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Abstract  
 
In adults, left hemisphere (LH) damage often leads to aphasia, but many cases of early damage 
leave linguistic processing intact, with a functional language system developing in the right 
hemisphere. To explain this early apparent equipotentiality of the two hemispheres for language, 
some have proposed that the language system is more bilateral during early development and 
becomes increasingly left-lateralized with age. We examined language lateralization using fMRI 
in two large developmental cohorts (total n=273 children aged 4-16 years; n=107 adults). Strong, 
adult-like LH lateralization (in response magnitude and activation volume) was evident by age 4, 
although other features of the LH language network showed protracted development, including 
the magnitude of language response and the strength of functional connectivity. Thus, although 
the RH can take over language function in some cases of early brain damage, this plasticity 
occurs in spite of adult-level LH bias present by age 4 years. 
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Introduction 
 
In a truly incredible feat, approximately six months after they are born, human babies begin to 
recognize words for common objects1, and toward their first birthday, they utter their first 
words2. Over the following couple of years, their vocabularies explode and they learn to combine 
words into phrases and sentences. Although linguistic abilities continue to increase in their 
sophistication into adolescence and even adulthood3–5, typically developing children can already 
understand and express complex ideas through language by 4 years of age6. But is the brain 
infrastructure for language in these young but already quite competent language users the same 
as in adults? 
 
In adult brains, language processing, including both comprehension and production, draws on a 
specialized network of frontal and temporal areas7,8. In the vast majority of individuals, this 
network is lateralized to the left hemisphere (LH), which manifests as a) stronger and more 
spatially extensive responses to language in the left hemisphere (see9 for data from >800 
individuals), and b) a greater likelihood of linguistic deficits (aphasia) following LH damage in 
adulthood10. One important controversy about the development of language-processing 
mechanisms concerns the degree of LH lateralization of the language network in children. 
 
According to one influential proposal, the language system starts out more bilateral and becomes 
increasingly left-lateralized with age11. This proposal was put forward to explain the fact that LH 
damage at or shortly after birth and in early childhood can leave linguistic functions intact, with 
the RH homotopic areas taking over12–16 (see17 for a review). This proposal also makes 
predictions about language development in typical brains, which can be evaluated using 
functional brain imaging. In particular, the fronto-temporal language network should be more 
similar between the two hemispheres in its responses to language during early development 
compared to later childhood and adulthood. Indeed, some neuroimaging studies that have 
examined responses to language from about age 4 years onwards have reported more bilateral 
responses at younger ages and more strongly left-lateralized responses later in life18–25. However, 
other studies have reported no difference between children and adults in the degree of LH-
lateralization of language responses26,27, including for children as young as 4 years of age28. 
 
The complexity of the empirical landscape with respect to language lateralization in childhood 
may have to do with i) the predominant reliance of past fMRI studies on the traditional group-
averaging approach, which suffers from low sensitivity, low functional resolution, and low 
interpretability29–31, and ii) the diversity of experimental paradigms, which complicates the 
across-study comparisons. Some paradigms further conflate language processing with other, 
more bilateral functions, including lower-level speech perception and general task demands. 
Speech perception draws on bilateral auditory areas, distinct from the amodal language areas32,33, 
and executive processes related to task demands (such as attention and working memory) recruit 
a bilateral fronto-parietal network—the Multiple Demand network34,35, which is also distinct 
from the language areas36, including in children28. For example, many language experiments 
require not only comprehension of words or sentences but also meta-linguistic judgments or 
comprehension questions, which are known to recruit the Multiple Demand network37. If these 
task components are more difficult for children than adults—given the protracted development of 
executive functions38,4—then language paradigms that include extra-linguistic task components 
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may recruit the bilateral Multiple Demand network to a greater degree in children, which would 
lead to the appearance of more bilateral responses (we return to this issue in the Discussion). 
 
Here, we characterize age-related changes in the language network across two independent 
developmental cohorts (Dataset 1: 206 children, aged 4-14 years, and 91 adults; Dataset 2: 67 
children, aged 4-16 years, and 16 adults). We use a robust individual-subject fMRI approach 
(‘precision fMRI;’ 29,39,40) to account for inter-individual differences in the precise locations of 
language areas (see SI-2B for evidence of inter-individual topographic variability in 
our child participants). We also use an extensively validated language ‘localizer’ paradigm30,41,9, 
which isolates the language areas from both lower-level speech areas and domain-general areas 
sensitive to task demands36,8. Although our main focus is on lateralization, we additionally 
examine other properties of the language network, for which the developmental trajectory has 
also been debated in the developmental neuroscience literature. These include the LH language 
network’s topography (in particular, the emergence of the frontal-lobe component22,42,24,43,44, its 
magnitude of response to language, and the degree of functional connectivity among its 
regions42,45. 
 
To foreshadow the results, across both datasets, we found that LH lateralization, based on either 
volume or magnitude of activation, is already adult-like by 4 years of age (see SI-5 for 
generalization to a third, previously published dataset25). In contrast to the lateralization of 
language responses, the magnitude of response to language and the strength of inter-regional 
functional correlations in the dominant (left) hemisphere showed a pronounced increase from 
early to middle to late childhood, at which point they reached adult levels. The lateralization 
findings suggest that the capacity of the RH for language processing in cases of childhood LH 
damage does not depend on the language system being more bilateral in young children: at least, 
by age 4 years, an adult-like LH bias is already present. The magnitude and functional 
correlation results establish the normative developmental trajectory for these key individual-level 
neural markers of language, thus laying the groundwork for future investigations of linguistic 
processing at earlier ages and in developmental populations with communication disorders. 
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Results 
 
All participants (n=273 children aged 4-16 years; n=107 adults; Methods-Section1) performed an
extensively validated language localizer task30 based on a contrast between listening to short age-
appropriate stories/passages (the critical condition) and a perceptually similar condition where 
linguistic content is not comprehensible (the control condition) (Figure 1; see Methods-Section2 
and SI-1A for details). This localizer has been shown to engage the language areas—which 
support lexical access, syntactic structure building, and semantic composition46—and not to 
engage other nearby functional areas, such as the lower-level speech perception areas33 or areas 
of the domain-general Multiple Demand network47. All statistical analyses were performed on 
the brain measures extracted from the language areas, which were individually defined using the 
language localizer contrast (see Methods-Section6,7), including critically, measures of language 
lateralization based on the volume of activation and the magnitude of neural response. 
 

 
Figure 1. A summary of the design and procedure for the language localizer variants used for 
participants in Datasets 1 and 2 (see Methods-Section2 and SI-1A for details). In Dataset 1, the paradigm 
was identical between the middle childhood and adult groups. In Dataset 2, the paradigm was identical across 
age groups. Importantly, the language localizer has been previously established to be robust to variation in the 
materials, task, modality of presentation, specific language, and the nature of the control condition30,48,41, 
which means that the data from these experiments can be straightforwardly combined and compared. 
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1. By 4 years of age, the left hemisphere language network shows adult-like functional 
topography. 
 
Because of past claims that the frontal-lobe component of the language network exhibits 
protracted development43, we first examined the general topography of the language responses 
across our different age groups, to decide which component(s) to focus on for the critical 
analyses of language lateralization. As shown in Table 1 and Figure 2A-B, reliable responses to 
language processing are robustly present in both the temporal-lobe and frontal-lobe components 
of the LH network in children, including in the youngest developmental group examined here (4-
6 year-olds). 
 
Magnitude of response to the Language>Control contrast in the LH language network 

  
Language network Temporal language areas Frontal language areas 

b SE t p b SE t p b SE t p 
DS 1 Early 0.91 0.08 11.2 < 0.001 1.11 0.11 9.94 < 0.001 0.77 0.11 7.06 < 0.001 

Middle 1.05 0.13 8.42 < 0.001 1.55 0.19 7.96 < 0.001 0.72 0.13 5.72 < 0.001 

Late 1.81 0.06 32.85 < 0.001 2.53 0.079 32.15 < 0.001 1.32 0.07 20.32 < 0.001 

Adult 1.54 0.06 24.88 < 0.001 1.78 0.11 24.86 < 0.001 1.34 0.07 18.2 < 0.001 

DS 2 Early 0.44 0.1 4.58 < 0.001 0.56 0.16 3.41 0.01 0.35 0.1 3.54 < 0.01 

Middle 0.73 0.06 11.75 < 0.001 0.84 0.09 9.2 < 0.001 0.66 0.08 8.02 < 0.001 

Late 1.03 0.07 14.34 < 0.001 1.1 0.09 11.78 < 0.001 0.97 0.1 10.05 < 0.001 

Adult 0.86 0.1 9.04 < 0.001 0.81 0.11 7.45 < 0.001 0.9 0.14 6.53 < 0.001 

 
Table 1. Magnitude of response to language in the left hemisphere (LH) language network as a whole, 
and in the temporal and frontal components separately, across development. For each age group in each 
dataset (early childhood [Dataset 1 (DS 1) n=41; Dataset 2 (DS 2) n=6], middle childhood [DS 1 n=57; DS 2 
n=38], late childhood [DS 1 n=108; DS 2 n=23], and adulthood [DS 1 n=91; DS 2 n=16]), we fit a linear 
mixed-effects regression model predicting the magnitude of the BOLD response (estimated in each region as 
described in Methods-Section7) from condition (Language vs. Control) with random intercepts for participants 
and fROIs (Methods-Section8). The responses are estimated in data independent from the data used to define 
the language fROIs. The p-values for the temporal and frontal areas are uncorrected, but all survive a 
Bonferroni correction for two comparisons. 
 
In particular, consistent with what has been reported previously in adults (e.g., see41 for the 
results for the adult group in Dataset 1), participants in each developmental group showed a 
reliably stronger response during the Language condition compared to the Control condition 
(Figure 2B). This effect held across the LH language network as a whole in both datasets and 
every age group (all ps<0.001; Table 1). The effect also held for the temporal-lobe and frontal-
lobe components of the network separately, again in both datasets and every age group (all 
ps<0.001, except the early group in Dataset 2 (n=6): ps≤0.01; Table 1). (For the parallel analyses 
of the homotopic RH language network, see Figure 2A-B and SI-4A.) 
 
These results suggest that we can examine both the frontal-lobe and temporal-lobe components 
of the language network for our critical question of language lateralization across childhood, 
instead of restricting our analyses to the temporal-lobe component. 
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Figure 2. Responses to language and the strength of inter-regional functional correlations in the left 
hemisphere (LH) and right hemisphere (RH) language network in each age group. A. Sample individual 
whole-brain activation maps for the Language>Control contrast for participants in Datasets 1 and 2 (two broad 
columns) in each age group (four columns for each dataset). All maps are thresholded at the uncorrected 
whole-brain level of p < 0.01. For each age group in each dataset, we show three sample participants (all 
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individual activation maps are available at https://osf.io/3mvpx/). Participants’ ages are shown in parentheses 
next to the participants’ unique identifiers (e.g., the age of participant P174 for the early childhood group in 
Dataset 1 is 5 years and 2 months). (These maps are used for visualization only; all statistical analyses are 
performed on neural measures extracted from these maps, as described in Methods-Section7.) B. Magnitude of 
response (in % BOLD signal change) to the Language condition (“L”, black) and the Control condition (“C”, 
white with black outline) relative to the fixation baseline (zero) in the LH and RH language network. 
Significant Language>Control effects are marked with asterisks below the x-axis (Table 1). Here and in C-D, 
significant effects of hemisphere are marked for each age group with asterisks above the bars in each plot 
(Table 2); and significant differences in the effects of hemisphere between age groups are marked on 
horizontal thick lines below the x-axis that straddle adjacent pairs of bar graphs (Table 3). C. Volume of 
activation (number of significant voxels; threshold: p<0.01) for the Language>Control contrast in the LH (dark 
gray) and RH (light gray). D. Strength of inter-regional functional correlation (Pearson’s moment correlation) 
among the language regions in Dataset 1 in the LH (dark gray) and RH (light gray) (no resting state data were 
collected for Dataset 2). E. The parcels that were used for fROI definition. These parcels (LH=red, RH=gold) 
were used to define the individual fROIs (for the measures in B and D; see SI-2C for visualizations of 
language fROIs in sample participants) or to constrain the voxel counts (for the measure in C) (see Methods-
Section7 for details). For all bars, dots correspond to individual participants, and error bars indicate standard 
errors of the mean by participant. Significance: ***=p<0.001; **=p<0.01; *=p<0.05; n.s.=not significant (see 
Tables 1, 2 and 3 for details). 
 
2. The language network exhibits an adult-like left-hemispheric bias by 4 years of age. 
 
In adults, the left-hemispheric (LH) bias for language manifests as a stronger (higher magnitude) 
and more spatially extensive (greater number of significant voxels) response in the LH language 
areas. We examined both of these measures in children, including in relation to adults. 
 
First, we asked whether a LH bias was present in each developmental age group. The effect of 
hemisphere on the magnitude of the Language>Control effect held in all age groups in both 
datasets (ps<0.05; Figure 2B, Table 2A), except the early childhood group in Dataset 2. The 
effect of hemisphere on the volume of activation for the Language>Control contrast also held in 
all age groups in both datasets (ps<0.05; Figure 2C, Table 2B), except the early childhood 
group in Dataset 2. The lack of significant effects in the early childhood group in Dataset 2 is 
likely due to a small sample size of n=6 (note though that the mean inter-hemispheric differences 
are similar in size to the other groups; e.g., in the middle childhood group, there are, on average, 
32% more significant Language>Control voxels in the LH than the RH, and in the early 
childhood group, there are, on average, 37% more voxels in the LH than the RH). For the groups 
that showed reliably lateralized responses at the network level, the effects also held for the 
temporal and frontal components of the network separately, for both the magnitude and the 
volume measures (all ps<0.05; SI-3). 
 
A. Effect of hemisphere on the magnitude of the Language>Control contrast 
  b  SE t p 
DS 1 Early 0.75 0.17 4.29 < 0.001 

Middle 0.30 0.15 2.04 0.046 
Late 0.69 0.08 8.43 < 0.001 
Adult 0.48 0.07 6.66 < 0.001 

DS 2 Early 0.24 0.19 1.29 0.26 
Middle 0.29 0.08 3.81 0.001 
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Late 0.59 0.15 3.96 0.001 
Adult 0.52 0.11 4.88 < 0.000 

B. Effect of hemisphere on the volume of activation for the Language>Control contrast 
  b SE t p 
DS 1 Early 272.2 88.83 3.06 0.004 

Middle 425.21 90.4 4.7 < 0.001 
Late 1087.91 87.3 12.46 < 0.001 
Adult 614.09 79.32 7.74 < 0.001 

DS 2 Early 285 202.84 1.41 0.22 
Middle 250.58 90.29 2.78 0.01 
Late 656.65 185.64 3.54 0.002 
Adult 680.9 119.9 5.68 <0.001 

 
Table 2. A LH bias in response to language in the language network across development. A. Effect of 
hemisphere on the magnitude of the Language>Control contrast. For each age group in each dataset, we fit 
a linear mixed-effects regression model predicting the average effect size (averaged across fROIs; effects sizes 
were estimated as described in Methods-Section7) from hemisphere with random intercepts for participants 
(including random intercepts for fROIs led to the model not converging). B. Effect of hemisphere on the 
volume of activation for the Language>Control contrast. For each age group in each dataset, we fit a linear 
mixed-effects regression model predicting the total number of voxels (across fROIs; number of voxels was 
calculated as described in Methods-Section7) from hemisphere with random intercepts for participants. 

 

Next and critically, we asked whether the LH bias was larger in adults compared to the child 
groups. To do so, we used three complementary measures, in line with recent emphasis in the 
field on robustness to analytic choices49–51, and the lack of agreement on the best measure in 
laterality research52,53. In particular, we examined traditional lateralization index (LI) based on 
activation volumes54,55,19, lateralization based on response magnitudes52,56, and LI based on 
magnitudes that uses adaptive thresholding57. As detailed next, all three measures yielded the 
same answer of no evidence for an increase in lateralization between childhood and adulthood 
(Figure 3, Table 3). 

 

The traditional lateralization index (LI) is based on the number of significantly activated voxels 
per hemisphere (for the Language>Control contrast) using the following formula: (LH − RH) / 
(LH + RH), where LH and RH represent the number of significant voxels in the left and right 
hemispheres, respectively. We found no evidence for age-related increase in lateralization 
(Figure 3A, Table 3A; see SI-3A for the results of frontal and temporal areas separately; see SI-
4B for analyses where age was treated as a continuous variable), although DS2 was small and 
likely underpowered (see SI-3D for analyses that combine the two datasets and still find no age-
related increase in lateralization). The traditional LI measure controls for group differences in the 
overall extent of activation58,19,59 but may be affected by differences in activation magnitude and 
is sensitive to outliers57. We therefore additionally examined differences in response magnitude 
between the two hemispheres. We again found no evidence for age-related increase in 
lateralization (Figure 3B, Table 3B). In addition, Bayesian analyses of the magnitude-based 
lateralization measure provided substantial-to-strong evidence for the null hypothesis of no 
monotonic age effects on lateralization in Dataset 1, with inconclusive evidence in Dataset 2 
likely due to the small sample size (SI-3B). Finally, we used the LI toolbox developed by Wilke 
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and colleagues60,57, which allows for adaptive threshold selection to derive a threshold-
independent LI with a confidence interval computed via bootstrapping. The results (reported in 
(SI-3C) converged with the other two approaches showing no evidence for age-related 
lateralization increase. 

 
A. Volume-based lateralization index (LI)  
  b SE t p 
DS 1 Early vs. Adult 0.2 0.07 2.71 0.02 

Middle vs. Adult -0.06 0.07 -0.91 0.74 
Late vs. Adult 0.01 0.05 0.09 1 

DS 2 Early vs. Adult -0.08 0.21 -0.41 0.97 
Middle vs. Adult -0.07 0.13 -0.56 0.92 
Late vs. Adult -0.08 0.14 -0.55 0.93 

B. Magnitude-based lateralization  
  b SE z p 
DS 1 Early vs. Adult (LH vs RH) 0.27 0.17 1.57 0.31 

Middle vs. Adult (LH vs RH) -0.20 0.15 -1.27 0.50 
Late vs. Adult (LH vs RH) 0.21 0.13 1.60 0.29 

DS 2 Early vs. Adult (LH vs RH) -0.27 0.26 -1.05 0.65 
Middle vs. Adult (LH vs RH) -0.23 0.16 -1.39 0.43 
Late vs. Adult (LH vs RH) 0.08 0.18 0.43 0.96 

 
Table 3. No evidence for an age-related increase in the LH bias for language. A. Volume-based LI 
analysis. We fit a linear regression model predicting LI (averaged across fROIs) from age group, followed by 
pairwise comparisons between the adult group and each child group, adjusted using Sidak’s method (Methods-
Section8). (For the analysis that uses ordered age comparisons, see SI-3F; for the analysis that treats age as a 
continuous variable, see SI-4B.) (Note that the only significant effect observed here goes in the opposite 
direction of the one predicted by the hypothesis we are evaluating11.) B. Magnitude-based lateralization 
analysis. We fit a linear mixed-effect regression model predicting the size of the Language>Control contrast 
from age group, hemisphere, and their interaction, with random intercepts and slopes for hemisphere within 
participants and fROIs, followed by pairwise comparisons, as in A. 
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Figure 3. Developmental changes in lateralization. A. Volume-based LI measure for participants in Datasets
1 and 2 (two broad columns) in each child group (light grey bars) and the adult group (dark grey bar). Here and
in B, significant differences between children and adults are marked for each child group above the bars (note 
that the only significant effect goes in the opposite direction of the one predicted by the hypothesis we are 
evaluating(Lenneberg, 1967)). B. Magnitude-based lateralization measure. For all bars, dots correspond to 
individual participants, and error bars indicate standard errors of the mean by participant. Significance: 
***=p<0.001; **=p<0.01; *=p<0.05; n.s.=not significant (see Table 3 for details). 
 
 
3. Language response magnitude and functional connectivity in the LH language network 
increase between ages 4 and 16 and reach maturity by late childhood. 
 
In addition to lateralization, we examined developmental changes in the magnitude of response 
to language and the strength of inter-regional functional correlations in the language network in 
the dominant, left hemisphere. Both of these properties showed gradual increase across 
childhood (Figure 4). 
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In Dataset 1, the Language>Control effect was larger in the adult group compared to the early 
and middle childhood groups (ps<0.05; Figure 4A-left, Table 4A; see SI-4C for evidence that 
the results are similar when controlling for head motion; see SI-4B for analyses where age was 
treated as a continuous variable), but not compared to the late childhood group. In Dataset 2, the 
qualitative pattern was similar—with responses increasing from early to middle to late childhood 
and not showing a further increase between late childhood and adulthood—but none of the 
pairwise comparisons reached significance (Figure 4A-right, Table 4A). The analysis where 
age was treated as a continuous variable revealed a positive effect of age on the magnitude of the 
Language>Control contrast in Dataset 1 (p<0.001; SI-4B); this effect was also positive albeit not 
significant in Dataset 2. The pattern of increasing response magnitude was also similar in the RH 
language network across both datasets (SI-4A). 
 
The results for inter-regional functional correlations, as measured during a resting state scan, 
mirrored the results for response magnitude: the correlations were stronger in the adult group 
compared to the early and middle childhood groups (ps<0.001; Table 4B; see SI-4C for 
evidence that the results are similar when controlling for head motion61, but not compared to the 
late childhood group. The analysis where age was treated as a continuous variable revealed a 
positive effect of age (p<0.001; SI-4B). 
 
A. Magnitude of the Language>Control contrast in the LH language network 
    b SE t p 
DS 1 Early vs. Adult  -0.64 0.19 -3.46 0.002 

Middle vs. Adult -0.48 0.17 -2.89 0.01 
Late vs. Adult  0.26 0.14 1.87 0.17 

DS 2 Early vs. Adult  -0.43 0.29 -1.47 0.38 

Middle vs. Adult  -0.13 0.18 -0.72 0.85 

Late vs. Adult  0.16 0.2 0.83 0.8 

B. Inter-regional functional correlation strength in the LH language network 
    b SE t p 
DS 1 Early vs. Adult -0.14 0.02 -6.14 < 0.001 

Middle vs. Adult -0.1 0.02 -5.08 < 0.001 
Late vs. Adult 0.02 2 1.16 0.57 

 
Table 4. Evidence for age-related increases in language response magnitude and functional connectivity 
in the LH language network. A. Magnitude of the Language>Control contrast analysis. We fit a linear 
mixed-effect regression model predicting response magnitude of the LH language network from age group, 
with random intercepts for participants and fROIs. We then performed pairwise comparisons between the adult 
group and each child group, adjusted using Sidak’s method. (For the analysis that treats age as a continuous 
variable, see SI-4B.) B. Inter-regional functional correlation strength analysis. We fit a linear regression 
model predicting inter-regional correlations (averaged across the 10 fROI pairs for the LH network) from age 
group, followed by pairwise comparisons, as in A.  
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Figure 4. Developmental changes in language response magnitude and functional connectivity in the LH 
language network. A. Magnitude of the Language>Control contrast in Datasets 1 in each child group (light 
grey bars) and the adult group (dark grey bar); see the inset for Dataset 2 results. Here and in B, significant 
differences between children and adults are marked for each child group above the bars. B. Strength of inter-
regional functional correlations in Dataset 1. For all bars, dots correspond to individual participants, and error 
bars indicate standard errors of the mean by participant. Significance: ***=p<0.001; **=p<0.01; *=p<0.05; 
n.s.=not significant (see Table 4 for details). 
 
 
  

13 
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Discussion 

We investigated age-related changes in the degree of language lateralization and in other 
properties of the fronto-temporal language network using two independent relatively large 
developmental fMRI datasets and an extensively validated language ‘localizer’ paradigm30. 
Using robust individual-subject analyses, which account for variability across individuals in the 
precise locations of functional areas, we found a strong and adult-like left hemisphere (LH) 
language bias even in our youngest child group (4-6 year-olds), with no evidence for an age-
related increase in lateralization. In contrast, other features of the language network show a clear 
developmental change. In the remainder of the Discussion, we position these findings in the 
context of the prior literature and discuss their broader implications. 
 
By 4 years of age, language processing is as strongly left-lateralized as in adults. 
 
One important claim in the literature has been that the language network starts out as more 
bilateral and only becomes strongly lateralized to the left hemisphere with age11. This hypothesis 
was put forward to explain a difference in the likelihood of language deficits following damage 
to the LH in mature vs. child brains. In particular, LH damage in adulthood typically results in 
aphasia10,62. In stark contrast, damage to the LH in children can leave language ability largely 
preserved, including cases of damage occurring around birth13,14,16, in young children13, and even 
in some adolescents63 (cf.64–66). Functional imaging has revealed that in such cases, language 
processing is typically supported by the homotopic right-hemisphere frontal and temporal 
areas12–16 (see17 for a review). This ability of the right hemisphere to take on language function 
has led to arguments that RH frontal and temporal areas support language processing alongside 
the LH areas in developing brains, and the role of the RH areas gradually lessens with age, 
reducing its ability to take over language function67. 
 
This hypothesis—whereby the language system starts out more bilateral—makes a testable 
prediction for typical development: the LH and RH language areas should respond more 
similarly to language in young children. Over the course of development, these responses are 
expected to gradually shift towards an adult-like profile where the LH areas show stronger and 
more extensive responses to language compared to the RH areas. Here, across two datasets and 
three measures of lateralization, we do not find support for this prediction: the language network 
is already left-lateralized in 4-6 year-olds (complementing some earlier studies; e.g.,26–28), and 
the degree of lateralization is similar to that in adults. In other words, we find no evidence for 
age-related increase in language lateralization from age 4 through adulthood a) across all 
standard lateralization measures, b) with Bayesian analyses providing substantial-to-strong 
evidence for the null hypothesis of no age-related increase in lateralization, and c) with robust 
evidence for age-related changes in other aspects of brain responses to language. 

Prior findings of age-related increases in lateralization may be due to conflating linguistic and 
task demands. 

Why have some prior studies19–21,23,68,24,25 found more bilateral responses to language in 
childhood? An important contributor may be the use of paradigms that conflate linguistic 
demands (i.e., lexical retrieval, syntactic structure building, and semantic composition)—
supported by the language network (e.g., 8 —and general task demands (requiring attention, 
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working memory, response selection, etc.). In particular, many language paradigms that require 
overt responses (e.g., the commonly used verb generation task18,19,69 tax both language 
processing and general executive abilities. The latter are supported by the domain-general 
Multiple Demand (MD) network34,35—a bilateral network of frontal and parietal areas whose left 
frontal component is adjacent to, but distinct from, the language areas70,71,36,72; (see37 for 
evidence that language paradigms accompanied by task demands recruit both the language and 
the MD network). Given that most tasks are more difficult for younger children, they may recruit 
the MD network to a greater extent. Because the MD network is bilateral, its greater recruitment 
will manifest as more bilateral responses at younger ages. In other words, what has been 
interpreted as an age-related increase in the degree of LH lateralization of the language network 
may instead reflect an age-related reduction in the reliance on the (bilateral) MD network, and 
increased reliance on the (left-lateralized) language network. 

We believe this issue affects an influential study by Olulade and colleagues25. Olulade et al. 
examined responses to language in children (similar age range as in the current study) and adults, 
and found more bilateral activity in children, and increasingly left-lateralized responses with age. 
However, their paradigm included both linguistic and task demands, and the task was more 
difficult in the critical language condition (listening to sentences and judging their factual 
correctness) than in the control condition (listening to sentences played backwards and pressing a 
button when a beep is present at the end). The behavioral data further suggest that the critical 
task was more difficult for younger children. Besides, brain responses were measured in large 
anatomical masks and lateralization was computed using a newly introduced measure. When 
Olulade et al.’s data are analyzed in more restricted language-related regions of interest using 
standard lateralization measures, we find that even the youngest children (age 4-6 years) already 
show strongly left-lateralized responses, similar to the current study (see SI-5C). 

Future work on the development of the language network should take care to separate the 
language network from the domain-general Multiple Demand network, and other networks 
known to be functionally distinct from the language network. One way to do this is to adopt 
paradigms that focus on passive comprehension, which minimize task demands (e.g., contrasting 
passive comprehension of language with perceptually matched control conditions30,48. If a task is 
included, care should be taken to a) ensure that the task in the control condition is at least as 
difficult as in the critical condition, and/or b) separate the task temporally from the language-
processing component so that it can be modeled separately (as in Dataset 2 here), and/or c) use 
independent functional localizers or at least spatial priors from pre-existing large-scale datasets 
from validated localizers (e.g.,9). 

Reconciling early left -hemispheric language lateralization with early equipotentiality of the 
two hemispheres for language. 
 
Given that language processing is already lateralized to the left hemisphere by age 4 years, how 
do we square this finding with evidence from early LH brain damage, which often leaves 
language processing unimpaired? Existing evidence unequivocally shows that the two 
hemispheres are equipotential for language early in life (e.g.,13–16). Evidently, however, this 
equipotentiality does not manifest as similar responses to language in the two hemispheres. One 
possibility is that brain imaging studies, including ours, are measuring language responses too 
late in the developmental trajectory: maybe language processing is more, or even fully, bilateral 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

16 

until 1-3 years of age. Some evidence exists of LH lateralization prior to age 428 and even prior 
to age 2(Olson et al., 2025) although children in those cohorts could still be too old. Further, at 
least some cases have been reported where LH damage occurs after age 4 years, but no long-term 
language deficits ensue13,63, but premorbid language lateralization in these individuals is not 
known. 

Alternatively, an age-related change in the ability of the RH areas to take over language function 
may be caused not by the reduction in the RH areas’ responses to language (see Figure 2 and SI-
4A for evidence of consistent recruitment of the RH for language processing in adulthood; also, 
see74,9) but because the RH areas become increasingly specialized for processing non-linguistic 
information. For example, RH temporal and frontal areas in adults have been implicated in visual 
and auditory social perception75–78, mental state reasoning79 and processing prosodic 
information80,81. In contrast, the LH language areas remain language-selective8. 

Yet another possibility is that other aspects of brain development mediate early equipotentiality. 
For example, age-related decreases have been reported in the degree of functional connectivity 
between the LH language areas and their RH homotopic areas82. Perhaps the ability for inter-
hemispheric exchange of information is what allows the RH language areas to take on language 
function early during development but not later in life. However, in our data, we do not see a 
pattern of decreasing inter-hemispheric functional connectivity (SI-3E). 

It is also worth noting that early equipotentiality of the two hemispheres for language—
accompanied by bilateral responses to language—may only be present under the conditions of 
atypical brain development. Indeed, more bilateral responses to language have been reported in 
individuals with neurodevelopmental conditions, such as autism83,84, dyslexia85 and epilepsy86. If 
atypical brain development is a ‘prerequisite’ for more bilateral language processing —and thus 
easier reorganization of language function to the right hemisphere—we would expect 
easier/faster language recovery in children with epilepsy who undergo LH surgical resections 
compared to children who experience LH stroke. To our knowledge, no direct comparisons on 
matched populations have been performed to evaluate this prediction. 

Finally, the brain’s remarkable capacity to reorganize in response to injury or atypical experience 
need not imply the lack of functional biases in typical brains. After all, even in adulthood—
where strong LH language lateralization is not disputed—many individuals with stroke aphasia 
show complete or near-complete recovery87, although recovery mechanisms remain an active 
area of research88. 

Some features of the LH language network change across development and reach maturity by 
late childhood. 

Although linguistic abilities show a high degree of sophistication by age ~4 years (e.g.,89,90, 
many of these abilities continue to develop well into the late teens3–5. In line with this protracted 
developmental trajectory, two aspects of the brain organization for language processing showed 
a developmental change. First, the strength of the response during language comprehension 
relative to a control condition increased from early, to middle, to late childhood, with no 
difference between the late-childhood and adult groups. This pattern was consistent between the 
two datasets, despite differences in the populations tested and details of the experimental 
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materials and paradigm. Second, the strength of inter-regional functional correlations during 
unconstrained cognition (resting state) showed an increase across development (including after 
controlling for head motion; SI-4C), also reaching adult-like levels by late childhood. 

Developmental changes in both the magnitude of response to language and in the strength of 
inter-regional functional correlations have been reported in past studies (e.g.,22,42,24,43,44. 
However, to the best of our knowledge, none of those studies have relied on paradigms that 
could differentiate language areas from areas of nearby functionally distinct networks 
(e.g.,70,47,72. Using a paradigm that selectively engages language areas and yields reliable 
estimates of brain activity at the individual level in the current study allowed us to 
unambiguously attribute the observed neural changes to the maturation of linguistic abilities and 
their underlying substrates (see also28). 

A developmental increase in response magnitude to language may reflect relatively experience-
independent biological maturation of the underlying neural circuits91 or experience-related 
changes in linguistic ability. One indirect source of evidence for the experiential account comes 
from responses to language in brains of adults learning a new language. In particular, Malik-
Moraleda, Jouravlev et al.92 found that neural responses to language scale with proficiency 
levels. Thus, stronger responses in the language network may reflect better linguistic ability in 
both children learning their first language and adult second-language learners(see also 93 for 
behavioral evidence for experience-based accounts of language learning). However, it remains 
important to directly relate neural responses to language with behavioral measures of linguistic 
ability in young language learners, as well as to understand how changes in the ability to pay 
attention across development may affect those responses. 

Limitations and Open Questions 

The current study is limited in several ways. First, we adopted a cross-sectional approach. 
Tracking changes in the brain infrastructure of language processing longitudinally may offer 
greater sensitivity in detecting age- and experience-related changes. Second, we did not attempt 
to match the age groups on any variables that may affect brain responses (e.g., motion or 
performance on language measures). This concern is somewhat ameliorated by the inclusion of 
two datasets and the observation of similar patterns across them; nevertheless, more carefully 
matched samples performing an identical version of the language paradigm should be examined 
in future research, and generalized to other paradigms94, including those that tax language 
production demands. Finally, all the developmental data come from English, which is not 
representative of the world’s languages (e.g.,95), leaving generalization to other languages an 
important future direction. 
 
Several questions remain about how the language network develops. First, when and how do the 
language brain areas emerge? The youngest children in the current dataset are ~4 years old. This 
is also true of most past studies of brain language development (e.g.,19,21,96. By age 4 years, 
children can understand and express complex ideas through language89,90. The field sorely lacks 
brain data from infants and toddlers (age range: 6 months to ~3 years old), but probing brain 
responses to meaningful language during the first years of life using spatially precise brain-
imaging methods like fMRI is extremely challenging(but see73). 
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Second, how does specialization for language processing develop? The language brain areas in 
adults are strongly specialized for language relative to diverse non-linguistic inputs and tasks8. In 
the current study, we only examined responses to language relative to one control condition 
(perceptually similar but not meaningful stimuli), thus leaving open the question of whether 
language areas perform additional functions in children. A richer characterization of these areas’ 
response profile across development remains an important future goal (see28 for evidence of 
selectivity of the language areas relative to a demanding working memory task in young 
children). 
 
Third, what is special about the left hemisphere such that in most individuals, language 
processing ends up localized to the left? Hypotheses about the LH bias for language are 
plentiful97,98, but obtaining a clear answer has proven challenging. Understanding whether the 
language system is already lateralized when it first emerges (the first open question above) and 
whether or how selectivity for language changes across development (the second question) may 
provide some clues. A few studies have examined responses to speech in infants: some have 
argued for a LH bias99,42, but others found no evidence for lateralization100,101. However, speech 
perception is an earlier-emerging ability which is distinct from language comprehension8 and 
largely bilateral in adult brains32,33, so those studies do not directly inform the lateralization of 
the language system. 
 
In conclusion, the language system of young children is as strongly lateralized to the left 
hemisphere as in adults, which challenges the hypothesis that the language system is more 
bilateral early in development11,67. Although the level of response to language and the inter-
connectedness of the language network continue to increase into late childhood, adult-like 
lateralization to the left hemisphere is already present by age 4 years. 
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Materials and Methods 
 
1. Participants 
 
All participants were recruited from the greater Boston area of the United States, via flyers and 
advertisements on social media. Researchers aimed to recruit half males and half females, based 
on self-reported sex assigned at birth, in each age group. Gender data were not collected in the 
present study. For all child participants, a parent or guardian provided written informed consent, 
and the child provided assent; adult participants provided written informed consent, in 
accordance with the Committee on the Use of Humans as Experimental Subjects at the 
Massachusetts Institute of Technology.  
 
Inclusion criteria: Across datasets, child and adult participants were included in the analysis 
based on the following criteria: 1) being a native speaker of the language used in the experiment 
(English for all groups except for the adult group in Dataset 1; diverse languages for the adult 
group in Dataset 1, as described in41, 2) having no diagnosis of neurological disorder, and 3) 
having normal or corrected-to-normal vision. For Dataset 1, it was additionally ensured that child 
participants were born full-term (>37 weeks), had no history of brain injury and hospitalizations, 
and were not using psychotropic medications.  
 
Dataset 1: After excluding 28 child participants and 0 adult participants from group-level 
analyses due to excessive motion (Methods-Section5; for summary of motion outliers by group, 
see https://osf.io/3mvpx/), the final Dataset 1 included 206 children (ages 4-14; average = 10.69, 
st. dev. = 3.18; 106 females; 178 right-handed) and 91 adults (ages 19-45, average = 27.40, st. 
dev. = 5.5; 48 females; 88 right-handed). The developmental data came from three projects that 
each focused on a different age range and did not concern the development of the language 
network (for details, see https://osf.io/3mvpx/): early childhood (n=41; ages 4-6, average = 5.78, 
st. dev. = 0.69), middle childhood (n=57; ages 7-10, average = 9.00, st. dev. = 0.74), and late 
childhood (n=108; ages 12-14, average = 13.45, st. dev. = 0.69). 
 
Dataset 2: After excluding 31 child participants and 0 adult participants from group-level 
analyses due to excessive motion (Methods-Section5; for summary of motion outliers by group, 
see https://osf.io/3mvpx/), the final Dataset 2 included 67 children (ages 4-16; average = 11.5, st. 
dev. = 1.4; 29 females; 70 right-handed) and 16 adults (ages 18-60, average = 43.8, st. dev. = 
12.1; 7 females). To enable parallel analyses across the two datasets, the developmental data in 
this dataset were divided into three age groups, to approximately match the division in Dataset 1: 
early childhood (n=6; ages 4-6, average = 5.4, st. dev. = 0.46), middle childhood (n=38; ages 7-
9, average = 7.8, st. dev. = 0.65), and late childhood (n=23; ages 10-16 average = 11.5, st. dev. = 
1.38).  
 
A subset of the children and adults in Dataset 2 wore a total light-exclusion blindfold during the 
fMRI scan to reduce visual cortex responses to visual input during the scan, for a different 
study102 (children: n=14 [early = 2; middle = 7; late = 5], ages 4-16, average =8.85 , st. dev. = 
2.23; adults: n=16, ages 18-59, average = 43.8, st. dev. =12.08). Blindfolded and non-blindfolded 
children are treated as a single group for the current study, which focuses on responses in higher-
cognitive networks. 
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Subsets of Datasets 1 and 2 were included in several published studies103–106,41, whose goals 
differed from the current study and did not concern the development of the language network. 
 
2. Language localizer task 
 
As shown in Figure 1, four variants of the language localizer were used, with the control 
condition varying between speech played in reverse, acoustically degraded speech, and speech in 
an unfamiliar foreign language (see SI-1A for details). Participants in Dataset 2 completed a 
short comprehension task following each language stimuli (see SI-1A for task details and SI-1B 
for accuracy data). Each participant completed 6-12 blocks per condition across 1-4 scanning 
runs (for the early childhood group in Dataset 1, where a single run was used, the run was 
manually split into two equal-sized runs to enable across-runs cross-validation, as needed for the 
analyses; see Critical individual-level neural measures). Participants were excluded from the 
language localizer task analysis if more than 40% of the acquired volumes (across both runs) 
were identified as outlier volumes during preprocessing (as detailed below).  
 
In addition to the language localizer task, most participants in Dataset 1 completed a resting state 
scan (described below) and most participants completed additional scanning tasks that were 
unrelated to the current study. 
 
3. Resting state scan 
 
The majority of participants in Dataset 1 completed a resting state scan. The participants in the 
early childhood group were asked to keep their eyes open and to think about anything that came 
to mind. A fixation cross was shown on the screen, but the children were not instructed to keep 
their eyes on it. The scan lasted 5 min 15 s. The participants in the middle and late childhood 
groups were asked to keep their eyes on the fixation cross and to let their mind wander. The scan 
lasted 6 min and 22 s for the middle childhood group and 5 min and 46 s for the late childhood 
group. For the adult group, following71, participants were asked to close their eyes but to stay 
awake and to let their mind wander; the projector was turned off, and the lights were dimmed. 
The scan lasted 5 min. 
 
Participants were excluded from the resting state analysis if more than 40% of the acquired 
resting state volumes were identified as outlier volumes during preprocessing (as detailed 
below). Of the 206 and 91 adults that were included in the language localizer analyses, 189 
children (ages 4 – 14, average = 10.93, st. dev. = 3.15, 97 females) and 90 adults (ages 19-45, 
average = 27.38, st. dev. = 5.54, 47 females) were included in the resting state analyses (n=6 
early and n=14 middle participants were excluded because of excessive motion). The 
developmental participants included: early childhood (n=35; ages 4-6, average = 5.78, st. dev. = 
0.69), middle childhood (n=47; ages 7-10, average = 9.04, st. dev. = 0.78), and late childhood 
(n=107; ages 12-14, average = 13.44, st. dev. = 0.68). 
 
4. fMRI data acquisition 
All data were collected on a 3-Tesla Siemens Prisma scanner at the Athinoula A. Martinos 
Imaging Center at the McGovern Institute for Brain Research at MIT. 
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Dataset 1: 

 
Early Childhood: Whole-head, high-resolution T1-weighted multi-echo MPRAGE structural 
images were acquired in 176 sagittal slices (TR = 2,530 ms, TE = 1.64 ms/3.5 ms/5.36 ms/7.22 
ms, TI = 1,400 ms, flip angle = 7°, resolution = 1.00 mm isotropic). Whole-brain functional 
blood oxygenation level dependent (BOLD) data were acquired using an echoplanar imaging 
(EPI) T2*-weighted sequence in 41 transverse slices (2 mm thick) in an interleaved order (TR = 
2,500 ms, TE = 30 ms, flip angle = 90°, bandwidth = 2,298 Hz/Px, echo spacing = 0.5 ms, FoV = 
192 mm, phase encoding A > P direction, in-plane resolution = 3 mm × 3 mm). Resting state 
scans were acquired using an EPI T2*-weighted sequence in 41 sagittal slices (3 mm thick) in an 
interleaved order with a 10% distance factor (TR = 5200 ms, TE=30 ms, flip angle = 55°, 
bandwidth = 1,502 Hz/Px, FoV = 192 mm, phase encoding A > P direction, in-plane resolution = 
3 mm x 3 mm). Prospective acquisition correction (PACE) was used to adjust the position of the 
gradients based on the participant’s motion one TR back. 
 
Middle Childhood: Whole-head, high-resolution T1-weighted multi-echo MPRAGE structural 
images were acquired in 176 sagittal slices (TR = 2,530 ms, TE = 1.69 ms/3.55 ms/5.41 ms/7.27 
ms, TI = 1,400 ms, flip angle = 7°, resolution = 1.00 mm isotropic). Whole-brain functional 
BOLD data were acquired using an EPI T2* weighted sequence in 32 near-axial slices (4 mm 
thick) in an interleaved order with a 10% distance factor (TR = 2,000 ms, TE = 30 ms, flip angle 
= 90°, bandwidth = 1,860 Hz/Px, echo spacing = 0.63 ms, FoV = 200 mm, phase encoding A > P 
direction, in-plane resolution = 2.1 mm x 2.1 mm). Resting state scans were acquired using an 
EPI T2*-weighted sequence in 40 sagittal slices (3 mm thick) in an interleaved order with a 10% 
distance factor (TR = 2,500 ms, TE = 30 ms, flip angle = 90°, bandwidth = 2,380 Hz/Px, echo 
spacing = 0.49 mm, FoV = 210 mm, phase encoding A > P direction, in-plane resolution = 3 mm 
x 3 mm). PACE was used to adjust the position of the gradients based on the participant’s motion 
one TR back107. 
 
Late Childhood: Whole-head, high-resolution T1-weighted multi-echo MPRAGE structural 
images were collected in 320 sagittal slices (TR = 4,000 ms, TE = 1.06 ms, flip angle = 2°, 
resolution = 2.00 mm isotropic). Whole-brain functional BOLD data were acquired using an EPI 
T2*-weighted sequence in 72 near-axial slices (4 mm thick) in an interleaved order with a 10% 
distance factor and using GRAPPA with an acceleration factor of 2 (TR = 1,000 ms, TE = 37.2 
ms, flip angle = 63°, bandwidth = 2,290 Hz/Px, echo spacing = 0.58 ms, FoV = 208 mm, phase 
encoding A > P direction, matrix size = 96 × 96, in-plane resolution = 2 mm x 2 mm). Resting 
state scans were acquired using an EPI T2*-weighted sequence in 72 axial slices (2 mm thick) in 
an interleaved order with a 0% distance factor (TR = 800 ms, TE = 37 ms, flip angle = 52°, 
bandwidth = 2,290 Hz/Px, echo spacing = 0.58 mm, FoV = 208 mm, phase encoding A > P 
direction, in-plane resolution = 2 mm x 2 mm). 
 
Adults: Whole-head, high-resolution T1-weighted multi-echo MPRAGE structural images were 
collected in 179 sagittal slices (TR = 2,530 ms, TE = 3.48 ms, flip angle = 7°, resolution = 1 mm 
isotropic). Whole-brain functional BOLD data were acquired using an EPI T2*-weighted 
sequence in 31 near-axial slices (4 mm thick) in an interleaved order with a 10% distance factor 
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and using GRAPPA with an acceleration factor of 2  (TR = 2,000 ms, TE = 30 ms, flip angle = 
90°, bandwidth = 1,578 Hz/px, echo spacing = 0.72 ms, FoV = 200 mm, phase encoding A > P 
direction, matrix size = 96 x 96, in-plane resolution = 2.1 mm x 2.1 mm). 
 
Dataset 2:  
 
Whole-head, high-resolution T1-weighted structural images were collected using one of two 
custom 32-channel head coils made for children(Keil et al., 2011), a 12-channel coil, or the 
standard Siemens 32-channel head coil in 176 interleaved sagittal slices (TR = 2,530 ms, TE= 
1.64/3.5 ms/5.36 ms/7.22 ms, resolution = 1 mm isotropic). Whole-brain functional BOLD data 
were collected in 32 near-axial slices (3 mm thick) in an interleaved order with a 20% distance 
factor (TR = 2,000 ms, TE = 30 ms, flip angle = 90°, bandwidth = 2298 Hz/Px, custom pediatric 
coils: FoV = 192 mm; standard 32-channel head coil: FOV = 256 mm; 12-channel head coil: 
FOV = unavailable, phase encoding A>P direction, matrix size =  64x64, in-plane resolution =  3 
mm × 3 mm). PACE was used to adjust the position of the gradients based on the participant’s 
motion one TR back107.  
 
5. fMRI data preprocessing and first-level modeling 
 
fMRI data were preprocessed and analyzed using SPM12 (release 7487), CONN EvLab module 
(release 19b) and custom MATLAB scripts. Each participant’s functional and structural data 
were converted from DICOM to NIfTI format. All functional scans were co-registered and 
resampled using B-spline interpolation to the first scan of the first session. Potential outlier scans 
were identified from the resulting subject-motion estimates as well as from BOLD signal 
indicators using default thresholds in the CONN pre-processing pipeline (5 st. dev. or more 
above the mean in global BOLD signal change or framewise displacement values above 0.9 
mm). Functional and structural data were independently normalized into a common space (the 
Montreal Neurological Institute (MNI) template, IXI549Space) using the SPM12 unified 
segmentation and normalization procedure with a reference functional image computed as the 
mean functional image after realignment across all time points, omitting outlier scans. The 
output data were resampled to a common bounding box between MNI-space coordinates (−90, 
−126, and −72) and (90, 90, and 108), using 2 mm isotropic voxels and fourth-order spline 
interpolation for the functional data and 1 mm isotropic voxels and tri-linear interpolation for the 
structural data. Lastly, the functional data were smoothed spatially using spatial convolution with 
a 4 mm full-width half-maximum (FWHM) Gaussian kernel. 
 
For the critical and control conditions of the language localizer task, effects were estimated using 
a general linear model (GLM) in which each experimental condition was modeled with a boxcar 
function convolved with the canonical hemodynamic response function (HRF) (fixation was 
modeled implicitly). Temporal autocorrelations in the BOLD signal timeseries were accounted 
for by a combination of high-pass filtering with a 128 s cutoff and whitening using an AR (0.2) 
model (first-order autoregressive model linearized around the coefficient a = 0.2) to approximate 
the observed covariance of the functional data in the context of restricted maximum likelihood 
(ReML) estimation. In addition to main condition effects, other model parameters in the GLM 
design included first-order temporal derivatives for each condition (for modeling spatial 
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variability in the HRF delays) as well as nuisance regressors to control for the effect on the 
BOLD signal of slow linear drifts, subject-motion parameters, and outlier scans. 
 
The resting state data were pre-processed using the CONN toolbox with default parameters 
unless stated otherwise. First, to remove noise resulting from signal fluctuations originating from 
non-neuronal sources (for example, cardiac or respiratory activity), the first five BOLD signal 
time points extracted from the white matter and cerebrospinal fluid (CSF) were regressed out of 
each voxel’s time course. White matter and CSF voxels were identified based on segmentation of 
the anatomical image108. Second, the residual signal was band-pass filtered at 0.008–0.09 Hz to 
preserve only low-frequency signal fluctuations109. 
 
6. Functional ROI (fROI) definition 
 
For each participant, functional regions of interest (fROIs) were defined using the Group-
constrained Subject-Specific (GcSS) approach30. For the language network in the left hemisphere 
(LH), we used five parcels derived from a group-level representation of the language localizer 
data in 220 adult participants (independent of the adult sample in the current study) and used in 
much past work (e.g.,110–112,84,113,114,9,115, inter alia). These parcels include three regions in the 
left frontal cortex (two in the inferior frontal gyrus (LIFG and LIFGorb) and one in the middle 
frontal gyrus (LMFG)) and two regions in the left temporal cortex (LAntTemp and LPostTemp). 
Individual fROIs were defined by selecting—within each parcel—the 10% of most localizer-
responsive voxels based on the t-values for the Language>Control contrast (see9 for evidence 
that fROIs defined in this way are similar to fROIs based on a fixed statistical significance 
threshold). See SI-2C for a sample visualization of parcels and individual-subject fROIs. We 
additionally defined a set of language-responsive areas in the right hemisphere (RH). Following 
past work (e.g.,41, we projected the LH parcels onto the right hemisphere and selected the 10% of 
most localizer-responsive voxels, as in the LH. (We chose to use parcels derived from adults in 
order to be able to directly compare critical neural measures between children and adults, but see 
SI-2A for evidence that parcels derived directly from the child data are similar.) 
 
7. Critical individual-level neural measures of language processing 
 
Statistical analyses were performed on a set of individual-level neural measures of language 
processing, including i) the magnitude of neural response, ii) the volume of activation, and iii) 
the strength of inter-regional functional correlations during naturalistic cognition (resting state).  
 
Response magnitude: We extracted the responses (in percent BOLD signal change) from each 
individually defined language fROI (averaging the responses across the voxels in each fROI) to 
each condition (Language (Intact/Forward) and Control (Degraded/Backward/Foreign language)) 
relative to the fixation baseline. To ensure independence between the data used to define the 
fROIs and to estimate their response magnitudes, we used an across-runs cross-validation 
procedure (e.g.,31). Response magnitude was averaged across run splits, resulting in one value 
per participant for statistical analyses. 
 
Volume of activation:  Following past work (e.g.,56,84,41, we extracted the total number of 
significant voxels for each fROI above the uncorrected p<0.001 for Dataset 1 and p<0.01 for 
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Dataset  2 threshold for Language>Control contrast. At these thresholds, most participants 
showed suprathreshold voxels. 
 
Inter-region functional correlation: For the participants with resting state data, we extracted the 
BOLD signal timeseries from each individually defined language fROI using the localizer- 
responsive voxels as defined above.  We then averaged the responses across the voxels in each 
fROI and computed Pearson’s moment correlation coefficients between the timeseries for each 
pair of fROIs (45 pairwise correlations among the 10 language fROIs, 5 fROIs in each 
hemisphere). These correlations were Fisher-transformed to improve normality and decrease 
biases in averaging116. 
 
Lateralization Index: To determine the degree of LH-lateralization based on activation volume, 
we extracted the number of significant voxels (see Volume of activation above) for each of the 
five bilateral language parcels and calculated the lateralization index as follows: (LH – RH) / 
(LH + RH). In complementary analyses, we used the LI toolbox57, to calculate LI based on 
response magnitudes within the language parcels, using best practice adaptive thresholding and 
bootstrapping methods60 (SI-3C). 
 
8. Statistical Analyses 
  
We asked three research questions about the development of the language network, as described 
next. The analyses were identical across the two datasets, except for analyses of inter-region 
functional correlations, which were only performed for Dataset 1. Bayesian analyses confirmed 
that Dataset 1 provides substantial-to-strong evidence for testing hypotheses about age-related 
changes in lateralization; detailed results are provided in SI-3B. (All of the analyses, including 
model specification, are available at: https://osf.io/j582b.) 
  
1) Do children (of different ages) show adult-like topography of the left hemisphere language 
network? 
   
We examined whether children show a reliable response to language relative to the control 
condition in the LH language network overall, and in the temporal and frontal components 
separately (Table 1). For each age group in each dataset, we fit a linear mixed-effects regression 
model predicting the BOLD response (estimated in each region as described in Critical 
individual-level neural measures) from condition (Language vs. Control) with random intercepts 
for participants and fROIs. For completeness, we additionally fit the same model for the RH 
homotope of the language network (SI-4A). 
 
2) Do children (of different ages) show left-hemispheric bias, and is the bias adult-like? 
  
We tested the effects of hemisphere on the two critical neural measures volume of activation and 
magnitude of the critical Language> Control contrast for each age group (Table 2). 1) Volume of 
activation for the Language>Control contrast was extracted by calculating, for each participant in 
each dataset, the number of language-responsive voxels summed across all parcels. We 
additionally fit the same model separately for the temporal and frontal parcels (SI-3A). 
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Based on the examination of individual whole-brain activation maps, we chose the p<0.001 
uncorrected whole-brain threshold for Dataset 1 and the p<0.01 uncorrected whole-brain 
threshold for Dataset 2 (the activations were generally weaker for Dataset 2). 2) Magnitude of 
the Language>Control contrast was extracted as described in the previous section. 
 
Next, we asked whether the LH bias was larger in adults compared to the child groups using 
complementary methods that control for absolute differences in the magnitude of effects, undue 
influence of outliers, and potential task confounds using the lateralization index following prior 
work (e.g.,56,84,41,92. These complementary analyses included: 1) Using the volume measure 
defined above, we calculated a lateralization index (LI) based on the number of significantly 
activated voxels per hemisphere using the following formula: (LH − RH) / (LH + RH), where 
LH and RH represent the number of significant voxels in the left and right hemispheres, 
respectively. We fit a linear regression model for each dataset predicting LI using age group as a 
categorical predictor, followed by pairwise comparisons between each developmental group and 
the adult group, adjusted via Sidak's method117. 2) For the magnitude-based measure, we fit a 
linear mixed-effects model to predict the magnitude of the Language > Control contrast using 
age group, hemisphere, and their interaction. 3) We used the the LI toolbox developed by 57 and 
60, which allows for adaptive thresholding and uses bootstrapping methods to derive a threshold-
independent magnitude-based LI and its confidence interval (see SI-3C for details). 
 
3) Do response magnitude and inter-regional correlations exhibit age-related changes? 
 
To better understand developmental changes in other properties of the language regions, we 
evaluated the effects of age on the magnitude of activation for the Language>Control contrast. 
We fit linear mixed-effects models to predict magnitude from age group with participants and 
fROIs as random effects. We then performed planned pairwise comparisons between each child 
group and the adult group adjusting for multiple comparisons using Sidak’s method117. We 
repeated the analysis in children only with age as a continuous variable. Additionally, we 
examined the strength of inter-regional correlations within the left hemisphere language network 
during resting state. We fit linear regression model to predict correlation strength from age group 
categorically comparing each child group to the adult group with Sidak’s adjustment. As before, 
we repeated the analysis in children only with age as a continuous variable. 
  
All analyses were performed in R v3.5.0 (R Core Team, 2013), using identical statistical 
thresholds (p < 0.05), and random effect structures (using the package lme4118. Significance of 
fixed effects in the models was tested in an ANOVA and fitted with restricted maximum 
likelihood (REML) using the package lmerTest119. Degrees of freedom were estimated using the 
Satterthwaite approximation119,120.  
  
In addition to the analyses reported in the main text, we performed a version of the analyses 
where the total number of outlier volumes (see fMRI data preprocessing and first-level 
modeling) was used as a covariate. The results of the analyses are reported in SI-4C. The 
patterns of results were not affected by the inclusion of this motion-related covariate. 
 
9. Data Availability 
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Source data are provided with this paper. Raw data, individual activation maps, derived analysis 
frames, and analysis code are available at OSF (https://osf.io/3mvpx/). A zipped Source Data 
folder contains the raw values underlying all figures and tables (means, individual data points for 
scatter/dot plots, and line-graph values).  
 
Acknowledgements and Funding Sources:  
We acknowledge the Athinoula A. Martinos Imaging Center at the McGovern Institute for Brain 
Research, MIT. For technical support during scanning, we thank Steve Shannon and Atsushi 
Takahashi. We are also grateful to Anna Greenwald and Elissa Newport for sharing the data 
reported in Olulade et al. (2020); and to the participants and their families for making this 
research possible. OO was supported by NIH award F32-HD100064 from NICHD. AO was 
supported by NIH awards T32-DC000038 and F31-DC020864 from NIDCD and the Hock E. 
Tan and K. Lisa Yang Center for Autism Research. RS was supported by the David and Lucile 
Packard Foundation (#2008-333024), NIH award R01-MH096914-05 from NIMH, and the 
Ellison Medical Foundation. JDEG was supported by the William and Flora Hewlett Foundation 
(#4429), the Walton Family Foundation, Chan Zuckerberg Initiative for the Reach Every Reader 
project, and the Halis Fund for Dyslexia Research at MIT. EF was supported by NIH awards 
DC016607 and DC016950 from NIDCD, and NS121471 from NINDS, and funds from the 
McGovern Institute for Brain Research and the Simons Center for the Social Brain at MIT. 
 
 
CRedIT Statement:  
Ola Ozernov-Palchik*: Conceptualization, Methodology, Investigation (DS 1), Data curation, 
Formal analysis, Visualization, Writing – original draft 
Amanda M. O’Brien*: Conceptualization, Methodology, Formal analysis, Visualization, Writing 
– original draft 
Elizabeth Lee: Data curation; Validation 
Hilary Richardson: Methodology, Investigation (DS 2), Data curation, Writing – Review & 
Editing 
Rachel Romeo: Methodology, Investigation (DS 1), Data curation, Writing – Review & Editing  
Moshe Poliak: Formal analysis; Writing – Review & Editing 
Benjamin Lipkin: Data curation 
Hannah Small: Data curation 
Jimmy Capella: Investigation (DS 1), Data curation  
Alfonso Nieto-Castañón: Data curation, Validation, Software 
Rebecca Saxe: Methodology, Supervision, Writing – Review & Editing 
John D. E. Gabrieli: Methodology, Supervision, Writing – Review & Editing 
Evelina Fedorenko: Conceptualization, Methodology, Writing – original draft, Supervision, 
Project administration  
  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

27 

References 

 
 1. Bergelson, E. & Swingley, D. At 6–9 months, human infants know the meanings of many 

common nouns. Proc. Natl. Acad. Sci. 109, 3253–3258 (2012) 

doi:10.1073/pnas.1113380109. 

2. Schneider, R. M., Yurovsky, D. & Frank, M. Large-scale investigations of variability in 

children’s first words. Cogn. Sci. (2015). 

3. Nippold, M. A. Language development during the adolescent years: aspects of pragmatics, 

syntax, and semantics. Top. Lang. Disord. 20, 15–28 (2000) doi:10.1097/00011363-

200020020-00004. 

4. Hartshorne, J. K. & Germine, L. T. When does cognitive functioning peak? The 

asynchronous rise and fall of different cognitive abilities across the life span. Psychol. Sci. 

26, 433–443 (2015) doi:10.1177/0956797614567339. 

5. Ricketts, J., Lervåg, A., Dawson, N., Taylor, L. A. & Hulme, C. Reading and oral vocabulary 

development in early adolescence. Sci. Stud. Read. 24, 380–396 (2020) 

doi:10.1080/10888438.2019.1689244. 

6. Frank, M. C., Braginsky, M., Yurovsky, D. & Marchman, V. A. Variability and Consistency 

in Early Language Learning: The Wordbank Project. (MIT Press, 2021). 

7. Hagoort, P. The neurobiology of language beyond single-word processing. Science 366, 55–

58 (2019) doi:10.1126/science.aax0289. 

8. Fedorenko, E., Ivanova, A. A. & Regev, T. I. The language network as a natural kind within 

the broader landscape of the human brain. Nat. Rev. Neurosci. 1–24 (2024) 

doi:10.1038/s41583-024-00802-4. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

28 

9. Lipkin, B. et al. Probabilistic atlas for the language network based on precision fMRI data 

from >800 individuals. Sci. Data 9, 529 (2022) doi:10.1038/s41597-022-01645-3. 

10. Goodglass, H. Understanding Aphasia. (Academic Press, San Diego, 1993). 

11. Lenneberg, E. H. The Biological Foundations of Language. Hosp. Pract. 2, 59–67 (1967) 

doi:10.1080/21548331.1967.11707799. 

12. Jacola, L. M. et al. Functional magnetic resonance imaging reveals atypical language 

organization in children following perinatal left middle cerebral artery stroke. 

Neuropediatrics 37, 46–52 (2006) doi:10.1055/s-2006-923934. 

13. Lidzba, K., Küpper, H., Kluger, G. & Staudt, M. The time window for successful right-

hemispheric language reorganization in children. Eur. J. Paediatr. Neurol. EJPN Off. J. 

Eur. Paediatr. Neurol. Soc. 21, 715–721 (2017) doi:10.1016/j.ejpn.2017.06.001. 

14. Asaridou, S. S., Demir-Lira, Ö. E., Goldin-Meadow, S., Levine, S. C. & Small, S. L. 

Language development and brain reorganization in a child born without the left 

hemisphere. Cortex J. Devoted Study Nerv. Syst. Behav. 127, 290–312 (2020) 

doi:10.1016/j.cortex.2020.02.006. 

15. Tuckute, G. et al. Frontal language areas do not emerge in the absence of temporal language 

areas: A case study of an individual born without a left temporal lobe. Neuropsychologia 

169, 108184 (2022) doi:10.1016/j.neuropsychologia.2022.108184. 

16. Newport, E. L. et al. Language and developmental plasticity after perinatal stroke. Proc. 

Natl. Acad. Sci. 119, e2207293119 (2022) doi:10.1073/pnas.2207293119. 

17. François, C., Garcia-Alix, A., Bosch, L. & Rodriguez-Fornells, A. Signatures of brain 

plasticity supporting language recovery after perinatal arterial ischemic stroke. Brain Lang. 

212, 104880 (2021) doi:10.1016/j.bandl.2020.104880. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

29 

18. Holland, S. K. et al. Normal fMRI brain activation patterns in children performing a verb 

generation task. NeuroImage 14, 837–843 (2001) doi:10.1006/nimg.2001.0875. 

19. Szaflarski, J. P., Holland, S. K., Schmithorst, V. J. & Byars, A. W. fMRI study of language 

lateralization in children and adults. Hum. Brain Mapp. 27, 202–212 (2005) 

doi:10.1002/hbm.20177. 

20. Chou, T. et al. Developmental and skill effects on the neural correlates of semantic 

processing to visually presented words. Hum. Brain Mapp. 27, 915–924 (2006) 

doi:10.1002/hbm.20231. 

21. Holland, S. K. et al. Functional MRI of language lateralization during development in 

children. Int. J. Audiol. 46, 533–551 (2007) doi:10.1080/14992020701448994. 

22. Brauer, J., Neumann, J. & Friederici, A. D. Temporal dynamics of perisylvian activation 

during language processing in children and adults. NeuroImage 41, 1484–1492 (2008) 

doi:10.1016/j.neuroimage.2008.03.027. 

23. McNealy, K., Mazziotta, J. C. & Dapretto, M. Age and experience shape developmental 

changes in the neural basis of language-related learning. Dev. Sci. 14, 1261–1282 (2011) 

doi:10.1111/j.1467-7687.2011.01075.x. 

24. Berl, M. M. et al. Regional differences in the developmental trajectory of lateralization of the 

language network. Hum. Brain Mapp. 35, 270–284 (2012) doi:10.1002/hbm.22179. 

25. Olulade, O. A. et al. The neural basis of language development: Changes in lateralization 

over age. Proc. Natl. Acad. Sci. U. S. A. 117, 23477–23483 (2020) 

doi:10.1073/pnas.1905590117. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

30 

26. Boatman, D. et al. Language recovery after left hemispherectomy in children with late-onset 

seizures. Ann. Neurol. 46, 579–586 (1999) doi:10.1002/1531-8249(199910)46:4<579::AID-

ANA5>3.0.CO;2-K. 

27. Balsamo, L. M., Xu, B. & Gaillard, W. D. Language lateralization and the role of the 

fusiform gyrus in semantic processing in young children. NeuroImage 31, 1306–1314 

(2006) doi:10.1016/j.neuroimage.2006.01.027. 

28. Hiersche, K. J., Schettini, E., Li, J. & Saygin, Z. M. Functional dissociation of the language 

network and other cognition in early childhood. Hum. Brain Mapp. 45, e26757 (2024) 

doi:10.1002/hbm.26757. 

29. Saxe, R., Brett, M. & Kanwisher, N. Divide and conquer: A defense of functional localizers. 

NeuroImage 30, 1088–1096 (2006) doi:10.1016/j.neuroimage.2005.12.062. 

30. Fedorenko, E., Hsieh, P.-J., Nieto-Castañón, A., Whitfield-Gabrieli, S. & Kanwisher, N. 

New method for fMRI investigations of language: defining ROIs functionally in individual 

subjects. J. Neurophysiol. 104, 1177–1194 (2010) doi:10.1152/jn.00032.2010. 

31. Nieto-Castañón, A. & Fedorenko, E. Subject-specific functional localizers increase 

sensitivity and functional resolution of multi-subject analyses. NeuroImage 63, 1646–1669 

(2012) doi:10.1016/j.neuroimage.2012.06.065. 

32. Overath, T., McDermott, J. H., Zarate, J. M. & Poeppel, D. The cortical analysis of speech-

specific temporal structure revealed by responses to sound quilts. Nat. Neurosci. 18, 903–

911 (2015) doi:10.1038/nn.4021. 

33. Norman-Haignere, S., Kanwisher, N. G. & McDermott, J. H. Distinct cortical pathways for 

music and speech revealed by hypothesis-free voxel decomposition. Neuron 88, 1281–1296 

(2015) doi:10.1016/j.neuron.2015.11.035. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

31 

34. Duncan, J. The multiple-demand (MD) system of the primate brain: mental programs for 

intelligent behaviour. Trends Cogn. Sci. 14, 172–179 (2010) doi:10.1016/j.tics.2010.01.004. 

35. Assem, M., Glasser, M. F., Van Essen, D. C. & Duncan, J. A Domain-General Cognitive 

Core Defined in Multimodally Parcellated Human Cortex. Cereb. Cortex 30, 4361–4380 

(2020) doi:10.1093/cercor/bhaa023. 

36. Fedorenko, E. & Blank, I. A. Broca’s area is not a natural kind. Trends Cogn. Sci. 24, 270–

284 (2020) doi:10.1016/j.tics.2020.01.001. 

37. Diachek, E., Blank, I., Siegelman, M., Affourtit, J. & Fedorenko, E. The domain-general 

multiple demand (MD) network does not support core aspects of language comprehension: 

a large-scale fMRI investigation. J. Neurosci. (2020) doi:10.1523/JNEUROSCI.2036-

19.2020. 

38. Diamond, A. Executive Functions. Annu. Rev. Psychol. 64, 135–168 (2013) 

doi:10.1146/annurev-psych-113011-143750. 

39. Fedorenko, E. The early origins and the growing popularity of the individual-subject analytic 

approach in human neuroscience. Curr. Opin. Behav. Sci. 40, 105–112 (2021) 

doi:10.1016/j.cobeha.2021.02.023. 

40. Smith, D. M., Perez, D. C., Porter, A., Dworetsky, A. & Gratton, C. Light through the fog: 

using precision fMRI data to disentangle the neural substrates of cognitive control. Curr. 

Opin. Behav. Sci. 40, 19–26 (2021) doi:10.1016/j.cobeha.2020.12.004. 

41. Malik-Moraleda, S. et al. An investigation across 45 languages and 12 language families 

reveals a universal language network. Nat. Neurosci. 25, 1014–1019 (2022) 

doi:10.1038/s41593-022-01114-5. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

32 

42. Perani, D. et al. Neural language networks at birth. Proc. Natl. Acad. Sci. U. S. A. 108, 

16056–16061 (2011) doi:10.1073/pnas.1102991108. 

43. Skeide, M. A. & Friederici, A. D. The ontogeny of the cortical language network. Nat. Rev. 

Neurosci. 17, 323–332 (2016) doi:10.1038/nrn.2016.23. 

44. Wang, J., Yamasaki, B. L., Weiss, Y. & Booth, J. R. Both frontal and temporal cortex exhibit 

phonological and semantic specialization during spoken language processing in 7- to 8-

year-old children. Hum. Brain Mapp. 42, 3534–3546 (2021) doi:10.1002/hbm.25450. 

45. Scheinost, D. et al. Functional connectivity for the language network in the developing brain: 

30 weeks of gestation to 30 months of age. Cereb. Cortex N. Y. NY 32, 3289–3301 (2021) 

doi:10.1093/cercor/bhab415. 

46. Shain, C. et al. Distributed Sensitivity to Syntax and Semantics throughout the Language 

Network. J. Cogn. Neurosci. 36, 1427–1471 (2024) doi:10.1162/jocn_a_02164. 

47. Blank, I. A. & Fedorenko, E. No evidence for differences among language regions in their 

temporal receptive windows. NeuroImage 219, 116925 (2020) 

doi:10.1016/j.neuroimage.2020.116925. 

48. Scott, T. L., Gallée, J. & Fedorenko, E. A new fun and robust version of an fMRI localizer 

for the frontotemporal language system. Cogn. Neurosci. 8, 167–176 (2017) 

doi:10.1080/17588928.2016.1201466. 

49. Poldrack, R. A. et al. Scanning the horizon: towards transparent and reproducible 

neuroimaging research. Nat. Rev. Neurosci. 18, 115–126 (2017) doi:10.1038/nrn.2016.167. 

50. Bishop, D. Rein in the four horsemen of irreproducibility. Nature 568, 435 (2019) 

doi:10.1038/d41586-019-01307-2. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

33 

51. Nosek, B. A. et al. Replicability, Robustness, and Reproducibility in Psychological Science. 

Annu. Rev. Psychol. 73, 719–748 (2022) doi:10.1146/annurev-psych-020821-114157. 

52. Seghier, M. L. Laterality index in functional MRI: methodological issues. Magn. Reson. 

Imaging 26, 594–601 (2008) doi:10.1016/j.mri.2007.10.010. 

53. Vingerhoets, G. et al. Laterality indices consensus initiative (LICI): A Delphi expert survey 

report on recommendations to record, assess, and report asymmetry in human behavioural 

and brain research. Laterality 28, 122–191 (2023) doi:10.1080/1357650X.2023.2199963. 

54. Ahmad, Z., Balsamo, L. M., Sachs, B. C., Xu, B. & Gaillard, W. D. Auditory comprehension 

of language in young children. Neurology 60, 1598–1605 (2003) 

doi:10.1212/01.WNL.0000059865.32155.86. 

55. Wood, A. G. et al. Language cortex activation in normal children. Neurology 63, 1035–1044 

(2004) doi:10.1212/01.WNL.0000140707.61952.CA. 

56. Mahowald, K. & Fedorenko, E. Reliable individual-level neural markers of high-level 

language processing: A necessary precursor for relating neural variability to behavioral and 

genetic variability. NeuroImage 139, 74–93 (2016) doi:10.1016/j.neuroimage.2016.05.073. 

57. Wilke, M. & Lidzba, K. LI-tool: a new toolbox to assess lateralization in functional MR-

data. J. Neurosci. Methods 163, 128–136 (2007) doi:10.1016/j.jneumeth.2007.01.026. 

58. Desmond, J. E. et al. Functional MRI measurement of language lateralization in Wada-tested 

patients. Brain J. Neurol. 118 ( Pt 6), 1411–1419 (1995) doi:10.1093/brain/118.6.1411. 

59. Day, T. K. M. et al. Multi-level fMRI analysis applied to hemispheric specialization in the 

language network, functional areas, and their behavioral correlations in the ABCD sample. 

Dev. Cogn. Neurosci. 66, 101355 (2024) doi:10.1016/j.dcn.2024.101355. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

34 

60. Wilke, M. & Schmithorst, V. J. A combined bootstrap/histogram analysis approach for 

computing a lateralization index from neuroimaging data. NeuroImage 33, 522–530 (2006) 

doi:10.1016/j.neuroimage.2006.07.010. 

61. Satterthwaite, T. D. et al. Impact of in-scanner head motion on multiple measures of 

functional connectivity: relevance for studies of neurodevelopment in youth. NeuroImage 

60, 623–632 (2012) doi:10.1016/j.neuroimage.2011.12.063. 

62. Fridriksson, J. et al. Anatomy of aphasia revisited. Brain J. Neurol. 141, 848–862 (2018) 

doi:10.1093/brain/awx363. 

63. Gárriz-Luis, M. et al. Neuroplasticity during the transition period: How the adolescent brain 

can recover from aphasia. A pilot study. Brain Dev. 43, 556–562 (2021) 

doi:10.1016/j.braindev.2020.12.012. 

64. Dennis, M. & Whitaker, H. A. Language acquisition following hemidecortication: linguistic 

superiority of the left over the right hemisphere. Brain Lang. 3, 404–433 (1976) 

doi:10.1016/0093-934x(76)90036-5. 

65. Vargha-Khadem, F., Isaacs, E. B., Papaleloudi, H., Polkey, C. E. & Wilson, J. Development 

of language in seix hemispherectomized patients. Brain 114, 473–495 (1991) 

doi:10.1093/brain/114.1.473. 

66. Trauner, D. A., Eshagh, K., Ballantyne, A. O. & Bates, E. Early Language Development 

After Peri-natal Stroke. Brain Lang. 127, 10.1016/j.bandl.2013.04.006 (2013) 

doi:10.1016/j.bandl.2013.04.006. 

67. Newport, E. L. et al. Revisiting Lenneberg’s hypotheses about early developmental 

plasticity: language organization after left-hemisphere perinatal stroke. Biolinguistics 11, 

407–422 (2017). 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

35 

68. Brauer, J., Anwander, A. & Friederici, A. D. Neuroanatomical prerequisites for language 

functions in the maturing brain. Cereb. Cortex N. Y. N 1991 21, 459–466 (2011) 

doi:10.1093/cercor/bhq108. 

69. Horowitz-Kraus, T., Vannest, J. J., Gozdas, E. & Holland, S. K. Greater utilization of neural-

circuits related to executive functions is associated with better reading: a longitudinal fMRI 

study using the verb generation task. Front. Hum. Neurosci. 8, (2014) 

doi:10.3389/fnhum.2014.00447. 

70. Fedorenko, E., Duncan, J. & Kanwisher, N. Language-selective and domain-general regions 

lie side by side within Broca’s area. Curr. Biol. 22, 2059–2062 (2012) 

doi:10.1016/j.cub.2012.09.011. 

71. Blank, I., Kanwisher, N. & Fedorenko, E. A functional dissociation between language and 

multiple-demand systems revealed in patterns of BOLD signal fluctuations. J. 

Neurophysiol. 112, 1105–1118 (2014) doi:10.1152/jn.00884.2013. 

72. Braga, R. M., DiNicola, L. M., Becker, H. C. & Buckner, R. L. Situating the left-lateralized 

language network in the broader organization of multiple specialized large-scale distributed 

networks. J. Neurophysiol. 124, 1415–1448 (2020) doi:10.1152/jn.00753.2019. 

73. Olson, Halie et al. The emergence of the language system in the toddler brain. Preprint at 

(2025). 

74. Martin, K. C. et al. A weak shadow of early life: language processing persists in the right 

hemisphere of the mature brain. Neurobiol. Lang. Camb. Mass 3, 364–385 (2022) 

doi:10.1162/nol_a_00069. 

75. Belin, P., Zatorre, R. J., Lafaille, P., Ahad, P. & Pike, B. Voice-selective areas in human 

auditory cortex. Nature 403, 309–312 (2000) doi:10.1038/35002078. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

36 

76. Downing, P. E., Jiang, Y., Shuman, M. & Kanwisher, N. A cortical area selective for visual 

processing of the human body. Science 293, 2470–2473 (2001) 

doi:10.1126/science.1063414. 

77. Deen, B., Koldewyn, K., Kanwisher, N. & Saxe, R. Functional organization of social 

perception and cognition in the superior temporal sulcus. Cereb. Cortex N. Y. N 1991 25, 

4596–4609 (2015) doi:10.1093/cercor/bhv111. 

78. Isik, L., Koldewyn, K., Beeler, D. & Kanwisher, N. Perceiving social interactions in the 

posterior superior temporal sulcus. Proc. Natl. Acad. Sci. U. S. A. 114, E9145–E9152 

(2017) doi:10.1073/pnas.1714471114. 

79. Saxe, R. & Kanwisher, N. People thinking about thinking people. The role of the temporo-

parietal junction in ‘theory of mind’. NeuroImage 19, 1835–1842 (2003) 

doi:10.1016/s1053-8119(03)00230-1. 

80. Seydell-Greenwald, A., Wang, X., Newport, E. L. & Striem-Amit, E. Spoken language 

processing activates the primary visual cortex. PloS One 18, e0289671–e0289671 (2023) 

doi:10.1371/journal.pone.0289671. 

81. Regev, T. & Fedorenko, E. Distinct areas in the human brain process prosody—the melody 

of speech. Preprint at (2025). 

82. Xi-Nian Zuo et al. Growing together and growing apart: regional and sex differences in the 

lifespan developmental trajectories of functional homotopy. J. Neurosci. Off. J. Soc. 

Neurosci. 30, 15034–15043 (2010) doi:10.1523/JNEUROSCI.2612-10.2010. 

83. Kleinhans, N. M., Müller, R.-A., Cohen, D. N. & Courchesne, E. Atypical functional 

lateralization of language in autism spectrum disorders. Brain Res. 1221, 115–125 (2008) 

doi:10.1016/j.brainres.2008.04.080. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

37 

84. Jouravlev, O. et al. Reduced language lateralization in autism and the broader autism 

phenotype as assessed with robust individual-subjects analyses. Autism Res. Off. J. Int. Soc. 

Autism Res. 13, 1746–1761 (2020) doi:10.1002/aur.2393. 

85. Illingworth, S. & Bishop, D. V. M. Atypical cerebral lateralisation in adults with 

compensated developmental dyslexia demonstrated using functional transcranial Doppler 

ultrasound. Brain Lang. 111, 61–65 (2009) doi:10.1016/j.bandl.2009.05.002. 

86. Springer, J. A. et al. Language dominance in neurologically normal and epilepsy subjects: A 

functional MRI study. Brain 122, 2033–2046 (1999) doi:10.1093/brain/122.11.2033. 

87. Wilson, S. M. et al. Recovery from aphasia in the first year after stroke. Brain 146, 1021–

1039 (2023) doi:10.1093/brain/awac129. 

88. Billot, A. & Kiran, S. Disentangling Neuroplasticity Mechanisms in Post-Stroke Language 

Recovery. Brain Lang. 251, 105381 (2024) doi:10.1016/j.bandl.2024.105381. 

89. Hoff, E. Language Development, 2nd Ed. xxi, 499 (Wadsworth/Thomson Learning, 

Belmont, CA, US, 2001). 

90. Owens Jr., R. E. Language Development: An Introduction,, 5th Ed. xiv, 542 (Allyn & Bacon, 

Needham Heights, MA, US, 2001). 

91. Bethlehem, R. a. I. et al. Brain charts for the human lifespan. Nature 604, 525–533 (2022) 

doi:10.1038/s41586-022-04554-y. 

92. Malik-Moraleda, S. et al. Functional characterization of the language network of polyglots 

and hyperpolyglots with precision fMRI. bioRxiv 2023.01.19.524657 (2023) 

doi:10.1101/2023.01.19.524657. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

38 

93. Snedeker, J., Geren, J. & Shafto, C. L. Starting over: international adoption as a natural 

experiment in language development. Psychol. Sci. 18, 79–87 (2007) doi:10.1111/j.1467-

9280.2007.01852.x. 

94. Parker, A. J. et al. Inconsistent language lateralisation – Testing the dissociable language 

laterality hypothesis using behaviour and lateralised cerebral blood flow. Cortex 154, 105–

134 (2022) doi:10.1016/j.cortex.2022.05.013. 

95. Blasi, D. E., Henrich, J., Adamou, E., Kemmerer, D. & Majid, A. Over-reliance on English 

hinders cognitive science. Trends Cogn. Sci. 26, 1153–1170 (2022) 

doi:10.1016/j.tics.2022.09.015. 

96. Weiss-Croft, L. J. & Baldeweg, T. Maturation of language networks in children: A 

systematic review of 22years of functional MRI. NeuroImage 123, 269–281 (2015) 

doi:10.1016/j.neuroimage.2015.07.046. 

97. Corballis, M. C. The evolution of lateralized brain circuits. Front. Psychol. 8, (2017). 

98. Ocklenburg, S. & Güntürkün, O. The Lateralized Brain: The Neuroscience and Evolution of 

Hemispheric Asymmetries. (Academic Press, S.l., 2024). 

99. Dehaene-Lambertz, G., Dehaene, S. & Hertz-Pannier, L. Functional neuroimaging of speech 

perception in infants. Science 298, 2013–2015 (2002) doi:10.1126/science.1077066. 

100. Cristia, A., Minagawa, Y. & Dupoux, E. Responses to Vocalizations and Auditory Controls 

in the Human Newborn Brain. PLOS ONE 9, e115162 (2014) 

doi:10.1371/journal.pone.0115162. 

101. Kosakowski, H. L. et al. Preliminary evidence for selective cortical responses to music in 

one-month-old infants. Dev. Sci. 26, e13387 (2023) doi:10.1111/desc.13387. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

39 

102. Bedny, M., Richardson, H. & Saxe, R. “Visual” cortex responds to spoken language in 

blind children. J. Neurosci. 35, 11674–11681 (2015) doi:10.1523/JNEUROSCI.0634-

15.2015. 

103. Lane, C. et al. Reduced left lateralization of language in congenitally blind individuals. J. 

Cogn. Neurosci. 29, 65–78 (2017) doi:10.1162/jocn_a_01045. 

104. Romeo, R. R. et al. Language exposure relates to structural neural connectivity in 

childhood. J. Neurosci. Off. J. Soc. Neurosci. 38, 7870–7877 (2018) 

doi:10.1523/JNEUROSCI.0484-18.2018. 

105. Richardson, H. et al. Reduced neural selectivity for mental states in deaf children with 

delayed exposure to sign language. Nat. Commun. 11, 3246 (2020) doi:10.1038/s41467-

020-17004-y. 

106. Hubbard, N. A. et al. Reward-sensitive basal ganglia stabilize the maintenance of goal-

relevant neural patterns in adolescents. J. Cogn. Neurosci. 32, 1508–1524 (2020) 

doi:10.1162/jocn_a_01572. 

107. Thesen, S., Heid, O., Mueller, E. & Schad, L. R. Prospective acquisition correction for head 

motion with image-based tracking for real-time fMRI. Magn. Reson. Med. 44, 457–465 

(2000) doi:10.1002/1522-2594(200009)44:3<457::AID-MRM17>3.0.CO;2-R. 

108. Behzadi, Y., Restom, K., Liau, J. & Liu, T. T. A component based noise correction method 

(CompCor) for BOLD and perfusion based fMRI. NeuroImage 37, 90–101 (2007) 

doi:10.1016/j.neuroimage.2007.04.042. 

109. Cordes, D. et al. Frequencies contributing to functional connectivity in the cerebral cortex 

in “resting-state” data. AJNR Am. J. Neuroradiol. 22, 1326–1333 (2001). 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

40 

110. Pritchett, B. L., Hoeflin, C., Koldewyn, K., Dechter, E. & Fedorenko, E. High-level 

language processing regions are not engaged in action observation or imitation. J. 

Neurophysiol. 120, 2555–2570 (2018) doi:10.1152/jn.00222.2018. 

111. Paunov, A. M., Blank, I. A. & Fedorenko, E. Functionally distinct language and Theory of 

Mind networks are synchronized at rest and during language comprehension. J. 

Neurophysiol. 121, 1244–1265 (2019) doi:10.1152/jn.00619.2018. 

112. Mollica, F. et al. Composition is the core driver of the language-selective network. 

Neurobiol. Lang. 1, 104–134 (2020) doi:10.1162/nol_a_00005. 

113. Fedorenko, E., Blank, I. A., Siegelman, M. & Mineroff, Z. Lack of selectivity for syntax 

relative to word meanings throughout the language network. Cognition 203, 104348 (2020) 

doi:10.1016/j.cognition.2020.104348. 

114. Ivanova, A. A. et al. Comprehension of computer code relies primarily on domain-general 

executive brain regions. eLife 9, e58906 (2020) doi:10.7554/eLife.58906. 

115. Shain, C., Paunov, A., Chen, X., Lipkin, B. & Fedorenko, E. No evidence of theory of mind 

reasoning in the human language network. Cereb. Cortex 33, 6299–6319 (2023) 

doi:10.1093/cercor/bhac505. 

116. Silver, N. C. & Dunlap, W. P. Averaging correlation coefficients: should Fisher’s z 

transformation be used? J. Appl. Psychol. 72, 146–148 (1987) doi:10.1037/0021-

9010.72.1.146. 

117. Šidák, Z. Rectangular Confidence Regions for the Means of Multivariate Normal 

Distributions. J. Am. Stat. Assoc. 62, 626–633 (1967) 

doi:10.1080/01621459.1967.10482935. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/


 

41 

118. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using 

lme4. Preprint at https://doi.org/10.48550/arXiv.1406.5823 (2014) 

doi:10.48550/arXiv.1406.5823. 

119. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. lmerTest Package: Tests in 

Linear Mixed Effects Models. J. Stat. Softw. 82, (2017) doi:10.18637/jss.v082.i13. 

120. Luke, S. G. Evaluating significance in linear mixed-effects models in R. Behav. Res. 

Methods 49, 1494–1502 (2017) doi:10.3758/s13428-016-0809-y. 

 
 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2025. ; https://doi.org/10.1101/2024.05.15.594172doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594172
http://creativecommons.org/licenses/by/4.0/

