlated with every possible location in brain activity. Only the 

"seed" is rotated by 10 degrees. The rest of the brain remains in its original position. 

A rotation of 10 degrees corresponds to a maximum displacement of less than 1 voxel, which means that 

no voxel is ignored by the rotation. With rotation steps of 10 degrees, 18 rotation steps around an axis were 

performed. The total number of rotations is 18x18x18 = 5832. The maximum correlation values obtained 

among all possible rotations are recorded per voxel. Higher correlations indicate a greater similarity in 

spatial organization between the seed and the target regions. The maximum correlation value that the "seed" 

can obtain during the rotations equals 1, and the value at the "seed" coordinates must be 1 or 0.9999. 

Following this step, correlations per voxel were replaced with the Fisher z-transformed values to approxi-

mate the normal distribution, which is necessary for the SPM analysis. We also created random images 

from the z-transformed images to compare our correlation maps to this random map using unpaired Stu-

dent's t-tests. These maps were obtained by randomly permuting the coordinates in the z-transformed im-

ages. The null hypothesis is that the correlations (represented by the z-values) are randomly distributed in 

the brain for each subject (Sadoun et al., 2020). Ultimately, these random images were used for statistical 

analysis, as to be considered statistically significant, the data must be significantly different from a random 

distribution of the same type of data. 

 

Changes in correlation within the theory of mind network during development 

Analysis of the evolution of spatial correlation during development in the whole brain 
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Statistical analysis was applied to the maximum values of the cross-correlations of each seed with the other 

brain regions after the z-transform. This analysis allowed us to highlight the location of significant correla-

tions in the brain for each age group. We compared the obtained z-values to random ones using the unpaired 

t-test with a statistical threshold of p = 0.001 (cluster formation threshold) and a minimum spatial extent 

threshold equal to 10 voxels. Therefore, a location was considered significant if the corrected p-value 

(FWE: Family-Wise Error corrected p-value) was less than p = 0.05. 

Then, in a second step, an unpaired t-test was performed to compare the correlations between children aged 

8-12 years and children aged 3 years, then between adults and children aged 3 years, and finally, adults and 

children aged 8-12 years. We then compared the z-values between these age groups using an unpaired t-

test, with a statistical threshold of p = 0.001 (threshold for cluster formation) and a minimum spatial extent 

threshold equal to 10 voxels. A location was considered significant if the corrected p-value was less than p 

= 0.05. 

In sum, these analyses measure changes in spatial correlation during development across the brain to iden-

tify brain areas associated with the theory of mind.  

Analysis o f  spatial correlation evolution in regions of interest 

Following the whole-brain approach, we also wanted to study the evolution of spatial correlations during 

development in the regions of interest. For each seed, we used the linear mixed effect models to evaluate 

the coordinate-level z-correlation coefficient associated with the ToM network as defined by Richardson et 

al. (2018). Using a linear mixed effects model (R lme4 and mutcomp libraries), we tested the within-subject 

factor Region and the between-subject Age factor, Subject being the random effect. We then performed 

post hoc tests to investigate significant differences between age groups in all ToM regions (the glht (General 

Linear Hypotheses Test) post-hoc test). 

 

Relationship between the spatial organization of the theory of mind network and behavioral per-

formance 

Performance tasks 

Before the fMRI examination, Richardson et al. (2018) administered a series of ToM-related tests to all 

children, including listening to an experimenter tell a story and answering prediction and interpretation ques-

tions that required reasoning about the characters' mental states. In other words, the easiest questions in-

volved reasoning about similar and different desires, true beliefs, and emotion prediction. In contrast, the more 

difficult questions dealt with reasoning about false beliefs, moral blame, and second-order false beliefs. Two 

analogous booklets were used; children aged 3 to 4 and 10 to 12 listened to a story in which students searched 

for snacks, and 5-year-olds listened to a story involving helping students find their books; 7- to 9-year-olds 
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were divided between these two groups. Each child's performance on the ToM task was summarized by the 

proportion of questions answered correctly among 24 matched items (14 prediction items and 10 explanation 

items). Two additional control questions were asked to ensure that the children were paying attention after check-

ing that all children had answered these questions correctly. 

Their performance was also ranked according to a composite false belief score based on 6 explicit false 

belief questions (4 predictive and 2 explanatory questions). These six questions were chosen because they 

are false belief questions describing unexpected changes in position or content. Thus, children were classi-

fied as "pass" for explicit false beliefs if they answered five or six of the six false belief questions correctly, 

"inconsistent" if they answered three or four questions correctly, and "fail" if they answered zero or two 

questions correctly. 

Therefore, based on data from Richardson et al. (2018), and using bootstrapping, we tested for a significant 

correlation between the average ToM network (z-score) and scores between successful and unsuccessful 

children on the false belief tasks. 

For children aged 3 to 9 years and all child subjects, we tested the correlation between their false belief 

performance scores and the average spatial correlation of the ToM network (z-score). This process was also 

applied for the different "seeds" of this network.  

In summary, this set of analyses shows how changes in the spatial organization of brain activity during 

development explain changes in children's theory of mind performance. This association would indicate 

that these changes in the spatial organization of the ToM network contribute to the specialization of the 

network during development. 

 

Results 

Spatial correlations within the ToM network in adults 

To examine whether brain areas of the ToM network were spatially correlated in adults, we analyzed the 

spatial cross-correlations of all ToM brain areas identified by Richardson et al. (2018) over the whole brain. 

This whole brain approach allowed us to assess these spatial correlations without a priori about the regions 

that could be spatially correlated with these ToM areas. The brain areas identified by Richardson et al. (2018) 

were used as seeds and included the right and left temporo-parietal junction (RTPJ and LTPJ), the precuneus 

(PC), the dorsomedial prefrontal cortex (DMPFC), the mesial medial prefrontal cortex (MMPFC), and the 

ventromedial prefrontal cortex (VMPFC). For each of these seeds, we obtained significant spatial cross-

correlations with other brain areas of the ToM network identified by Richardson et al. (2018) and additional 

close brain areas (see Table 1 in Supplementary Materials). Significant spatial cross-correlations were con-

sistently obtained between the posterior brain areas of the ToM networks (left and right TPJ, and precuneus, 

r=0.48±0.03 (bias-corrected bootstrap, p<0.05), see Figure 1) as well as between posterior and prefrontal 
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brain regions (r=0.49±0.05, p<0.05). For prefrontal brain areas, significant correlations were obtained with 

posterior brain regions (r=0.50±0.02, p<0.05) and some other prefrontal areas of the network (MMPFC and 

DMPFC, r=0.46±0.02, p<0.05), (see Figure 2). These results show that some brain areas within the ToM 

network are spatially correlated, revealing that brain activity within the adults' ToM network shows similar 

spatial patterns.  

 

Figure 1. Illustration of spatial cross-correlations between the LTPJ and the RTPJ 

 
The cross-sections of the seed in the LTPJ and the correlated region in the RTPJ are taken from an adult subject 

for illustrative purposes. The corresponding 3D images of the analyzed volumes are presented in the lower part.  
Note that the analysis is not symmetrical: if the seed in the LTPJ detects a correlated region in the RTPJ, this 

does not guarantee that the seed in the RTPJ will detect a correlated region in the LTPJ. This is because the seed 

is always taken at the rotation of zero degrees, and correlations elsewhere are found for various rotations of the 

seed (the rotation angles vary between subjects). If, at least for one seed, the correlation with a region is estab-

lished, this means the similarity of the regions. If two different correlations are found for the two symmetric 

seeds, the highest correlation reflects the level of the regions' similarity. 

 

 

Figure 2. Whole brain cross-correlation with the TOM seeds in adults 
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A. The seed is in the LTPJ. B. The seed is in the RTPJ C. The seed is in the DMPF D. The seed is in the PC.  

In each case, areas from the ToM network are identified, meaning that spatial cross-correlations with each seed reveal spatial similarity 

between the ToM regions in adults. 

 

 

 

Age-related changes in the spatial correlations of the ToM network 

Age-related changes for the ToM ROIs  

We evaluated the age-related changes in spatial correlations between the areas of the ToM network identified 

by Richardson et al. (2018). Consistently with Richardson et al. (2018), who showed age-related increases 

in temporal correlations within the ToM network, we also obtained significant age-related changes in the 

spatial correlations within this network, although not for all the ToM areas. A significant effect of age was 

obtained for the LTPJ (χ2=12.86, p=0.025) and the PC (χ2=19.55, p=0.002), and it was close to significance 

for RTPJ (χ2=10.42, p=0.06). For prefrontal regions, an effect of age was obtained for the VMPFC (χ2=13.64, 

p=0.02), and we observed a tendency for the MMPFC (χ2=10.04, p=0.07). We also obtained a significant 

effect of the region for all ToM brain areas (χ2>11.46, p<0.022), showing that the spatial cross-correlations 

differed between ToM areas. Comparing the spatial correlations between age groups using post hoc analyses, 

we showed that the spatial correlations between the ToM brain areas followed different developmental tra-

jectories as they occurred at distinct ages for distinct ToM brain areas. (see Table 1) Changes in spatial 

correlations between posterior regions occurred very early (from three years old) and remained stable at an 

early age. Spatial correlations between the LTJ and the RTPJ increased between 3 and 5 years old (t=3.61, p-

value = 0.0042) and then remained stable until adulthood, as shown by non-significant differences in these spatial 

correlations between all other older age groups (Figure 3A). The spatial correlations between PC and RTPJ 

(Figure 3B) increased between three and twelve years (t=3.27, p = 0.0137) and did not show any changes until 

adulthood. Regarding the spatial correlations between posterior and prefrontal regions, an increase in spatial 

correlations between RTPJ and VMPFC was observed between twelve years and adulthood (all t=3.35, 

p=0.02). For the PC, we found a significant increase in the spatial correlations with VMPFC between four-

year-olds and seven-year-olds (t=2.87, p<0.046) but a significant decrease between seven and twelve years old 

(t=-2.79, p=0.058) (see Table 1). Finally, an increase in the spatial correlations between prefrontal areas was ob-

served between the MMPFC and the VMPFC between 5 years old and adulthood (t=3.19, p=0.018) and between 

VMPFC and DMPFC between the ages of three and seven years old (t=2.89, p=0.044) (see figures 3C and 3D). 

Table 1. Post hoc comparisons for the effect of age 

Age difference Correlation pair t-value p-value 
Comparisons for adults 

adults - 12yo VMPFC-RTPJ 3.347 0.0109 
adults-5yo MMPFC-VMPFC 3.190 0.0182 
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adults - 5yo RTPJ-VMPFC 3.025 0.0301 
adults - 5yo VMPFC-RTPJ 2.878 0.0461 
adults - 3yo LTPJ-RTPJ 3.731 0.00281 
adults - 3yo PC -RTPJ 2.665 0.0817 

adults - 3yo RTPJ-VMPFC 2.852 0.0495 
adults - 3yo VMPFC-RTPJ 3.249 0.0150 

Comparisons for _8-12yo 
12yo - 7yo PC-VMPFC neg 2.798 0.0575 
12yo - 5yo MMPFC-VMPFC 2.752 0.0651 

12yo - 4yo PC -RTPJ 3.081 0.0253 
12yo - 3yo LTPJ-RTPJ 3.587 0.00470 
12yo - 3yo PC -RTPJ 3.277 0.0137 

Comparisons for 7yo 
7yo - 5yo PC-VMPFC 2.777 0.0609 

7yo - 4yo PC-VMPFC 2.874 0.0467 
7yo - 3yo LTPJ-RTPJ 3.044 0.02844 
7yo - 3yo PC -RTPJ 2.666 0.0815 

7yo - 3yo VMPFC-DMPFC 2.893 0.0442 
Comparisons for 5yo 

5yo - 3yo LTPJ-RTPJ 3.611 0.0042 
5yo - 3yo MMPFC-VMPFC neg 2.782 0.0601 

Comparisons for 4yo 
4yo - 3yo DMPFC-PC neg 2.21 0.0708 

 

Significant changes in correlation between the age groups within the pairs of the ToM areas are presented as well as tendencies 

(in italics). The first area in the pair is the seed. The 12yo group indicates children of 8-12 years old. 

 

 

Figure 3. Examples of age-related changes in spatial correlations within the ToM network. A. Spatial cross-
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correlations between the LTPJ (seed) and the RTPJ. B. Spatial cross-correlations between the PC (seed) and RTPJ   C. Spatial cross-

correlations between the RTPJ (seed) and VMPFC. D.  Spatial cross-correlations between the VMPFC (seed) with DMPFC. * = 0.05, **= 

0.01. 

 

Age-related changes over the whole brain  

Assessing the spatial correlations of all ToM brain area across the whole brain for each age group, we ob-

served additional spatial correlations with ToM areas other than the ones of Richardson et al. (2018). We 

first observed an increase in the number of ToM areas with significant spatial correlations through develop-

ment (see Figure 4 for an example in the RTPJ). While only one significant spatial correlation was obtained 

at three years old, the number of spatial correlations rises to eight at five years old, to sixteen between eight 

and twelve years old, and twenty in adults (see Table 1 in Supplementary materials for all significant spatial 

correlations for each age group). This analysis also confirmed the differences in the developmental trajecto-

ries of spatial correlations within the ToM network. An increase in spatial correlations between ToM areas 

occurred along a posterior-anterior axis with an early increase of spatial correlations between posterior re-

gions and posterior-prefrontal areas (between three years old and eight-twelve years old) and a later increase 

of spatial correlations between prefrontal areas (after twelve years old) (see Figure 3 for an example with 

four ToM brain areas). 

All these results show an increase in the similarity of the spatial patterns of brain activity between ToM areas 

through development, with this similarity occurring at different ages for distinct ToM brain areas. 

 

Figure 4. Emergence of the TOM network with age, whole-brain analysis 

 

Data from the seed in the LTPJ are illustrated. The number of statistically significant 

areas detected by the whole-brain analysis within the ToM network increases with age. 

 

 

Age-related changes in spatial cross-correlations and theory of mind performance 
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To assess whether the age-related changes in the spatial correlations of the ToM network explain children's 

improvement in the theory of mind performance over development, we conducted a correlational analysis 

between the mean spatial correlations of the ToM network, calculated for each child's overall spatial corre-

lations between ToM brain areas, and children's false belief performance on the ToM task by taking all 

children from three to twelve years old. We obtained a significant correlation between the mean spatial 

correlation of the ToM network and children's ToM performance (r= 0,24; p= 0.01). However, conducting 

an additional partial correlation analysis by adding the age factor as a covariate, this correlation was no 

longer significant, showing that age explained both the increase in the mean spatial correlation of the network 

and the improvement in ToM performance. 

We then conducted another analysis using performance in another ToM task where children were adminis-

tered a 6-question test on false beliefs and were classified into three categories according to their perfor-

mance: "pass," "fail," and "inconsistent" categories (Richardson et al., 2018). We used a bootstrap analysis 

to compare the z-scores of the mean spatial correlations of the ToM network between children who pass the 

task, those who fail, and those with inconsistent results. This analysis was only conducted in children aged 

between three and five years old to obtain a sufficient number of children in each category. We found a 

significant increase in the mean spatial correlation of the ToM network in children who passed the false 

belief task compared to those who failed (p<0.05, bootstrap) (see Figure 4). We also compared the z-scores 

of the spatial correlations between the LTPG and the RTPJ in those children, as only these correlations 

increased during the preschool ages. Spatial correlations between the LTPJ and the RTPJ were increased for 

children who passed the test compared to those who failed (bias-corrected bootstrap, p<0.05). 
 

 

Figure 4. Performance and cross-correlation among the TOM regions 

 

Boxplots of z-correlation values within ToM brain regions as a function of performance on the false belief task. The asterisk indicates a significant 

effect of the false belief task group (Pass or Fail) with a statistical threshold of p < 0.05. We present individuals with a false belief (Pass), 

individuals with a failure (Fail), and individuals with an inconsistent performance (Inc), when viewing the movie "Partly Cloudly". 
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Controlling for an effect of brain growth 
 

We finally assessed whether the age-related increases in the spatial cross-correlations between ToM brain 

areas were not explained by a general increase in brain growth through development. We assessed the spatial 

correlations over the whole brain of two brain areas outside the ToM network as well as their age-related 

changes: the sensorimotor cortex (x,y, and z; -34, -32, 44) and the primary auditory cortex (x, y, and z; -46, 

-24, 12). No significant spatial correlations and no age effects were observed for these two brain areas show-

ing that a general increase in brain growth cannot explain the age-related changes in the spatial correlations 

between ToM brain areas. 
 

 

Discussion 

The functional specialization of brain networks allows information to be more efficiently processed and trans-

ferred and is partly explained by changes in their functional connectivity. Yet, it has recently been shown that 

information processing and transfer within mature functional brain networks also depend on the spatial cor-

relations of their brain activity (Sadoun et al., 2020). We tested for the first time whether the spatial correla-

tions also evolve across development by evaluating the age-related changes of spatial correlations within the 

ToM brain network. We show some developmental changes in the spatial correlations between ToM brain 

areas, suggesting that these changes might contribute to the functional specialization of the ToM brain net-

work. 

We analyzed the fMRI data obtained by Richardson et al. (2018) where they examined the developmental 

changes in the ToM network (Left and right TPJ, PC, VMPFC, MMPFC, and DMPFC) in participants of 

different age groups while they were reasoning about others' mental states. Spatial correlations were ob-

served between some brain areas of the ToM network in adults, showing a similarity in the spatial patterns 

of brain activity within this network and that a large amount of spatial information in brain activity is shared 

between ToM areas. Similarity in the spatial patterns of brain activity has been observed in functional brain 

networks involved in face and word processing (Sadoun et al., 2020). The present findings are the first to 

show that this similarity is also present in the ToM network, suggesting that this spatial organization is not 

limited to the perceptual system but applies to various cognitive systems. Furthermore, spatial correlations 

were well limited to brain areas of the ToM network, as we did not observe any correlations with two brain 

areas outside this network, the sensorimotor and auditory cortices, revealing that similarity in the spatial 

patterns of brain activity is limited to brain areas sharing common functional properties. 

Interestingly, these correlations were observed for close and distant brain areas of the ToM network, further 

showing that this spatial similarity can be considered a general network property. Spatial patterns of activa-

tion distributed across voxels have already been observed for various domains of social perception, including 

theory of mind (Brooks et al., 2021) for review), with the technique of the multivoxel pattern analysis (Haxby 



 

14 
 

et al., 2001; Kanwisher et al., 1997). Yet the present study is the first to show that the local spatial patterns 

of brain activity are preserved across several brain regions of the ToM network, revealing the importance of 

the similarity in the spatial patterns of brain activity for processing and representing social information. 

The ToM network is functionally distinct very early as its brain areas are activated by tasks engaging the 

theory of mind in children as young as three (Richardson et al., 2018). It then undergoes significant neuro-

anatomical and neurofunctional changes across development, explaining its improved efficiency and func-

tional specialization. Neurofunctional changes concern the individual brain areas and the interaction between 

those brain areas, with an age-related increase in the temporal correlations between ToM brain areas (Rich-

ardson et al., 2018). The present study further shows that the spatial correlations between regions of the ToM 

network also evolve over development. We first observed that the number of brain areas with spatial corre-

lations increased across development; from eight brain areas during preschool, there were twenty spatial 

correlations in early adulthood. We also observed that most of these spatial correlations increased with age, 

showing that for many brain areas of the network, the spatial patterns of their brain activity were more and 

more similar between preschool ages and adulthood. 

A noticeable finding is that there were important differences in the age-related changes between ToM re-

gions. Distinct developmental trajectories of spatial correlations were observed between the posterior and 

the prefrontal areas of the ToM network. Spatial correlations between the posterior regions, between the left 

and right TPJ and the precuneus, appeared early and showed an early increase during preschool. They also 

stabilized early, as they did not change from preschool until adulthood, except for the RTPJ and the precu-

neus. An early increase and stabilization of the spatial correlations between the left and right TPJ is consistent 

with the observation that early temporal correlations were also stronger between these homologous pairs 

(Richardson et al., 2018). 

Regarding the correlations between the posterior and the prefrontal regions of the ToM network, even though 

their number increased from the preschool ages to early adulthood, their developmental trajectories were 

more complex. There were some differences in their age of appearance; while some occurred early, in the 

preschool ages, others appeared during adolescence. Furthermore, not all these correlations remained stable; 

some disappeared in adolescence and reappeared in adulthood. Finally, contrary to Richardson et al. (2018), 

we show that not all these correlations increased in strength with age, as a few decreased with age. Finally, 

the developmental trajectories of the spatial correlations between the prefrontal regions were also more com-

plex, with some increasing and decreasing correlations at distinct periods and one very late occurrence of 

one spatial correlation, in early adulthood, between the DMPFC and the MMPFC. 

The age-related increase in the spatial correlations of brain activity within the ToM network echoes well-

reported developmental changes in the individual brain areas and in the interactions between these areas. For 

example, the complex developmental trajectories of the spatial correlations involving prefrontal areas during 

childhood (with some spatial correlations disappearing and reappearing and others increasing and decreasing) 

are in line with the consistent evidence that the recruitment of the prefrontal regions during ToM task is not 
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yet stabilized in childhood (Blakemore et al., 2007; Goddings et al., 2012; Wang et al., 2006). Similarly, the 

late occurrence of the DMPFC-MMPFC spatial correlation in early adulthood could also be explained by the 

increasing recruitment of the medial PFC between adolescence and adulthood. These findings suggest that 

the increasing similarity in the spatial patterns of brain activity within the ToM network might depend on the 

increasing recruitment of its brain areas during ToM tasks. We, therefore, speculate that the early increase we 

observed during the preschool ages in the spatial correlations between the parietal regions might be explained 

by increasing recruitment of these areas during these ages. However, while there is evidence that the ToM 

network is functionally distinct at these ages (Richardson et al., 2018), it is unknown whether the recruitment 

of the parietal areas of the Tom network increases in the preschool ages as fMRI studies of theory of mind 

have focused on children older than five years old (Decety et al., 2008; Kobayashi et al., 2007; Ohnishi, 2004; 

Saxe et al., 2009). More research is needed to test whether this is indeed the case.  

Differences in the developmental trajectories of spatial correlations between the parietal and prefrontal areas 

of the ToM network also echo other differences in the development of some structural brain measures between 

these brain areas. For example, differences in the developmental trajectories of cortical thickness have been 

reported between the medial prefrontal cortex and the lateral parietal cortex, with respective increasing and 

decreasing cortical thickness across late childhood (Giedd et al., 1999; Sowell et al., 2004). Likewise, the 

later increase of spatial correlations in the prefrontal areas of the ToM network between adolescence and 

adulthood is also consistent with the well-reported finding of a late maturation pattern of the prefrontal areas, 

not limited to the ToM network, with a loss of grey matter in these regions occurring later, during adolescence 

and reaching an adult-like level at the beginning of adulthood (Gogtay et al., 2004). 

The present findings are also consistent with the well-reported developmental changes in the interactions 

between functionally related brain areas. An increase in the functional connectivity between the distant brain 

areas of a network has consistently been shown to occur later in the development and has been observed for 

multiple brain networks, suggesting that this late integration of distant areas is a general principle of the 

development of functional connectivity (Fair et al., 2009; Vogel et al., 2010). Even though this trend has not 

been specifically reported for the ToM network, given its generalization across multiple brain networks we 

can reasonably expect that the same trend is at work for the development of ToM brain network. Consistent 

with this general principle, we observed that the number of spatial correlations between the more distant brain 

areas of the ToM network, between the parietal and the prefrontal areas, increased during middle childhood 

and adolescence, suggesting that the development of similar spatial patterns across the ToM network can be 

related to the changes in the functional connectivity of the network.  

Another objective was to evaluate whether changes in the spatial correlations of the ToM network related to 

theory of mind improvements over development. Analyzing preschoolers' performance in the false belief 

task in the study by Richardson et al. (2018), we observed that the mean spatial correlation within the network 
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was more significant in preschool children who passed the false belief task than those who failed. We further 

show that changes in the spatial patterns of brain activity across areas also contribute to cognitive changes 

over development. Interestingly, this result also holds when considering only the changes in the spatial cor-

relations that were the most pronounced during the preschool ages, between the left and the right TPJ, further 

suggesting that ToM improvements changes during preschool might mainly be attributed to the changes in 

the interactions between these two brain areas. 

It has been theorized that the development of functional brain networks depends on their regions interacting 

in increasingly organized patterns over development (Fair et al., 2009; Johnson, 2000; Vogel et al., 2010). The 

interactive specialization framework indeed proposes that refined information processing of brain regions 

over development depends on changes in the activity patterns of other brain regions (Johnson, 2000). These 

changes were mainly documented in the temporal domain, with variations in the temporal correlations of 

brain activity between regions of the same network. The present findings showing an increase in the spatial 

correlations within the ToM network that echo several pieces of evidence of brain maturation and explain 

improvements in ToM performance suggest that the increasing similarity in the spatial patterns of brain 

activity within the ToM network can also contribute to its functional specialization. Functional specialization 

allows brain networks to refine their field in some cognitive processing. It depends on intrinsic changes in the 

individual brain areas and changes in the functional connectivity of the network, with an increase in the 

temporal correlations between ToM brain areas (Richardson et al., 2018).  

Using fMRI in children with prosopagnosia, Zhang et al. (Zhang et al., 2015) decoded the presented faces 

from the occipital cortex, but not successfully from the right fusiform face area (FFA), whereas, in the 

controls, decoding faces was successful both in the occipital cortex and in the right FFA. Thus, spatial coding 

must be present both in the occipital cortex and the right FFA to perceive faces correctly. This is an example 

of holistic processing where the whole face is coded in each implicated area. By analogy, our results on the 

similar spatial structure in the areas of the ToM network suggest that similar information is spatially coded. 

Therefore, one can suggest that instead of the different aspects of the ToM processed in different areas, there 

is holistic ToM information in each area of the network. The transmission of spatial coding between the areas 

could be electrophysiologically explained by the cortical traveling waves, described as spatially extended 

patterns in which aligned activity peaks move sequentially across the cortical surface (Bhattacharya et al., 

2022). 

The present findings show that the increasing similarity in the spatial patterns of brain activity might also 

contribute to improving the functioning of the brain network, perhaps because more and more similar spatial 

patterns of brain activity benefit the processing and transfer of information within the network, subsequently 

contributing to its functional specialization over development. Finally, although the present study is limited 

to the development of the ToM network, the fact that the developmental changes in the spatial correlations 

observed between ToM brain areas are consistent with the general principle of brain development, we 

speculate that the increasing spatial similarity of brain activity is not specific to the ToM network but might 
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contribute to the functional specialization of various brain networks. 

 

Conclusions  

By analyzing the fMRI data of the Richardson et al. (2018) study, where participants of different age groups 

performed a ToM task, we show that the spatial correlations of brain activity between brain regions of the 

ToM network increase with age, both in terms of the number of brain areas showing spatial correlations with 

other brain areas of the network and in terms of the strength of these correlations, except for a few correlations 

that decrease over time. We also show that the increase in the spatial similarity of brain activity explains the 

improvement in preschoolers' theory of mind performance. These results suggest that the increasing spatial 

similarity of brain activity over development might contribute to the functional specialization of brain net-

works. Besides, similar spatial coding suggests that instead of the different aspects of the ToM processed in 

the explored ToM areas, holistic ToM-related information is present in each area of the network. 
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Supplementary materials 

Supplementary Table 1. Coordinates of significant whole-brain correlations and their anatomical locations in 

adults 

Seed 
Re-

gions 
p-va-

lue(cluster) 

 

Clus-

ter size 

 

z value x(mm) y(mm) z(mm) 

 

LTPJ 

RTPJ <0.001 495 6.93 58 58 34 

Precu-

neus 
<0.001 530 5.26 -4 -46 26 

MMPFC <0.001 244 4.64 4 48 -12 

 

RTPJ 

LTPJ <0.001 1129 6.56 -36 -64 30 

Precu-

neus 
<0.001 1259 6.26 2 -44 32 

MMPFC <0.001 596 5.05 0 50 8 

 

 PC 

LTPJ <0.001 907 5.84 -34 -60 28 

MMPFC <0.001 782 5.64 8 52 10 

DMPFC <0.001 366 5.61 -14 36 34 

RTPJ <0.001 582 5.18 48 -72 40 

 

DMPFC 

Precu-

neus 
<0.001 809 5.95 10 -68 32 

LTPJ <0.001 692 5.81 -36 -74 32 

RTPJ <0.001 210 4.80 54 -62 24 

 

MMPFC 

DMPFC <0.001 470 6.51 -18 46 28 

RTPJ <0.001 530 6.23 54 -72 34 

Precu-

neus 
<0.001 1577 6.15 8 -54 28 

LTPJ <0.001 1256 6.07 -38 -62 24 

 
VMPFC 

RTPJ <0.001 729 6.18 54 -72 30 

LTPJ <0.001 719 6.03 -46 -62 12 

Precu-

neus 
<0.001 946 5.96 2 -72 28 

 


