NeuroImage 242 (2021) 118452

Contents lists available at ScienceDirect

NeuroImage
journal homepage: www.elsevier.com/locate/neuroimage

Associated functional network development and language abilities in
children
Ting Qi a,∗, Gesa Schaadt a,b, Angela D. Friederici a
a
b

Department of Neuropsychology, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Department of Education and Psychology, Free University of Berlin, Berlin, Germany

a r t i c l e

i n f o

Keywords:
Language development
Sentence comprehension
Brain development
Resting-state functional connectivity
Young children
Prefrontal cortex

a b s t r a c t
During childhood, the brain is gradually converging to the eﬃcient functional architecture observed in adults.
How the brain’s functional architecture evolves with age, particularly in young children, is however, not well
understood. We examined the functional connectivity of the core language regions, in association with cortical
growth and language abilities, in 175 young children in the age range of 4 to 9 years. We analyzed the brain’s
developmental changes using resting-state functional and T1-weighted structural magnetic resonance imaging
data. The results showed increased functional connectivity strength with age between the pars triangularis of the
left inferior frontal gyrus and left temporoparietal regions (cohen’s d = 0.54, CI: 0.24 - 0.84), associated with
children’s language abilities. Stronger functional connectivity between bilateral prefrontal and temporoparietal
regions was associated with better language abilities regardless of age. In addition, the stronger functional connectivity between the left inferior frontal and temporoparietal regions was associated with larger surface area
and thinner cortical thickness in these regions, which in turn was associated with superior language abilities.
Thus, using functional and structural brain indices, coupled with behavioral measures, we elucidate the association of functional language network development, language ability, and cortical growth, thereby adding to our
understanding of the neural basis of language acquisition in young children.

1. Introduction
A core language comprehension network, mainly involving left inferior frontal and left superior temporal regions, has been consistently reported in previous studies with adults (Ferstl et al., 2008;
Friederici, 2011; Vigneau et al., 2006). Such perisylvian activation has
also been shown in young infants and toddlers listening to auditorily presented sentences (Dehaene-Lambertz et al., 2006; Redcay et al., 2008).
Further, regarding children’s language development, a body of neuroimaging studies has shown bilateral activation in temporal regions,
as well as the pars triangularis of the inferior frontal gyrus (IFG). Despite these brain regions also showing activation in the adult brain, the
activation pattern in children diﬀers. For instance, compared to the bilateral activation in children, adult activation has mainly been found
in the left pars opercularis of the IFG and in the left temporal gyrus
(Enge et al., 2020).
The critical role of age in the development of language comprehension, and related brain regions, is supported by ﬁndings that
show an age-dependent increase in brain activation in largely distributed bilateral superior and middle temporal regions, which are parts

of the receptive sentence-comprehension network (Weiss-Croft and
Baldeweg, 2015). More speciﬁcally, converging functional magnetic
resonance imaging (fMRI) studies on children’s language development
have revealed activation of the left superior temporal gyrus (STG)
to be present very early in infants (Dehaene-Lambertz et al., 2006;
Redcay et al., 2008). Brain activation of the left STG during language comprehension tasks and resting state was also found to be associated with age in children between the ages of 3 and 18 years
(Schmithorst et al., 2006; Szaﬂarski et al., 2012; Wu et al., 2016;
Xiao et al., 2016a). These studies indicate the left superior temporal
cortex, known to be involved in integrating semantic and syntactic information into an overall sentence meaning, also plays an important
role in early language acquisition (for a review, see Friederici, 2011).
Moreover, activation of the left STG extends to inferior parietal cortex
and is assumed to be, particularly in children, a working memory storage substrate for phonology and syntax (Brauer and Friederici, 2007;
Fengler et al., 2016; Friederici, 2011; Knoll et al., 2012; Leﬀ et al., 2009;
Meyer et al., 2012; Novais-Santos et al., 2007). The functional language
network then gradually extends to more anterior regions during development, such as the left IFG (Friederici et al., 2011; Newman et al.,
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2003; Skeide et al., 2014). Speciﬁcally, in contrast to the left STG, the
left IFG is not yet involved in sentence comprehension in young children (Wang et al., 2019; Wu et al., 2016). In particular, the pars opercularis of the left IFG (i.e., the core region for sentence processing
in adults) has not been observed to be involved in sentence processing
until early adolescence. Rather, children seem to rely more on the left
pars triangularis (Brauer et al., 2011; Skeide et al., 2014; Yeatman et al.,
2010). Additionally, functional connectivity studies have also revealed
age-related changes of the connection between the left IFG, inferior
parietal cortex, and the temporal gyrus during narrative comprehension with increasing connectivity in children between the ages of 5 and
18 years (Karunanayaka et al., 2007). These age-related connectivity
changes have already shown in children at rest (Long et al., 2017).
Taken together, a functional frontotemporal language comprehension
network seems to be present in children. The left superior temporal
cortex is initially involved, followed by the left inferior frontal cortex
(Friederici, 2011; Skeide and Friederici, 2016), mediated by the left inferior parietal cortex (Catani et al., 2005; Makuuchi and Friederici, 2013;
Obleser et al., 2007). Even though these studies provide initial insights
into the developmental trajectory of the functional language comprehension network, the details are still missing, particularly in children
between preschool and school-age (Enge et al., 2020). However, as
preschool years are characterized by advancing development in the
brain, as well as by steady changes in language comprehension ability
(Dittmar et al., 2008; Gogtay et al., 2004; Lindner, 2003; Skeide and
Friederici, 2016), further studies specifying the functional language
comprehension network for this age period are necessary.
The above described maturation of the functional language networks relies heavily on the maturation of the structural networks, as
has been consistently revealed in previous neuroanatomical studies. For
instance, a long-range white matter connection between the left IFG
and left posterior STG and superior temporal sulcus (STS) has been reported to emerge gradually with age and to relate to language abilities (Friederici, 2011; Skeide and Friederici, 2016). Moreover, brain regions of the gray matter linked to this ﬁber tract, e.g., the left IFG, left
inferior parietal lobule (IPL), and left supramarginal gyrus, have also
been observed to be associated with language skills in children and to
change with development (Fengler et al., 2015; Lu et al., 2007; Qi et al.,
2019a, 2019b; Richardson et al., 2010; Sowell et al., 2004). In general, myelination development parallels cortical growth, such as cortical surface expansion and thinning (Caﬁero et al., 2018; Natu et al.,
2019), gradually developing across frontal, temporal, and parietal regions (Brown et al., 2012; Caﬁero et al., 2018; Raznahan et al., 2011;
Tamnes et al., 2017), which are proposed to be associated with language comprehension (Roehrich-Gascon et al., 2015). Throughout early
life, these anatomical changes accompany dynamic functional changes
(Gilmore et al., 2018). More importantly, the available structural prerequisites, such as gradual maturation of the long-range structural language network in childhood, may also impact the development of language function. Taken together, the functional and structural language
comprehension networks gradually develop across childhood and adolescence, and it has been suggested that the former depends on the latter to mutually inﬂuence children’s language development. However,
systematic studies simultaneously investigating the development of the
functional network and its anatomical substrates are sparse in preschool
and early school age children.
In the present study, we investigated the developmental trajectory of
the functional language network and its cortical structures in a large cohort of young children between the ages of 4 and 9 years. We collected
resting-state fMRI and T1-weighted structural MRI data and tested sentence comprehension abilities in a subgroup of children. Some of these
children were re-invited one year and two years later, where we again
assessed their sentence comprehension abilities. To provide a description of the development of the language network, we ﬁrst investigated
how the functional connectivity of the language network changes with
age. Second, to examine whether functional connectivity mediates lan-

guage development, we assessed the correlation of functional connectivity of language-related ROIs with language abilities in children. Third, to
determine that changes of the functional connectivity of the language
network are accompanied by the maturation of involved brain structures, associations between functional connectivity and cortical morphology were assessed, namely cortical thickness and surface area. To
specify the potential relation to language, the correlation between cortical structure maturation and the children’s language abilities was further analyzed. Based on the observed, dynamic, regional, developmental
trajectories in brain maturation (Gogtay et al., 2004; Petanjek et al.,
2011), we expected functional connectivity changes across development, in particular between left inferior frontal regions and left temporoparietal regions. Further, the functional connectivity of the left IFG
was expected to be associated with language abilities. Finally, we hypothesized that the development of functional connectivity would be
associated with the cortical growth of the underlying brain regions.
2. Methods
2.1. Participants
A total of 221 children between the ages of 4 to 9 years, with
complete structural and functional MRI scans collected across several projects by our group (Caﬁero et al., 2018; Fengler et al., 2016;
Kuhl et al., 2020; Skeide et al., 2016), were initially included in the current study. Forty-six children were excluded due to one of the following reasons: 1) bad image quality, e.g., large head motion in restingstate fMRI data (N = 29); 2) IQ below the normal range (i.e., IQ <
85, N = 2); and 3) left-handers (N = 15). The remaining 175 children,
with an age range of 4.08 to 8.91 years (84 female, mean age = 6.13
years, SD = 1.15), entered the analyses. Handedness (mean = 77.02,
SD = 19.46) was assessed using the modiﬁed version of the Edinburgh
Handedness Inventory (Oldﬁeld, 1971), which has been frequently used
in previous studies of children and which assess handedness metrically
(Wu et al., 2016). If participants receive a score of above 20, they can
be considered as right-handed. Non-verbal IQ was available for 136 of
the 175 children and was assessed either by using the German versions
of the Kaufman Assessment Battery for Children (N = 112) (K-ABC,
Kaufman and Kaufman 1983) or the Wechsler Preschool and Primary
Scale of Intelligence (N = 24) (WPPSI-III, Petermann and Petermann
2011). Because of the standardization and the high correlation between
the above-mentioned IQ tests (Kaufman, 2004), IQ scores from these two
tests were taken as equivalent measures to indicate general cognitive
ability. All included children with available IQ data had a non-verbal
IQ above 85, with a mean IQ of 108.01 (SD = 10.56), ranging from 85
to 131, which is within and above the normal range (i.e., 85 to 115).
For those children with missing IQ data, a typical IQ can be expected,
as they were enrolled as typically developing children in one of our
studies (Fengler et al., 2016). The distribution of age, language scores,
and the inclusion procedure of participants are illustrated in Fig. 1. All
participants were native German speakers, with no history of medical,
psychiatric, or neurological disorders. Written informed consent was obtained from the legal guardian or parent of the children; while children
gave verbal assent for participation before the experiments. The ethical
review board of the University of Leipzig approved the study.
2.2. Behavioral language test
A standardized language test [Test zum Satzverstehen von
Kindern, TSVK, (English: sentence comprehension test for children),
Siegmüller et al., 2011] was administered assessing the general sentence comprehension abilities of a subgroup of participating children
(N = 100, see Fig. 1). TSVK employs a picture matching task in which
the child is auditorily presented with a sentence as well as three pictures. The child’s task is to choose the picture that correctly matches the
presented sentence. In total, the child is presented with 36 items that
2
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Fig. 1. Overview of participants. A) The number of participants and the distribution of language scores per year across the whole cohort. B) Flowchart for participant
inclusion for each of the analyses. Italic indicates the sample included in the respective analysis. Regarding the brain data, children were excluded from the analysis
because of large head motion (i.e., a max of 3 mm or 3°; 20% of the total volumes with framewise displacement larger than 0.3 mm or mean framewise displacement
larger than 0.3 mm), below normal range IQ, and being left-handed. TSVK1, TSVK2, and TSVK3 (sentence comprehension test for children) denote the language tests
performed at the ﬁrst (when the brain scans were performed), second, and third testing time points. PLS stands for partial least squares.

vary in sentence complexity, which was manipulated by word order,
tense, mode, clause number, pronoun type, and verb type. The number
of correct responses (raw scores) gets summed and converted to normbased standard scores. In this case, the standardized T scores with a
mean of 50 and a SD of 10. The behavioral assessment was typically
taken no more than 6 months apart from the MRI scan, with a mean interval of 0.02 (SD = 0.06, in years). The behavioral data were scanned
for outliers using the criterion of 3 median absolute deviations from
the median (Leys et al., 2013), resulting in 99 datasets for raw scores
(mean = 25.18, SD = 4.44) and 96 datasets for T scores (mean = 62.93,
SD = 15.62). Additional language scores were available for two followup assessments for a sub-group of 35 children after detecting outliers
and removing drop-outs [mean = 62.69, SD = 16.83 at the ﬁrst time
point (mean age = 5.62, range = 5.07 - 6.96); mean = 60.37, SD = 14.09
at the second time point (mean age = 6.61, range = 6.06 - 7.79); and
mean = 52.60, SD = 21.85 at the third time point (mean age = 7.73,
range = 6.91 - 8.90) for T scores]. The detailed information regarding
the sample inclusion for each analysis can be found in Fig. 1.

ing state (Harms et al., 2018), the duration of the resting-state scan is
relatively short, namely 3.3 min. However, a resting-state scan as brief
as 3 min. can already show high inter-session reliability for functional
homogeneity analyses and further shows high reliability with longer
scans (Yan et al., 2013; Zuo et al., 2013). T1-weighted, magnetizationprepared, gradient-echo (MP-RAGE) images were acquired using the following parameters: TR = 1480 ms, TE = 3.46 ms, TI = 740 ms, ﬂip
angle = 10°, image matrix = 256 × 240, FOV = 256 × 240 mm2 , 128
sagittal slices, spatial resolution = 1 × 1 × 1.5 mm3 . Before the formal
MRI scanning, children were asked to participate in a mock scan to familiarize them with the experimental environment and procedures. This
was to reduce head motion in formal scanning.
2.4. Data preprocessing
Before preprocessing, T1-weighted images were visually inspected
for potential artifacts caused by head motion, to ensure that brain tissues
could be well-diﬀerentiated. Cortical reconstruction and volumetric segmentation was performed using the FreeSurfer toolbox (version 7.1.0).
The automatic processing procedure of FreeSurfer included skull stripping, gray matter segmentation, cortical surface model reconstruction,
and a number of deformation procedures, including: surface inﬂation,
registration to a spherical atlas, parcellation of the cerebral cortex, and
creation of a variety of surface-based data (Dale et al., 1999; Fischl et al.,
1999; Han et al., 2006). The reconstructed surfaces were visually inspected and manually edited for inaccuracies. Once surfaces were reconstructed, an array of anatomical measures, including cortical thickness
and surface area, were then calculated at each vertex of the cortex. Cortical thickness was calculated as the closest distance from the pial surface
to the white matter surface at each vertex (Fischl and Dale, 2002). The
area was calculated at the pial level and represents the area of vertex

2.3. Data acquisition
Neuroimaging data were acquired with a 3.0 Telsa Siemens MRI
scanner with a 12-channel head coil. Resting-state fMRI data were acquired with a T2∗ -weighted, gradient-echo, echo-planar imaging (EPI)
sequence using the following parameters: TR = 2000 ms, TE = 30 ms, ﬂip
angle = 90°, slice thickness = 3 mm, FOV = 192 mm, matrix = 64 × 64,
28 slices, 100 volumes, spatial resolution = 3 × 3 × 3.99 mm3 . During
the resting-state data acquisition, children were instructed to lie down
as still as possible, keep their eyes open and watch the visual presentation of a screensaver featuring a lava lamp. Of note, because young
children are unable to tolerate longer resting-state scans during the wak3
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Fig. 2. Illustration of regions of interest (ROIs) that are relevant for language comprehension. A) Language comprehension network obtained based on the term
“sentence comprehension” in the NeuroSynth Database. B) Six language-related ROIs, including pars opercularis and pars triangularis in the left inferior frontal
gyrus, and STSvp, STSdp, TPOJ1 in the posterior left superior temporal regions, STSda, together with a control ROI in left V1. STS: superior temporal sulcus; TPOJ:
temporo-parieto-occipital junction.

on the gray matter surface, calculated as the average of the area of the
tessellated triangles touching that vertex. The vertex-wise maps of individuals were aligned to the Freesurfer fsaverage surface-based template
since it has been shown that using this template for children from ages
4 to 11 does not result in an age-associated bias (Ghosh et al., 2010).
Finally, thickness and surface area maps were smoothed using a 25-mm
FWHM Gaussian kernel. In total, 3 out of 175 children were discarded
from the surface-based statistical analysis due to the failure of surface
reconstruction or parcellation during image preprocessing (see Fig. 1).
In addition, all fMRI preprocessing was performed using FSL (version 5.0.11) and AFNI (version 19.1.05n). The functional preprocessing involved removing the ﬁrst 3 volumes to allow for signal stabilization, slice timing correction, re-aligning to correct for head motion,
and coregistration with T1 images. T1 images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal ﬂuid (CSF) to create corresponding individual masks and then registered to the pediatric template in Montreal Neurological Institute (MNI) standard space
(Fonov et al., 2011). The transformation of the functional images to the
T1 image and subsequent transformation of the T1 image to the pediatric template were combined to register the functional images into MNI
space at 3 mm. To account for motion, scanner-related, and physiological noise, 24 motion parameters (Friston et al., 1996) were regressed
out, together with the ﬁrst ﬁve principal components from WM and
CSF tissues, using a component-based noise correction (Behzadi et al.,
2007). This also involved detrending and variance normalization. Finally, residual images were bandpass ﬁltered (0.009 - 0.08 Hz) and spatially smoothed with a 6 mm FWHM kernel.
Regarding head motion, children with a maximum of 3 mm or
3° were discarded from the analysis. Volume-to-volume framewise
displacement (FD) was further quantiﬁed (Jenkinson et al., 2002;
Power et al., 2012). Any child with 20% of the total volumes with FD
larger than 0.3 mm or the mean FD larger than 0.3 mm was excluded,
which is consistent with previous criteria used in studies of children
(Gabard-Durnam et al., 2018; Long et al., 2017). This resulted in the exclusion of 29 children from the initial sample (also see above and Fig. 1).
Although the mean FD was neither correlated with age (Spearman’s
rank correlation, rho = −0.02, p = 0.835), IQ (rho = −0.16, p = 0.067),
nor with language abilities (rho = −0.17, p = 0.097 for T scores, and
rho = −0.19, p = 0.055 for raw scores; the correlation matrix of demographic and behavioral variables can be found in Table S1 in the supplements), it was included as a covariate of no interest in subsequent
analyses.

the left IFG included the pars opercularis and pars triangularis, making
up the classical Broca’s area. The left superior temporal region included
three subregions of the posterior superior temporal regions (STG/STSp),
namely: ventral (STSvp), dorsal (STSdp), and the upper bank of STS
(TPOJ1: temporo-parieto-occipital junction 1), as well as the dorsal anterior superior temporal sulcus (STSda). In addition, as employed in previous studies, one control ROI, namely left V1, was selected to test the
speciﬁcity of language (Xiao et al., 2016a). These 7 ROIs were then
selected according to a commonly used multi-modal parcellation introduced by Glasser and colleagues (Glasser et al., 2016). For each ROI,
its mean time series were correlated to time series of voxels within the
whole brain to generate voxel-based r-maps for each individual. The rmaps were then converted to z-maps by subtracting the global mean and
dividing by the standard deviation within the whole-brain mask. These
will be referred to as functional connectivity (FC) maps in the following
sections. This z-transformation increases the comparability and reliability of the whole brain voxel-wise metrics across participants and does
not aﬀect the topography of centrality measures (Buckner et al., 2009;
Zuo et al., 2010).
2.6. Statistical analysis
A one-sample t-test was conducted for the resulting FC maps per ROI
to identify signiﬁcant FCs that are larger or smaller than zero. Given
the evidence of diﬀerent connectivity proﬁles, both structurally and
functionally, of the subdivisions of the left IFG (Amunts et al., 2003;
Friederici, 2011; Xiang et al., 2010), we further compared the FC maps
of the left pars opercularis and pars triangularis using a paired twosample t-test. Next, linear regression analysis was performed to examine linear and nonlinear (i.e., quadratic) associations between FC maps
and age. For all analyses, sex, head motion, and the continuous variable
handedness (see Methods 2.1 for details) were considered as covariates of
no interest to control for potential inﬂuences. For non-age-related analysis, age was additionally taken as a covariate of no interest. If not otherwise speciﬁed, the statistical maps were corrected for multiple comparisons using Gaussian random ﬁeld theory (Nichols and Hayasaka, 2003)
at a voxel-wise p-value of 0.001 and a cluster-wise p-value of 0.05. For a
better visual comparison with structural MRI results, the volume result
was projected on an averaged mid-surface template.
In a next step, FC that was signiﬁcantly correlated with age was
used for subsequent analyses to investigate whether it associates with
language development. First, the correlation was assessed between agerelated FC and language raw scores for our subgroup of children with
one assessment of language scores (i.e., N = 99 for raw scores, details see
Fig. 1), partialling out the above-mentioned covariates of no interest.
Next, a commonality analysis was conducted to examine the relationship between age, FC, and language raw scores. Speciﬁcally, age and FC
were included as predictors of the dependent variable language performance using the yhat package (Nimon et al., 2008) implemented in R.
Commonality analysis decomposes the contributions of several, possibly
intercorrelated, linear predictors into unique eﬀects and indicates how

2.5. Region-based functional connectivity analysis
To deﬁne language-related regions of interest (ROIs), we used the
term “sentence comprehension” in NeuroSynth (Yarkoni et al., 2011) to
identify the language network with the main focus on sentence comprehension. This resulted in a network consisting of two brain regions, the
left IFG and the left superior temporal region (see Fig. 2), agreeing with
previous studies (Friederici, 2011; Friederici et al., 2011). Speciﬁcally,
4
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much variance is uniquely accounted for by single predictors and how
much is shared (Ray-Mukherjee et al., 2014). Three variance partitions
were obtained: the variance uniquely explained by 1) age, 2) FC, and
the variance explained jointly by 3) age and FC. To further verify the
contribution of general cognitive abilities, IQ was additionally included
in the analysis. We then performed bootstrapping analysis with 1000
iterations to compute 95% conﬁdence intervals (CIs) around the commonalities. These CIs can be used to identify whether the contribution of
the predictors (i.e., age and FC) to the explained variance in the dependent variable (i.e., language ability) is diﬀerent from zero (Prunier et al.,
2015).
To further investigate the association between FC and language abilities, independent of age, we took a conventional univariate approach,
assessing correlation between the FC maps of each ROI and children’s
age-standardized language scores, i.e., T scores (N = 96, Fig. 1). Moreover, to fully examine the potential time-varying brain-behavior relationship between ROI-based functional connectivity and language performance, an exploratory, partial least squares correlation analysis (PLS,
McIntosh et al., 1996) was performed using available longitudinally language T scores (N = 35, details see Fig. 1). This approach has been
frequently used in recent neuroimaging studies, capturing multivariate
patterns of correlation between behavior and brain (Kebets et al., 2019;
Zöller et al., 2017). As mentioned above, PLS is a multivariate statistical
technique that maximizes the covariance between two sets of variables
by extracting latent components (LCs). It is optimal for linear combinations of the variables, in comparison to the conventional univariate
approach (for more details, see Krishnan et al., 2011; McIntosh and
Lobaugh, 2004; McIntosh and Mišić, 2013). All analyses were conducted
using the my-pls toolbox (https://github.com/danizoeller/myPLS) implemented in Matlab. Before PLS analysis, covariates of no interest,
namely sex, handedness, and head motion were regressed out from the
original data. Data were then transformed to z-scores across all subjects.
The resulting FC data matrix (subjects by FCs) and behavioral data matrix (subjects by language scores) were taken as inputs for the PLS analysis. PLS computes the strongest multivariate correlation between the
two matrices by deriving LCs. Each LC is characterized by a distinct FC
pattern (i.e., brain salience) and a distinct behavioral pattern (i.e., behavioral salience). The brain salience indicates the contribution of each
voxel to the brain-behavioral covariance of the LC while the behavioral
salience represents the contribution of each behavioral measurement to
the LC. By linearly projecting the original brain and behavioral measurements of each subject onto their respective salience, we also obtained an individual-specﬁc PLS brain score and PLS behavioral score
for each LC respectively. The statistical signiﬁcance of each LC was determined with a (1000 iteration) permutation test (Kebets et al., 2019;
Zöller et al., 2019). P-values were corrected for multiple comparisons using a false discovery rate (FDR) correction of q < 0.05. For each LC, we
computed correlations (i.e., brain loadings) between the original brain
FC pattern and PLS brain scores, as well as correlations (i.e., behavioral
loadings) between the original behavioral measurements and PLS behavioral scores. A high correlation for a speciﬁc behavioral measurement
for a given LC would indicate greater contribution of the behavioral
measurement to the brain-behavioral covariance for the LC. Likewise,
a high correlation for speciﬁc brain measures (i.e., voxels functionally
connected with the ROIs) for a given LC would indicate greater contribution of the voxel to the brain-behavioral covariance for the LC. The
CIs for these correlations were estimated by bootstrapping (500 iterations) that randomly resampled subjects with replacement to evaluate the robustness of brain and behavior loadings. The bootstrapping
distribution was used to estimate the standard error for each correlation. Z-scores were calculated by dividing each correlation coeﬃcient
by its estimated standard deviation. The z-scores were converted to pvalues and corrected for multiple comparisons (q < 0.05, FDR-corrected)
(Kebets et al., 2019; Zöller et al., 2019).
Finally, we examined whether brain function is constrained by brain
structure, that is, whether age-related FC interacts with the matura-

tion of brain structure (i.e. surface area and cortical thickness). The
correlation was assessed between the structural indices, of the two
age-related functionally connected nodes (i.e., the left pars triangularis
and the left IPL/STSp), and the corresponding FC strength. Further,
we also tested the correlation of the structural measurements and language abilities (i.e., T scores) to determine whether the local morphology was relevant for language abilities. The same analysis was repeated
across the entire brain, at the vertex level using the surfstat toolbox
(https://www.math.mcgill.ca/keith/surfstat/) implemented in Matlab,
to verify whether the observed association was speciﬁc to languagerelated ROIs. Of note, covariates of no interest, namely sex, handedness,
total brain volume, and age were included in the analysis. All surfacebased results were thresholded with a cluster-forming threshold of pvalue < 0.005 at a cluster level of p-value < 0.05 corrected for multiple
comparisons based on random ﬁeld theory (Worsley et al., 1999).
3. Results
3.1. Functional connectivity of language-related ROIs
Inferior frontal ROIs. We ﬁrst examined the FC of language-related
ROIs in the inferior frontal regions, namely the pars opercularis and pars
triangularis. The left pars opercularis was positively correlated with bilateral IFG, STG, middle temporal gyrus (MTG), and the left superior and
middle frontal gyrus, insula, and IPL. It was also negatively connected
with the bilateral posterior superior parietal gyrus and precuneus, and
the right superior frontal gyrus. A very similar pattern was observed
for the left pars triangularis (see Fig. S1 in the supplements). Despite
the similar FC pattern for these two subdivisions of the left IFG, diﬀerent anatomical and functional connectivity proﬁles have been shown
(Amunts et al., 2003; Friederici, 2011; Xiang et al., 2010). Therefore,
we further examined the diﬀerence between the FC maps of these two
IFG ROIs and found that the left pars opercularis was more strongly connected with the bilateral dorsal IFG, MFG, and the left precentral gyrus,
middle STG, and IPL than the left pars triangularis. The left pars triangularis in comparison to the left pars opercularis was more connected
with the ventral IFG, insula, MTG, anterior temporal areas, and temporal pole bilaterally (see Fig. 3, p < 0.05, GRF-corrected; cluster with
positive Z score: Zmean = 5.54, cohen’s d = 0.84, CI: 0.54 - 1.13; cluster
with negative Z score: Zmean = −5.49, cohen’s d = −0.83, CI: −1.13 −0.53).
Superior temporal ROIs. The left STSdp was positively connected with
most parts of bilateral superior and middle temporal regions, extending to the left IPL, and bilateral IFG and left precentral gyrus. It was
also negatively connected with the bilateral posterior parietal, superior
frontal, and precuneus regions. The left STSvp and TPOJ1 showed similar functional connectivity patterns as the left STSdp, except that these
two ROIs showed more positive connectivity with the bilateral IPL and
lateral occipital regions. Regarding the left STSda, positive connectivity
with most of the bilateral temporal regions and inferior frontal regions,
as well as a negative connectivity with the right middle frontal, bilateral superior frontal regions, and posterior inferior and superior parietal
regions were revealed (see Fig. S1 in the supplements).
3.2. The role of age in brain functional connectivity and language
performance
3.2.1. Age-related diﬀerences in the functional connectivity of
language-related ROIs
The FC between the left pars triangularis and left IPL extending to
the left STG/STSp (referred to as FCtri-IPL/STSp in the following) was positively correlated with age (p < 0.05, GRF-corrected, Zmean = 3.57, cohen’s d = 0.54, CI: 0.24 - 0.84, see Fig. 4). Further, the FC between
the left TPOJ1 and the right IPL (referred to as FCTPOJ1-IPL in the following) was positively associated with age (p < 0.05, GRF-corrected,
Zmean = 3.71, cohen’s d = 0.56, CI: 0.26 - 0.86, see Fig. 4). No linear
5
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Fig. 3. Comparison of the functional connectivity between the left pars opercularis and the
left pars triangularis. Group-level maps were
thresholded with a cluster-forming threshold of
p < 0.001 at a cluster level of p < 0.05 (GRFcorrected).

Fig. 4. Age-related diﬀerences in functional connectivity of the language-related ROIs. Linear associations showing an increase in functional connectivity of left pars
triangularis (A) and left TPOJ1 (B) with age. Associations between age-related functional connectivity of left pars triangularis (C) and left TPOJ1 (D) and raw scores
of the language comprehension test. Note, dark gray colored brain regions in A and B denote the language-related ROIs, namely the left pars triangularis and TPOJ1,
respectively.

age eﬀect was found for other language-related ROIs. The signiﬁcant
functional connectivity was further examined in the following analyses.
Given the possibility of the non-linear association, we additionally examined a non-linear quadratic age eﬀect on FC for each ROI. A quadratic
age eﬀect was found for the FC between the left pars opercularis and the
right inferior occipital gyrus (IOG), and the FC between the left STSdp
and the right IOG (p < 0.05, GRF-corrected, Fig. S2 in the supplements),
suggesting that the FC between the left IFG/STSdp and the right IOG
ﬁrst decreases and then increases with age.

variance (i.e., TSVK variance). Age had the largest unique contribution
(24.47%, CI: 0.11 - 0.38) beyond that of FCtri-IPL/STSp (1.40%, CI: 0.00 0.07). Despite the smaller contribution of FCtri-IPL/STSp , variance shared
by FCtri-IPL/STSp and age explained 6.85% (CI: 0.01 - 0.16) of the language performance variance. We also examined the contribution of age
and FCTPOJ1-IPL to explaining language performance variability but did
not ﬁnd signiﬁcant eﬀects. Thus, only the FCtri-IPL/STSp was used for the
following analysis. To investigate how general cognitive abilities, together with FC and age, account for language performance, IQ was additionally included in the model. Age, IQ, and FCtri-IPL/STSp showed signiﬁcant unique contributions to the variance of language performance
(19.24%, CI: 0.08 - 0.32 for age; 6.67%, CI: 0.01 - 0.17 for IQ; 2.11%, CI:
0.01 - 0.08 for FCtri-IPL/STSp ) together with the common contribution of
age and FCtri-IPL/STSp (7.16%, CI: 0.02 - 0.15). These results suggest that
although age and IQ contributed most, the FC diﬀerences between the
left pars triangularis and the left IPL/STSp could still uniquely explain
variance in children’s language abilities.

3.2.2. Age-related functional connectivity mediates language performance
We then examined if the signiﬁcant age-related FC mediates language performance. Analyses showed that raw scores were associated
with age-related FC, namely FCtri-IPL/STSp (rho = 0.29, p = 0.004, CI:
0.10 - 0.46, Fig. 4A) and FCTPOJ1-IPL (rho = 0.22, p = 0.026, CI: 0.03 0.40, Fig. 4B). The correlation with language raw scores remained when
controlling for sex, handedness, head motion, and IQ in the FCtri-IPL/STSp
(rho = 0.30, p = 0.003, CI: 0.11 - 0.47), but was no longer signiﬁcant
in the FCTPOJ1-IPL (rho = 0.16, p = 0.134, CI: −0.04 - 0.35). This ﬁnding showed that children who are better with language have higher FC
between the left IPL/STSp and the left IFG and that this association is
likely inﬂuenced by age.
To further explore the relationship between age, FC, and language
ability, a commonality analysis was conducted to examine to which extent the predictors, namely age and FC (e.g., FCtri-IPL/STSp ), uniquely and
commonly contributed to language performance. The result showed that
FCtri-IPL/STSp and age accounted for 32.72% of the language performance

3.3. The role of language performance in functional connectivity
We continued to investigate how FC covaries with language abilities,
independent of age. We ﬁrst examined the correlation between FC of the
ROIs and age-standardized language T scores (which should eﬀectively
nullify age eﬀects) from the ﬁrst testing time point. No signiﬁcant eﬀect
was found. To additionally investigate the potential association between
the brain and behavioral measures, and to make full use of our available
data, we performed an exploratory multivariate PLS analysis. This max6
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Fig. 5. Signiﬁcant LC of PLS analysis for functional connectivity of the left STSdp (A) and the left STSvp (B) and language scores. The left panel illustrates the
correlation between PLS brain scores and PLS behavioral scores; the middle panel illustrates the signiﬁcant correlation between PLS behavioral scores and language
tests; the right panel illustrates the signiﬁcant correlation between PLS brain scores and functional connectivity of the left STSdp (A) and the left STSvp (B) (q < 0.05,
FDR-corrected). Warm colors denote positive correlations, meaning that higher functional connectivity corresponds to superior language abilities, while cool colors
denote negative correlation, meaning that higher functional connectivity corresponds to weaker language abilities. Note, TSVK1, TSVK2, TSVK3 denote the language
comprehension test at the ﬁrst (mean age = 5.61), second (mean age = 6.61), and third (mean age = 7.73) testing time points. Dark gray colored brain regions in
the right panel denote the language-related ROIs, namely the dorsal and ventral part of the left posterior STS, left STSdp (A), and the left STSvp (B), compare Fig. 2.

imizes the covariance between two sets of variables by extracting latent
components (LC). More speciﬁcally, we used the longitudinal language
T scores from three testing time points (N = 35, see Fig. 1) and the FC
of the language-related ROIs at each voxel.
Our ﬁrst PLS results showed one signiﬁcant LC (puncorrected < 0.01,
q < 0.05, FDR-corrected) for the association between the FC of the left
STSdp and language performance. More speciﬁcally, the surviving LC
accounted for 67.28% of brain-behavior covariance, with a signiﬁcant
correlation (r = 0.90, p < 0.001) between the PLS brain score and PLS behavioral score (see Fig. 5A, left panel). The PLS behavioral score, which
indicates the contribution of each behavioral measurement (i.e., three
language scores) for this LC, was positively correlated with all three
language T scores (Fig. 5A, middle panel), suggesting that a greater PLS
behavioral score was associated with greater language performance over
time. The PLS brain score, which indicates the contribution of the ROIbased FC at each voxel for this LC, was positively associated with an
increase in FC between the left STSdp and the bilateral IFG and IPL
(Fig. 5A, right panel). This PLS result further suggests that stronger
FC between the left STSdp and the bilateral IFG and IPL covaries with
higher language performance in children over time. Negative correlations were found between PLS brain scores and FC of the left STSdp in
the bilateral anterior superior temporal regions and the right occipital
regions. This suggests that a reduction in FC between the left STSdp
and bilateral anterior temporal and right occipital regions was associated with an increase in children’s language performance over time.
When baseline age (i.e., age at the ﬁrst testing time point) was additionally controlled for (puncorrected < 0.02, q < 0.05, FDR-corrected), results
showed a similar pattern.
In addition, we also found one signiﬁcant LC (puncorrected < 0.01, q <
0.05, FDR-corrected) for the association between the FC of the left STSvp
and language performance. The surviving LC accounted for 67.90%
of brain-behavior covariance, with a signiﬁcant correlation (r = 0.93,
p < 0.001) between the PLS brain score and PLS behavioral score (see
Fig. 5B, left panel). The PLS behavioral score was positively correlated
with all language measurements (i.e. three language T scores, Fig. 5B,
middle panel), indicating that a greater PLS behavioral score was associated with better language performance in children over time. In
addition, a greater PLS brain score was associated with increased FC

Fig. 6. Association between FCtri-IPL/STSp and the cortical measurements of the
two nodes. A. Cortical thickness of the left pars triangularis was signiﬁcantly correlated with FCtri-IPL/STSp . B. Surface area of the left IPL/STSp was signiﬁcantly
correlated with FCtri-IPL/STSp . The middle brain map denotes the two nodes (i.e.,
the left pars triangularis and the left IPL/STSp of the FCtri-IPL/STSp ).

between the left STSvp and the bilateral IFG, MFG, and the left IPL
(Fig. 5B, right panel). The signiﬁcant correlation between PLS brain
and PLS behavioral scores further suggests that increased FC between
the left STSvp and the bilateral IFG, MFG, and the left IPL was associated with better language performance in children. A marginally signiﬁcant eﬀect was found when baseline age was additionally controlled for
(puncorrected = 0.02, q = 0.06, FDR-corrected).
3.4. The association between language-related cortical structural growth
and functional connectivity
We also investigated how age-related functional connectivity is associated with the brain’s cortical structural diﬀerences. The cortical
measurements of the two nodes of the age-related FCtri-IPL/STSp , namely
the left pars triangularis and the left IPL/STSp, were correlated with
the age-related functional connectivity. Analyses showed that greater
FCtri-IPL/STSp was associated with thinner cortical thickness in the left
pars triangularis (rho = −0.16, p = 0.033, CI: −0.31 - −0.01, see Fig. 6A)
and with greater surface area in the left IPL/STSp (rho = 0.15, p = 0.045,
7
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CI: 0.01 - 0.30, see Fig. 6B). These results suggest that stronger FC
between the left pars triangularis and the left IPL/STSp is likely attributable to the maturational status of the corresponding brain structures.
Moreover, we examined whether the cortical measurements of the
two nodes were associated with language performance (i.e., T scores).
No signiﬁcant correlation was found between the cortical thickness
and surface area of the left pars triangularis of the left IPL/STSp and
language T scores. Cortical thickness of the left pars triangularis was
however, correlated with children’s language raw scores (rho = −0.26,
p = 0.009, CI: −0.43 - −0.07). This suggests that the association between the cortical thickness of the left pars triangularis and language
performance was mostly driven by age, which might not be speciﬁc to
language. To further investigate whether the association between children’s abilities and cortical structure is speciﬁc to the left IFG, we further performed a whole-brain analysis. We found a signiﬁcant positive
correlation between surface area and language T scores (p < 0.05, FWEcorrected, Fig. S3 in the supplements) in the left prefrontal cortex, including the left IFG, MFG, and SFG. Age, sex, handedness, and total brain
volume was controlled for in this analysis. The eﬀect remained (p < 0.05,
FWE-corrected) when IQ was additionally included as a covariate of no
interest, with the signiﬁcant cluster contracting to more dorsal parts of
the left prefrontal cortex. Thus, although the association between cortical thickness of the left IFG and language was mostly driven by age,
greater surface area of the left prefrontal cortex was associated with superior language abilities. Together, our ﬁndings indicate that cortical
structure, in particular the surface area of the left prefrontal cortex, is
associated with brain function and language abilities in children.

the left IFG was found to be associated with better language abilities in
children.
4.1. The functional connectivity of the language-related ROIs in children
Using subdivisions of the left IFG or left STG/STSp as seed regions
has revealed a fronto-temporal language comprehension network, including the perisylvian language regions like the left IFG and bilateral
STG and MTG. This is in line with the consistently reported language
comprehension network, in particular for children (Enge et al., 2020;
Weiss-Croft and Baldeweg, 2015). In addition, the proposed functional
and anatomical specialization between the subdivisions of the left IFG
in previous task-based functional and anatomical neuroimaging studies
(Amunts et al., 2003; Skeide et al., 2014) has also been observed in the
present study. Speciﬁcally, when comparing the functional connectivity
of the left pars triangularis and pars opercularis, we showed that the
left pars opercularis was connected with bilateral dorsal IFG, MFG, precentral gyrus, STG, and IPL, while the left pars triangularis was mainly
connected with bilateral ventral IFG, insula, and anterior temporal regions. This is in line with a previous task-based study of children where
diﬀerent functional connectivity strengths were observed when seeding
from the left pars triangularis and the left pars opercularis during auditorily presented sentences (Vissiennon et al., 2017). This ﬁnding is also
in agreement with previous resting-state functional connectivity studies in adults, where diﬀerent functional topographic patterns for the left
frontal, temporal, and parietal regions were revealed when seeding from
the subregions of the left IFG (Xiang et al., 2010). Corresponding to the
diﬀerent maturational trajectory of the white matter connectivity of the
left IFG (Brauer et al., 2013; Perani et al., 2011), the diﬀerent functional connectivity patterns of the subregions of the left IFG might be
associated with the structural prerequisites, which will be discussed in
detail below. Thus, we extend previous ﬁndings by suggesting that different functional connectivity proﬁles of the subregions of the left IFG
are already present in young children.

3.5. Functional connectivity of non-language related ROIs
To investigate the speciﬁcity of our ﬁndings for language abilities
and related brain regions, we performed all the analyses for the nonlanguage related ROI, namely left V1 (Fig. S4 in the supplements). First,
the FC between left V1 and the surrounding areas of the ROI, including
the left V2 and V3, and the contralateral homologous regions, including
the right V1, V2, V3, and V4, was functionally negatively correlated with
age (p < 0.05, GRF-corrected, Fig. S4B). Second, neither the language
score from the ﬁrst testing time point (i.e., T scores at the same brain
testing time point) in the conventional correlation analysis (p > 0.05,
GRF-corrected) nor the longitudinal language scores (i.e., T scores of
three testing time points) in the exploratory PLS analysis signiﬁcantly
coupled with the FC of left V1 (puncorrected > 0.05). This result suggests
a language-speciﬁc functional connectivity development in children in
the language-related brain regions.

4.2. The developing language comprehension network in children
We found two functional connections that increased with age: an
intra-hemispheric connection between left pars triangularis and left
temporal-parietal regions and an inter-hemispheric connection between
left TPOJ1 and right IPL. This ﬁnding is compatible with previous
resting-state fMRI studies, showing age-related local and global connectivity increases in middle and inferior frontal and inferior parietal
areas in children between the ages of 2 and 7 years (Long et al., 2017).
Similarly, increases in the asymmetry of functional connectivity with
the left pars triangularis (Reynolds et al., 2019). Moreover, our ﬁnding is in line with previous studies showing that adults have stronger
left-sided, long-range connectivity between the IFG and STGp and IPL,
compared to preschoolers (Friederici et al., 2011; Xiao et al., 2016a). Of
note, the presently reported functional connectivity increases, between
the left pars triangularis and the left IPL/STSp, are slightly diﬀerent
from the ﬁndings reported in a previous task-based fMRI review. In that
report, age-related increases were mainly found in the receptive sentence comprehension network in bilateral temporal regions during development (Weiss-Croft and Baldeweg, 2015). This discrepancy might
be attributed to diﬀerent language modalities, age ranges (early versus
late childhood), and/or task states. No signiﬁcant associations between
FC and age were obtained when examing control ROIs. This further indicates that the observed eﬀects reﬂect functional maturation speciﬁcally of language networks, rather than a general developmental trend.
Furthermore, the signiﬁcant age eﬀect was only observed for the pars
triangularis of the left IFG, and not the pars opercularis. As discussed
above, the diﬀerence between these subregions of the left IFG could be
associated with age, particularly the relatively immature left pars opercularis in children. Furthermore, activation peaks have commonly been
observed in the left pars triangularis in children, in contrast to the left

4. Discussion
To gain a better understanding of the emergence of the functional
network underlying language comprehension, during language development, the present study focused on the development of functional connectivity (FC) of core language regions and the extent to which changes
relate to language abilities and the structural maturation of the brain.
We examined the functional connectivity of subregions of the left IFG
and the left STG/STS in a large cohort of children between 4 and 9 years
old, a developmental time window characterized by steady development
in language capacities. We found signiﬁcant age-related diﬀerences in
the FC of the pars triangularis of the left IFG, which was also correlated
with language comprehension abilities in children. Furthermore, greater
language abilities, independent of age, were associated with stronger FC
between the left STSp and bilateral prefrontal cortex and inferior parietal regions. Finally, by examining the cortical structure in association
with the functional connectivity, a more mature cortical structure, that
is thinner cortical thickness in the left IFG and greater surface area in the
left IPL/STSp, was revealed to be associated with stronger FCs between
these regions. More importantly, this more mature structural pattern of
8
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pars opercularis in adults, when comprehending sentences (Brauer et al.,
2011; Enge et al., 2020; Skeide et al., 2014; Wu et al., 2016). Consistent
with those studies, our ﬁnding further emphasizes the crucial role that
the left pars triangularis plays in early language acquisition.
Furthermore, and in line with our results that the left IFG was
strongly connected with left temporal-parietal regions (STS/STGp and
IPL). Left STS/STGp has been suggested to subserve the integration
of syntactic and semantic information. Left IPL, which is commonly
assumed to play a critical role in verbal working memory (NovaisSantos et al., 2007; Owen et al., 2005), has also been suggested to be
a part of the language comprehension network (Friederici, 2011), particularly in children (Brauer and Friederici, 2007; Fengler et al., 2016;
Knoll et al., 2012). Speciﬁcally, the left IPL has been proposed to subserve verbal working memory in sentence and complex linguistic processing (Makuuchi and Friederici, 2013; Meyer et al., 2012; NovaisSantos et al., 2007; Xu et al., 2005). For example, activation of the
temporo-parietal cortex has been associated with storage distance in
children and adults, and was also predicted by working memory performance in young children during sentence processing (Fengler et al.,
2016; Määttä et al., 2014; Meyer et al., 2012; Montgomery et al., 2008;
Weighall and Altmann, 2011; Yeatman et al., 2010). Further, a previous study in adults has shown that a hierarchical functional connectivity between the working memory (e.g., IPL) and core language systems (e.g., IFG) increases with sentence processing loads (Makuuchi and
Friederici, 2013). Thus, when also considering our results, a progressive
maturation of the hierarchical language system during language acquisition could be suggested. Further, the development of the language system would seem to be constrained by the development of the working
memory system. This is particularly the case as it has been proposed that
the left pars triangularis may also contribute to sentence comprehension
in terms of syntactic working memory in adults (Fiebach et al., 2005).
We also found inter-hemispheric FC increases between the left
TPOJ1 and the right IPL. This is in line with previous studies suggesting
that the right hemisphere is likely to support the immature language processing of the left hemisphere in early childhood (Holland et al., 2007;
Xiao et al., 2016a). Together, the left pars triangularis, which is particularly crucial for children, and the left temporoparietal region were
strongly connected, and this connectivity shows a linear increase with
age in young children.

2016a, 2016b; Yeatman et al., 2010). It should be noted that our results have demonstrated a correlation between brain and language performance but cannot conﬁrm it causally. However, studies with aphasic
patients have shown that damage to the left arcuate fasciculus is strongly
associated with syntactic deﬁcits (Galantucci et al., 2011; Wilson et al.,
2011), which might imply a causal connection. Therefore, we argue that
the functional connectivity of the bilateral prefrontal cortex with the
bilateral temporoparietal regions, increases with language abilities regardless of age.
To rule out the possibility that our eﬀects were more generally
related to development, the functional connectivity of a control ROI,
namely the left V1, was also investigated. In line with previous studies
(Qi et al., 2019a; Xiao et al., 2016a), neither age nor language abilities were signiﬁcantly associated with the connectivity of the control
ROI. This suggests the functional connectivity and age-related ﬁndings
are speciﬁc to language development, rather than a general trend in
brain maturation and/or general changes in cognition. Taken together,
we suggest that the bilateral prefrontal and temporoparietal regions become more functionally connected across development, seemingly as a
function of improving language abilities in parallel with age.
4.4. The association between the brain structure and function
As brieﬂy discussed above, dynamic brain development and its associated functions might be constrained by the maturation of the underlying structure (Gilmore et al., 2018; Skeide et al., 2016). In line with
this claim, our ﬁndings show that the functional connectivity strength
between the left pars triangularis and the left IPL/STSp was correlated
with the cortical thickness of the left pars triangularis as well as the surface area of the left IPL/STSp. This extends previous ﬁndings of associations between the functional complexity of the left inferior frontal and
temporoparietal regions and their gray matter volume (Fengler et al.,
2016). It is also consistent with associations between activation intensity during syntactic processing and cortical thickness of the IFG (although observed in the right hemisphere) (Nuñez et al., 2011). Cortical
thinning and surface expansion have been proposed to be linked with
certain processes, such as synaptic pruning, myelination, and dendritic
arborization (Brown and Jernigan, 2012; Hill et al., 2010; Petanjek et al.,
2011). Thus, we conclude that the functional connectivity increases of
the left frontoparietal regions are associated with one of these maturation mechanisms of the underlying gray matter. The maturation of brain
structure provides the basis for the establishment of cognitive abilities
and optimal acquisition of learning opportunities during development.
To further elucidate whether brain structure is related to language,
we tested the correlation of our structural indices of the left pars triangularis and IPL/STSp with language scores. Cortical thickness of the left
pars triangularis was indeed negatively correlated with language raw
scores, but not with T scores. This suggests that although greater cortical thinning (a more mature pattern during development) in the left pars
triangularis was associated with greater language abilities, this association is most likely driven by age and might not be speciﬁc to language.
Further, we examined the relationship between language scores and the
brain structure across the entire brain to test whether such correlations
were speciﬁc to our language-related ROIs. A positive correlation with
language T scores was found for surface area in the left prefrontal cortex, including the left IFG and MFG. That is, the association of language
scores with cortical thickness of the left prefrontal cortex seems to depend on age, while the association with surface area appears independent of age. More importantly, our ﬁndings are in line with previous
studies showing that language abilities are associated with gray matter
measures in the left IFG, MFG, and IPL in children (Fengler et al., 2016;
Qi et al., 2019b; Sowell et al., 2004). Speciﬁcally, the left prefrontal cortex, including the left IFG and MFG, undergoes a prolonged maturation,
which is possibly related to environmental impacts on a sophisticated
language system (Petanjek et al., 2011; Thompson-schill et al., 2009).
Taken together, the maturation of brain structure, in particular the left

4.3. The association between brain and language abilities
To investigate whether an increase in functional connectivity associates with language abilities, we assessed the correlation of the agerelated functional connectivity with language scores. A positive correlation was observed with raw language scores, but not age-standardized
T scores. This ﬁnding, as expected, indicates that the brain-behavior
association is mainly driven by age, given that age not only uniquely
explains the language ability increase but also does so jointly with
the functional connectivity (e.g., between the left pars triangularis and
the left IPL/STSp). More importantly, independent from age, the speciﬁcity of the functional connectivity for language abilities was demonstrated by examining its association with age-standardized language T
scores. Despite the non-signiﬁcant results using the conventional correlational approach (of FC and language T scores), signiﬁcant associations
were found with the exploratory multivariate PLS analysis. Speciﬁcally,
higher longitudinal language T scores were associated with a stronger
coupling of the left STSdp with the bilateral IFG and IPL and a stronger
coupling of the left STSvp with the bilateral prefrontal areas and IPL.
This suggests that children with superior language abilities, over time
and independent from age, have greater functional connectivity in the
bilateral frontotemporal and temporoparietal language networks. Our
results add to previous ﬁndings, indicating that better language skills
were associated with stronger connectivity within the language comprehension network in children (Fengler et al., 2016; Knoll et al., 2012;
Nuñez et al., 2011; Skeide et al., 2016; Wu et al., 2016; Xiao et al.,
9
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4.5. Limitation and future directions
It is important to acknowledge a few limitations of the present study.
First, due to the eﬀort and diﬃculty in data acquisition, particularly in
children younger than 7 years of age (Harms et al., 2018), the scan duration of the resting-state data of the present study is short (i.e., 3.3 min).
Although evidence has indicated that scan duration of 3 min already
shows high reliability for resting-state fMRI measures (Yan et al., 2013;
Zuo et al., 2013), longer scans or short scans with multiple runs are
warranted in future studies with children for a more stable estimation (Harms et al., 2018; Marek et al., 2019; Van Dijk et al., 2010).
Second, we used cross-sectional data to investigate the developmental
changes of the functional connectivity of the language network. This
should be more suﬃciently investigated by employing a longitudinal
design in future studies. Third, due to the speciﬁc interest in early language acquisition, our sample included children from 4 to 9 years of age.
However, from the perspective of language development, a larger age
range, extending to early adolescence (i.e., 9 to 11 years) should also
be included. This is particularly true when considering that the maturation of the pars opercularis of the left IFG progresses into early adolescence (Skeide et al., 2014; Skeide and Friederici, 2016). This might
also explain the non-signiﬁcant eﬀect for the left pars opercularis in the
present study. Moreover, although the multivariate approach, such as
PLS, outperforms univariate techniques in brain-behavior correlations
and provides some beneﬁt with smaller sample sizes (Grady et al., 2021;
Lukic et al., 2002), we still need to point out that the sample size used
for the PLS analysis was small (N = 35). Thus, the exploratory ﬁnding reported in the present study should be treated with caution and needs to
be veriﬁed in a larger sample. Finally, we investigated only gray matter
with respect to functional connectivity. Future studies analyzing white
matter connections may provide a more direct understanding of brain
function and structure couplings during language development.

Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2021.118452.
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5. Conclusion
In the present study, we have demonstrated functional connectivity
increases of language-related regions in a large cohort of children between the ages of 4 to 9 years. We have shown that functional connectivity between the left pars triangularis and left IPL, extending to the left
STSp, increases with age, and that this connectivity coupled with age is
associated with children’s language abilities. This age-related functional
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of how the network underlying early language comprehension develops.
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