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A B S T R A C T

Language skills increase as the brain matures. Language processing, especially the comprehension of syntactically
complex sentences, is supported by a brain network involving functional interactions between left inferior frontal
and left temporal regions in the adult brain, with reduced functional interactions in children. Here, we examined
the gray matter covariance of the cortical thickness network relevant for syntactic processing in relation to
language abilities in preschool children (i.e., 5-year-olds) and analyzed the developmental changes of the cortical
thickness covariance cross-sectionally by comparing preschool children, school age children, and adults. Further,
to demonstrate the agreement of cortical thickness covariance and white matter connectivity, tractography an-
alyses were performed. Covariance of language-relevant seeds in preschoolers was strongest in contralateral
homologous regions. A more adult-like, significant cortical thickness covariance between left frontal and left
temporal regions, however, was observed in preschoolers with advanced syntactic language abilities. By
comparing the three age groups, we could show that the cortical thickness covariance pattern from the language-
associated seeds develops progressively from restricted in preschoolers to widely-distributed brain regions in
adults. In addition, our results suggest that the cortical thickness covariance difference of the left inferior frontal
gyrus to superior temporal gyrus/sulcus between preschoolers and adults is accompanied by distinctions in the
white matter tracts linking these two areas, with more mature white matter in the arcuate fasciculus in adults
compared to preschoolers. These findings provide anatomical evidence for developmental changes in language
both from the perspective of gray matter structure co-variation within the language network and white matter
maturity as the anatomical substrate for the structural covariance.
1. Introduction

The brain's structure undergoes remarkable changes during human
development and scales up with individual differences in behavior and
cognitive functions, such as intelligence and memory (Giedd et al., 1999;
Kanai and Rees, 2011; Shaw et al., 2008; Sowell, 2004; Sowell et al.,
2004). The interest in structural connectivity of the cerebral cortex has
recently been emphasized in human brain research, stressing that
cognitive functions are supported by connections between distributed,
rather than isolated cortical regions (Fedorenko and Thompson-Schill,
2014). One approach for aspects of cortical networks is structural
covariance, describing the phenomenon that gray matter properties of
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one brain region may co-vary with those of other broadly distributed
cortical regions (Alexander-Bloch et al., 2013a). It has been assumed that
structural covariance is related to axonal connectivity and that it un-
derlies functional connectivity between regions as a result of mutually
trophic influences (Ferrer et al., 1995), shared experience-related plas-
ticity (Draganski et al., 2004; Mechelli, 2005; Montembeault et al.,
2012), or a combination of these factors (Seeley et al., 2009). Like for the
brain's gray and white matter, structural covariance has also been
observed to change with age, as well as to interact with behavioral and
cognitive functions and its disorders (Alexander-Bloch et al., 2013a;
Bernhardt et al., 2014b; Montembeault et al., 2016; Qi et al., 2016;
Seeley et al., 2009). For instance, for children up to the age of 2 years,
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structural covariance has been observed to be restricted by showing
mostly correlations with the surrounding regions of the seed for both
higher-order (e.g., default-mode, dorsal attention, speech, semantic, and
executive control networks) and lower-order networks (e.g., primary
visual and sensorimotor networks) (Geng et al., 2016). Between the ages
5 and 18 years, diverging developmental trajectories for lower- and
higher-order networks were shown. The lower-order networks demon-
strate well-established structural covariance already in early childhood,
peaking in early adolescence, before pruning induces further reorgani-
zation towards adulthood. In contrast, structural covariance of
higher-order networks is not yet fully developed in early childhood,
which is mainly characterized by co-variation between contralateral
homologous regions. The structural covariance of higher-order networks
then develops progressively to more widely distributed regions across the
teenage years (Zielinski et al., 2010). A similar developmental pattern
has been demonstrated for intrinsic functional connectivity with
increased short-range and sparse long-range functional connectivity in
children, but a coherent long-range architecture in young adults across a
range of cognitive networks (i.e., control and default mode networks)
(Fair et al., 2009, 2007; Kelly et al., 2009; Supekar et al., 2009). Thus,
developmental findings for both functional and structural covariance
networks suggest that our brain develops by pruning short-range con-
nections and strengthening long-range connections (Hagmann et al.,
2010).

Structural covariance has also been suggested to be associated with
behavioral and cognitive abilities, such as working memory, intellectual
abilities, and vocabulary abilities, in developing children and adults (Lee
et al., 2014; Lerch et al., 2006; Oh et al., 2011). For instance, children
with higher intelligence were shown to have stronger thickness covari-
ance between the left inferior frontal region and other frontal and pari-
etal regions (Lerch et al., 2006). Furthermore, typically developing
children with higher vocabulary skills were shown to have greater
thickness covariance in language-related regions, including left inferior
parietal, inferior temporal, and middle frontal regions (Lee et al., 2014).
Similar to other higher cognitive functions, language processes require a
highly specialized network within which the distributed areas subserving
the relevant processes are integrated. In contrast to vocabulary skills,
however, little is known about the cortico-cortical structural covariance
network of cortical thickness underlying syntax - a crucial component of
the language processing system.

In previous studies using a variety of different tasks, a left temporo-
frontal network (perisylvian cortex) has been identified as language-
specific (Fedorenko et al., 2011; Lohmann et al., 2010). In particular,
the left inferior frontal and posterior superior temporal lobe have been
suggested to be involved in the comprehension of syntactically complex
sentences in adults (Friederici, 2011, 2009; Grewe et al., 2007; Kinno
et al., 2008; Makuuchi et al., 2009; Meltzer et al., 2010; Santi and
Grodzinsky, 2010). From the perspective of development, the processing
of syntactically complex sentences develops slowly and gradually in
children (Skeide and Friederici, 2016). Three-year-old children are able
to detect grammatical case-marking cues, but are not able to use this
information for sentence comprehension until the age of six years
(Schipke et al., 2012). The reason for this slow and gradual development
of the processing of syntactically complex sentences can be found in
studies examining the functional and structural developmental trajec-
tories of the language-specific brain network. From the functional
perspective, for example, preschoolers show reduced activation in the left
inferior frontal and superior temporal regions during sentence processing
compared to adults (Brauer and Friederici, 2007; Friederici et al., 2011;
Wu et al., 2016). Interestingly, this long-range functional connectivity of
language relevant brain regions was positively correlated with the pre-
schoolers' competences to process syntactically complex sentences, sug-
gesting individual abilities to be interrelated with the brain's functional
development (Xiao et al., 2016). Further, although children start to show
functional selectivity in the left posterior superior temporal gyrus (pSTG)
between the ages of 9–10 years, they still do not show any adult-like
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functional selectivity in the left BA44 - a core region for syntactic pro-
cesses - during syntactic processing (Skeide et al., 2016). Moreover, from
the anatomical perspective, a positive correlation was found between
sentence comprehension abilities and the gray matter volume of the left
inferior frontal gyrus (IFG), inferior temporal gyrus (ITG), and the left
parieto-temporal regions in children between the ages of 5–8 years
(Fengler et al., 2015). In addition, the fractional anisotropy (FA) of the
arcuate fasciculus, referred to as the dorsal language pathway connecting
the left IFG and the pSTG (Frey et al., 2008; Wilson et al., 2011), was
positively correlated with the sentence comprehension abilities in chil-
dren between the ages of 3–10 years (Skeide et al., 2016). The dorsal
language pathway, which has been suggested to be crucial for syntactic
processing, does not fully mature until late childhood (Brauer et al.,
2011; Perani et al., 2011). Furthermore, concerning cortical thickness
covariance in adolescents, it was found that the cortical thickness of
BA44 was co-varied with the thickness in the temporal regions, and this
covariance was further suggested to change with age (Lerch et al., 2006).
Together, functional and white matter structural connectivity of
language-relevant brain regions has been shown to develop across
childhood and to be influenced by individual language abilities. How-
ever, the development of the cortical thickness covariance of
language-relevant brain regions and its relation to syntactic language
abilities in children remains unknown.

The aim of the present study was to first investigate how cortical
thickness covariance of language-related brain regions in preschoolers is
associated with language comprehension abilities in the syntactic
domain. In order to do so, we acquired structural magnetic resonance
imaging (sMRI) data in 5-year-olds and applied a sentence picture-
matching test with two syntactic conditions: 1) simple canonical
subject-initial sentences and 2) syntactically complex non-canonical ob-
ject-initial sentences (Schipke et al., 2012). Structural covariance map-
pings of cortical thickness were obtained by correlating the cortical
thickness of the pre-defined language relevant seeds, that are, the left IFG
and left posterior superior temporal gyrus/sulcus (pSTG/STS) (Friederici
et al., 2011), to the rest of the cortex across individuals. Further, the
relation of cortical thickness covariance mappings with sentence
comprehension abilities of syntactically complex sentences in pre-
schoolers was analyzed. Second, to be able to identify the developmental
trajectory of cortical thickness covariance of language regions relevant
for syntactic processing, we aimed to cross-sectionally compare cortical
thickness covariance mappings of preschoolers, school age children, and
adults. Thus, we additionally acquired sMRI data of school age children
(9–13 years old) and adults (19–33 years old). Third, to demonstrate the
agreement of cortical thickness covariance and white matter connectiv-
ity, we reconstructed white matter tracts between the left IFG and
pSTG/STS using diffusion weighted imaging (DWI) data and compared
the white matter tracts across development in relation to cortical thick-
ness covariance mappings. Since DWI scanning parameters of school age
children differed from preschool children and adults, we only compared
white matter tracts in relation to cortical thickness covariance between
preschool children and adults.

First, we expected that young preschool children display immature
patterns of cortical thickness structural covariance of seeds that are
specifically relevant for syntactic language processing (i.e., left IFG,
left pSTG/STS), such that the seeds show covariance only with their
contralateral homologous regions. Second, we expected that pre-
schooler's cortical thickness covariance of language-relevant seeds
was positively related to their ability to process syntactically complex
non-canonical object-initial sentences (i.e., more mature left IFG to
left pSTG/STS covariance in preschool children with enhanced lan-
guage abilities). Third, in comparison to school age children and
adults, we expected reduced structural coupling between the left IFG
and STG in preschoolers. Fourth, we expected cortical thickness
covariance mappings of the language-relevant seeds to develop in a
similar way as the white matter tracts connecting the left IFG and left
pSTG/STS.
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2. Methods

2.1. Participants

A total number of 65 five-year-old preschool children (30 girls, mean
age¼ 5.49 years, standard deviation (SD)¼ 0.28), 52 school age children
in the age range of 9–13 years (23 girls, mean age¼ 10.37 years,
SD¼ 0.59), and 53 adults in the age range of 19–35 years (22 females,
mean age¼ 26.51 years, SD¼ 3.69) were included in the current study.
The three groups were matched concerning gender (χ2̣¼ 0.26,
p¼ 0.880). Handedness was assessed using the modified version of
Edinburgh Handedness Inventory (Oldfield, 1971). Preschoolers
(right-handers: 60/65), school age children (right-handers: 48/52), and
adults (right-handers: 53/53) did not differ significantly concerning their
handedness (p¼ 0.093, Fisher's Exact test). For the children groups,
non-verbal IQ was assessed by using the language-independent scale of
the German version of the Kaufman Assessment Battery for Children
(K-ABC, Kaufman and Kaufman, 1983). All children participants (i.e.,
preschoolers and school children) had a non-verbal IQ above 85, that is,
within the normal range. For the adult group, the German intelligence
test was used to measure non-verbal intelligence (Leistungs-Prüf-System,
LPS, Horn, 1983); and they also fell into the normal range (i.e., >85). All
participants were native German speakers, with no history of medical,
psychiatric or neurological disorders. Written informed consent was
obtained from all adult participants and the legal guardian or parent of
the children; and children gave verbal assent for attendance before the
experiments. The ethical review board of the University of Leipzig
approved the study.
2.2. Behavioral language test

A sentence-picture matching test was administered outside the
scanner to test preschool children's language comprehension abilities in
the syntactic domain, which has been used in previous studies (Knoll
et al., 2012; Schipke et al., 2012; Wu et al., 2016; Xiao et al., 2016). For
the experiment, 24 sentences with subject-initial word order [i.e., simple
canonical subject-initial sentences (SO)] and 24 sentences with
object-initial word order [i.e., complex non-canonical object initial sen-
tences (OS)] were used. All the used nouns were of masculine gender, as
only in masculine nouns nominative and accusative can be unambigu-
ously case-marked in German. In addition, we only used nouns of the
strong declination type for which the preceding determiner already in-
dicates the case. Thus, all nominal constituents in a sentence were
unambiguously marked for accusative (ACC) or nominative (NOM).
Sentence examples are as follows:

(1) SO
Der Tiger zieht den Igel.
[The tiger]NOM pulls [the hedgehog]ACC.
The tiger pulls the hedgehog.
Fig. 1. Picture examples for the syntactic sentence comprehension ability test. C
the sentence they were presented with.
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(2) OS
Den Igel zieht der Tiger.
[The hedgehog]ACC pulls [the tiger]NOM.
The tiger pulls the hedgehog.

All items were presented auditorily - spoken by a trained female
native speaker in a well-pronounced, child-directed manner. After each
sentence, the child was presented with two pictures (Fig. 1), where one
showed a scene corresponding to the sentence and the other served as a
distractor. The child was then asked to point out the correct one out of the
two pictures that were presented. Preschool children performed signifi-
cantly above chance level on both SO sentences (accuracy: 94.29%, SD:
8.92, t (64)¼ 40.05, p< 0.001) and more complex OS sentences (accu-
racy: 77.12%, SD: 18.82, t (64)¼ 11.61, p< 0.001). In addition, scores on
SO sentences were significantly higher than scores on OS sentences (t
(63)¼ 7.87, p< 0.001), but they significantly correlated with each other
(r¼ 0.45, p< 0.001).

Additionally, a standardized and norm-referenced language test (Test
zum Satzverstehen von Kindern, TSVK, [English: sentence comprehen-
sion test], Siegmüller et al., 2011), assessing the general sentence
comprehension abilities of children was administrated to ensure that
children did not have general sentence comprehension difficulties. Of
note, two preschoolers showed a T score below the average norm range of
T¼ 40 to 60 (i.e., 32) and were thus excluded from further analyses.
2.3. Data acquisition

Both T1-weighted sMRI data and DWI data were collected on a
Siemens 3T MRI scanner with a 12 channel array head coil. The high-
resolution 3D T1-weighted magnetization prepared gradient-echo (MP-
RAGE) image was acquired using following parameters: TI¼ 740ms;
TR¼ 1480ms; TE¼ 3.46ms; alpha¼ 10�; image matrix¼ 256� 240;
FOV¼ 256� 240mm2; 128 sagittal slices; spatial resolu-
tion¼ 1� 1� 1.5mm3. Before the formal MRI scanning, children were
asked to participate in a mock scan to familiarize with the environment
and the experimental procedure.

DWI data were only available for 53 out of the 65 preschool children
(mean age¼ 5.46, SD¼ 0.27; 24 girls) and 46 out of 53 adults (mean
age¼ 26.30, SD¼ 3.66; 19 females), due to drop-out or large head mo-
tion. Again, there were no differences concerning gender (χ2 ̣¼ 0.16,
p¼ 0.690) and handedness (p¼ 0.121, Fisher's Exact test) distribution
between the two age groups. Data were acquired using the twice-
refocused spin echo echo-planar-imaging (EPI) sequence (TE¼ 83ms;
TR¼ 8 s; 100� 100 image matrix; FOV¼ 186� 186mm2; 66 axial slices
(no gap); spatial resolution: 1.86� 1.86� 1.9mm3). Two sets of
diffusion-weighted images were acquired: first, we scanned 60 isotropi-
cally distributed diffusion-encoding gradient directions with a b-value of
1000 s/mm2, along an anterior-to-posterior phase encoding direction.
Seven b ¼ 0 s/mm2 images were additionally acquired as anatomical
reference and interleaved after each block of 10 diffusion-weighted
hildren were asked to choose whether the left or the right picture matched with
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images for off-line motion correction. The second set was acquired along
a posterior-to-anterior phase encoding direction, including one b ¼ 0 s/
mm2 image and one b¼ 1000 s/mm2 diffusion-weighted volume.

2.4. Data processing

2.4.1. sMRI data processing
Before processing, all T1-weighted images were visually inspected

and their quality was further checked using the Computational Anatomy
Toolbox (CAT12) (for more details, see http://dbm.neuro.uni-jena.de/
vbm/check-sample-homogeneity). Cortical reconstruction and volu-
metric segmentation was performed using the FreeSurfer software,
version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/). 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 va-
riety 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. The cortical thickness was calculated as
the closest distance from the pial surface to the white matter surface at
each vertex (Fischl and Dale, 2000). The vertex-wise thickness maps of
individuals were aligned to 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 maps were smoothed using a 20-mm
full-width-at-half-maximum (FWHM) Gaussian Kernel.

2.4.2. Seed selection for cortical thickness covariance analysis
A seed-based analysis was conducted to examine the correlation be-

tween the cortical thickness in one seed and all the other vertices on the
cortex across individuals (Bernhardt et al., 2014a; Lerch et al., 2006; Valk
et al., 2016). The left IFG and pSTG/STS were selected as regions of in-
terest (ROIs) according to previous functional MRI studies, where these
two regions have been frequently reported to be involved in syntactic
language processes, especially for syntactically complex sentences
(Friederici et al., 2011; Xiao et al., 2016). Specifically, two seeds of the
left hemisphere with the following talairach coordinates were used: [-53,
20, 15] (left IFG) and [-56, �43, 9] (left pSTG/STS) (Friederici et al.,
2011; Xiao et al., 2016). These coordinates were mapped to the closest
surface vertex on the FreeSurfer fsaverage template. The vertex-wise seed
was subsequently defined as vertices within a sphere of a 5mm radius
around the coordinates. Right hemisphere homologous ROIs were also
chosen (see Supplementary Materials for detailed results), because chil-
dren demonstrate more inter-hemispheric activation during sentence
processing in comparison to adults (Brauer et al., 2008; Brauer and
Friederici, 2007; Holland et al., 2001). Additionally, the
language-unrelated right primary visual cortex (V1) with MNI co-
ordinates [9,�81, 7] as well as the right primary motor cortex, that is the
right precentral gyrus [28, �16, 66], were selected as control seeds
(Zielinski et al., 2010).

2.4.3. DWI data processing
DWI data was preprocessed using FSL (http://www.fmrib.ox.ac.uk/

fsl) (Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 2009).
Volumes affected by motion artifacts were removed manually. Out of a
total of 67 volumes, on average 1.06 volumes (SD¼ 2.17; maximum¼ 9)
were removed for preschool children and 0.17 volumes (SD¼ 0.57;
maximum¼ 3) were removed for adults. Preschool children and adults
differed significantly concerning the number of removed volumes
(t¼ 2.68, p< 0.009). Motion was estimated using the first reference b¼ 0
image and rigid-body registration. Diffusion-weighted images were
rigidly aligned to their skull-stripped T1-weighted brain, which were
generated during FreeSurfer reconstruction and co-registered to the
standardMontreal Neurological Institute standard space (MNI 152) using
flirt implemented in FSL. Distortion correction was performed by
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incorporating shift maps and the estimated head motion correction to
unwarp the data. All transformations were combined before application
so that data was interpolated only once. Diffusion tensor was fit to each
voxel and FA along with axial diffusivity (AD), radial diffusivity (RD),
and mean diffusivity (MD) maps were derived. AD measures the major
eigenvector of the tensor, which is parallel to the tissue fiber. RD rep-
resents the two shortest eigenvalues, which is perpendicular to fibers. MD
can be defined as the average of the three eigenvalues (Alexander et al.,
2011).

Probabilistic tractography was then performed using FSL's typical
processing pipeline (Behrens et al., 2007, 2003). The probabilistic dis-
tribution of fiber orientations from each voxel was estimated with a
two-tensor model. Two surface-based ROIs used in the cortical thickness
covariance analysis were also used as seeds in the tractography analysis
(i.e., left IFG, left pSTG/STS). The detailed ROI transformation is
described in the Supplementary Materials. Individual white matter masks
were generated by thresholding FA maps with FA > 0.15. Probabilistic
tractography was conducted in the individual space between the two
ROIs within the white matter mask. In order to obtain the total connec-
tivity between the target and seed region, we swapped seed and target to
perform the tractography twice. The final reconstructed streamlines were
computed as the sum of resulting streamlines of the two tractography
processes (Patterson et al., 2014).

The number of streamlines (NOS) between the two ROIs was
computed during tractography. To correct the seed volume effect on the
NOS, streamline density, reflecting the connectivity strength, was first
defined as a normalized version of NOS using:

StreamlineDensity ¼ logðNOSÞ
logðN � VseedÞ

where N refers to the number of sample streamlines in each seed voxel
(here, N¼ 5000) and Vseed the number of voxels within the seed (Mül-
ler-Axt et al., 2017). The logarithmic scaling used here ensures a normal
distribution of the streamline density across participants. Second,
voxel-based tractography images (in which the value of each voxel rep-
resents the number of streamlines that the voxel contains) were also
normalized in the same way to correct for seed size. A group mask of
tracts between the two ROIs was created for visualization purposes,
setting those voxels for which at least 50% of subjects showed non-zero
values to 1, and otherwise to 0 within both groups of children and adults.
Finally, the average values of FA, AD, RD, and MD of the
IFG-to-pSTG/STS tract were obtained for each individual.

2.5. Statistical analyses

The Surfstat toolbox (http://www.math.mcgill.ca/keith/surfstat/)
was used for the vertex-wise structural covariance analyses. Before an-
alyses, we checked for outliers both within and across groups. For each
participant, the mean thickness of the whole cortex was within the range
of 3 SD compared to the mean of either the corresponding age group or
of the whole sample. Thus, no participant was excluded for further an-
alyses. In each model, age, gender, and handedness were added as
covariates for within-group analyses, while only gender and handedness
were added as covariates for between-group comparisons. Furthermore,
total brain volume (TBV) was added as a covariate to control for the
individual differences in brain volume across development. The seed-
based structural covariance mapping for each vertex i on its cortical
thickness Yi was obtained for each age group separately using the
following model:

Yi ¼ 1 þ Age þ Gender þ TBV þ Seed þ Handedness

To examine the association between cortical thickness covariance and
individual differences in language performance (i.e., LAN¼ language
relevant behavioral tests) for preschoolers, the following model was
applied for each vertex i on its cortical thickness Yi:

http://dbm.neuro.uni-jena.de/vbm/check-sample-homogeneity
http://dbm.neuro.uni-jena.de/vbm/check-sample-homogeneity
http://surfer.nmr.mgh.harvard.edu/
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.math.mcgill.ca/keith/surfstat/
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Yi¼ 1þAgeþ Genderþ TBVþ Seedþ LANþ Seed� LANþ Handedness
To ensure that the associations between cortical thickness covariance
and language performance was specific to language, IQ was additionally
controlled for, by adding it as a covariate. To assess the developmental
effect on thickness covariance mapping, we used the model including the
parametric interaction between seed and group, that is:

Yi ¼ 1 þ Gender þ TBV þ Seed þ Group þ Seed � Group þ Handedness

Given that imbalanced group sizes can violate the homogeneity of
variance assumption of analyses of variances (ANOVAs), Levene's test was
conducted, showing that our data met the criteria for homoscedasticity
(p¼ 0.812, F¼ 0.21, SD¼ 0.08, 0.09 and 0.09 for adults, school age
children and preschool children, respectively). In addition, the ratio of
the largest variance to the smallest variance (i.e., should be less than 1.5)
of groups can be used as a rule of thumb for judging the robustness of
ANOVAs (Blanca et al., 2017; Ruscio and Roche, 2012). For the present
data the variance ratio was 1.12, further justifying using parametric tests
for the present data.

For white matter connectivity, two-sample t tests were performed to
examine the developmental changes of streamline density, FA, AD, RD,
and MD between preschool children and adults. As children and adults
differed significantly concerning the total number of removed volumes,
we added the number of removed volumes as a covariate to control for
image quality differences between groups. Meanwhile, gender and
handedness were also included as covariates. In order to examine the
relationship between structural covariance and white matter connectiv-
ity, the association between the seed-based cortical thickness covariance
and DWImeasures (i.e., streamline density, FA, AD, RD, andMD) for each
age group was calculated by including the parametric interaction be-
tween seed thickness and DWI measures using the following model for
each vertex i on its thickness Yi:

Yi ¼ 1 þ Age þ Gender þ TBV þ Handedness þ DWI
measures þ Seed þ Seed � DWI measures

In addition, mean FA (or mean of other DWI measures) of the whole-
brain, and the number of removed volumes was used as covariates. If not
otherwise specified, a cluster-forming threshold of p< 0.005 was used,
since this threshold ensures a false positive rate below 5% for thickness
analyses as discussed by Greve and Fischl (2018). All surface-based re-
sults were thresholded at a cluster level p< 0.05 (two-tailed) corrected
for multiple comparisons based on random field theory (Worsley et al.,
1999).

3. Results

3.1. Seed-based cortical thickness covariance in preschoolers

The seed-based structural covariance mapping of cortical thickness
was obtained first for preschoolers (Fig. 2 and Supplementary Table S1).
We found that the left IFG only showed significant cortical thickness
Fig. 2. Cortical thickness covariance maps seeding from the left IFG (left part of the Fi
neighboring and contralateral homologous regions co-varied with the seed (depicted
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covariance with its surrounding area and the right IFG in the preschool
children. Further, the left pSTG/STS was observed to structurally co-vary
with proximal regions of the left pSTG/STS as well as with the bilateral
middle temporal gyrus (MTG), bilateral inferior parietal lobule (IPL), left
supramarginal gyrus (SMG), and right inferior temporal gyrus (ITG) in
preschool children. Cortical thickness covariance of the right-
hemispheric seeds was found to show similar patterns as in the left
hemisphere. Specifically, the right IFG showed a strong co-variation with
the seed itself and with its neighboring regions, as well as with the
contralateral homologues regions. In contrast, the right pSTG/STS only
showed co-variation with the seed itself and with its neighboring regions
(see Supplementary Fig. S1).

3.2. Association between cortical thickness covariance and language
abilities in preschoolers

We continued to examine whether cortical thickness covariance of
our ROIs was associated with language abilities in preschool children.
Cortical thickness covariance seeding from the left IFG showed a positive
association with performance on the object-initial sentence (uncorrected
p< 0.001), which does not survive correction for multiple comparison.
However, when using a more liberal, but typically used cluster-forming
threshold for surface-based thickness data, p< 0.025 (Greve and Fischl,
2018; Valk et al., 2017), we found a positive association between the left
IFG and left temporal structural covariance and performance on the OS
sentences with IQ included as an additional covariate (p< 0.010, Fig. 3A,
FWE-corrected), which survives correction for multiple comparison. This
positive association indicates increased left inferior frontal to temporal
covariance to be related to higher abilities in processing object-initial
sentences in preschoolers. To further explore the association between
cortical thickness covariance and language performance, preschoolers
were split into two subgroups (i.e., high- and low-performing children)
by the median of performance scores regarding OS sentences.
High-performing children (mean accuracy¼ 90.83%, SD¼ 5.23) showed
significantly higher accuracy (t¼ 10.61, p< 0.001) in comparison to
low-performing children (mean accuracy¼ 60.12%, SD¼ 16.13). Con-
cerning their IQ scores, the two subgroups did not show any significant
differences (mean¼ 107.63, SD¼ 8.24, for high-performing children;
mean¼ 109.50, SD¼ 10.00, for low-performing children; t¼ 0.81,
p¼ 0.418). When comparing the low- and high-performing group of
preschoolers concerning their cortical thickness covariance, we found
significant group differences (p¼ 0.005, Fig. 3B, FWE-corrected). Spe-
cifically, high-performing preschool children showed a positive covari-
ance in cortical thickness between the left IFG seed and the peak value of
the left temporal regions as target regions, while low performing pre-
school children demonstrated a negative covariance (Fig. 3C). Of note,
after regressing out the covariates, one subject was noticed to be an
outlier according to the residuals. However, when we removed this
subject from the analysis, our results still remained significant (See
Supplements 3 and Fig. S2). In addition, our procedure of splitting the
group of preschoolers into two groups led to a reduction in sample size
gure) and the left pSTG/STS (right part of the Figure) in preschool children. Only
in gray) in preschoolers (p< 0.05, FWE-corrected at cluster level).



Fig. 3. Positive association between cortical thickness covariance seeding from the left IFG and preschoolers' sentence comprehension abilities of syn-
tactically complex sentences. (A) Positive association between object-initial sentence abilities and cortical thickness covariance between the left IFG seed (depicted
in gray) and the left temporal regions as target regions, including the left STG, MTG and ITG (p< 0.010). (B) Cortical thickness covariance differences between
children with higher and children with lower sentence comprehension performance (p¼ 0.005, all FWE-corrected). (C) Positive covariance was found between the left
IFG seed and the left temporal regions as target (peak value adjusted for model) in high-performing children (r¼ 0.52, p¼ 0.003, t (29)¼ 3.27; depicted in black), but
a reversed negative covariance in low-performing children (r¼�0.41, p¼ 0.045, t (22)¼�2.12; depicted in red).
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and, thus, a reduction in power. Thus, we obtained effect size maps for
which the effect sizes on the significant cluster was Cohen's d ¼ 0.820,
indicating a large effect (See Supplementary Fig. S3). Together, these
findings suggest that high-performing children are more likely to show
the adult-like structural covariance of language relevant seeds (i.e., left
IFG and left temporal regions) compared to low-performing children,
which is independent of IQ. To confirm that intra-hemispheric covaria-
tion of the left IFG and left temporal regions, thought to be relevant for
language processing, increases with development, we further compared
cortical thickness covariance of preschool children with school age
children and adults.

3.3. Group comparison of cortical thickness covariance across age groups

The seed-based cortical thickness covariance mapping of the left IFG
Fig. 4. Developmental differences on cortical thickness covariance maps seedin
seeding from the left IFG (depicted in gray) in school age children (top) and adult
seeding from the left IFG across the three age groups. Significant differences were o
(p¼ 0.043, FWE-corrected). (C) Covariance of the left IFG seed and the left tempor
(48)¼ 4.45, r¼ 0.54, p< 0.001, for adults, in black; t (47)¼ 1.98, r ¼ 0.28, p¼ 0.
preschool children, in red).
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and the left pSTG/STS was obtained for school age children and adults
(see Figs. 4 and 5, respectively and Table S1). The left IFG (Fig. 4A)
showed cortical thickness covariance with more extensive frontal re-
gions, including bilateral middle frontal gyrus (MFG), superior frontal
gyrus (SFG), bilateral precentral and postcentral gyrus, as well as tem-
poparietal regions, including left temporal and right parietal regions in
school age children; and with more distant posterior regions in adults.
Meanwhile, the significant co-varied region of the left pSTG/STS
(Fig. 5A) seed extended to the left anterior temporal regions and the right
SFG and precentral gyrus in school age children, and to more distant
bilateral frontal regions and parietal regions in adults. Together with the
cortical thickness covariance mapping in preschoolers, these findings
suggest that cortical regions structurally co-vary with the selected
language-relevant seeds demonstrating a progressive expansion during
development.
g from the left IFG across age groups. (A) Cortical thickness covariance maps
s (bottom). (B) Developmental differences for the cortical thickness covariance
bserved in the left temporal regions (p¼ 0.006) and the right precentral gyrus
al regions as target (peak value adjusted for model) for all three age groups (t
053, for school age children, in blue; t (60)¼�1.56, r¼�0.20, p¼ 0.125, for



Fig. 5. Developmental differences on cortical thickness covariance maps seeding from the left pSTG/STS across age groups. (A) Cortical thickness covariance
maps seeding from the left pSTG/STS (depicted in gray) in school age children (top) and adults (bottom). (B) Developmental differences for the cortical thickness
covariance seeding from the left pSTG/STS across the three age groups. Significant differences were observed in the left frontal regions (p¼ 0.006, FWE-corrected). (C)
Covariance of the left pSTG/STS seed and the left frontal regions as target (peak value adjusted for model) for all three age groups (t (48)¼ 5.19, r¼ 0.60, p< 0.001,
for adults, in black; t (47)¼ 2.60, r¼ 0.35, p¼ 0.012, for school age children, in blue; t (60)¼�0.49, r¼�0.06, p¼ 0.628, for preschool children, in red).
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We next statistically examined how cortical thickness covariance
changes across age groups for the left IFG seed and the left pSTG/STS
seed (see Figs. 4 and 5, respectively and Table 1). The direct group
comparisons for the cortical thickness covariance centered on the left IFG
seed across the three age groups revealed differences in the left superior
temporal regions (p¼ 0.006) and the right precentral gyrus (p¼ 0.043)
(Fig. 4B). Intriguingly, significant positive cortical thickness covariance
was found between the thickness of the left IFG seed and the left superior
temporal regions as target in adults (t (48)¼ 4.45, r¼ 0.54, p< 0.001).
For school age children, we found a marginally significant positive
covariance between the thickness of the left IFG seed and the left superior
temporal regions as target (t (47)¼ 1.98, r¼ 0.28, p¼ 0.053), but we did
not find a significant effect in preschoolers (t (60)¼�1.56, r¼�0.20,
p¼ 0.125) (Fig. 4C). The post-hoc analysis further revealed that the
group differences were driven by higher cortical thickness covariance
between the left IFG seed and left superior temporal regions and insula
(p¼ 0.003), as well as the covariance with the right precentral gyrus
(p¼ 0.003) in adults as compared to preschool children (Table 1).
Increased cortical thickness covariance between the left IFG seed and the
left insula and a small patch of the temporal region (p¼ 0.001), and the
right precentral gyrus (p¼ 0.029, all FWE-corrected) was also revealed in
school children in comparison to preschool children. No significant
cortical thickness covariance differences were observed between adults
Table 1
Developmental differences on the cortical thickness covariance between preschool ch

Seeds Groups Target regions

Left IFG Adults, school age, and preschool children Left superiortemporal, insula
Right precentral

Adults> preschool children Left insula, superiortemporal
Right precentral

School age children> preschool children Left insula, superiortemporal
Right precentral

Left pSTG/STS Adults, school age, and preschool children Left parsopercularis, rostralm
precentral

Adults> preschool children Left parsopercularis, rostralm
precentral

Adults> school age children Left caudalmiddlefrontal, pre
School age children> preschool children Left rostralmiddlefrontal, par
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and school age children.
For the cortical thickness covariance seeding from the left pSTG/STS,

significant differences were observed in a cluster located in the left
frontal regions, including the left IFG, MFG, and precentral gyrus
(p¼ 0.006) (Fig. 5B and Table 1). As illustrated in Fig. 5C, cortical
thickness between the left pSTG/STS seed and the peak vertex of the
significant target region, here IFG, exhibited no correlation in preschool
children (t (60)¼�0.49, r¼�0.06, p¼ 0.628), but significant positive
correlations in school age children (t (47)¼ 2.60, r¼ 0.35, p¼ 0.012)
and adults (t (48)¼ 5.19, r¼ 0.60, p< 0.001). The post-hoc analysis
further showed significantly higher cortical thickness covariance be-
tween the left pSTG/STS and left IFG (extending to MFG, precentral
gyrus) in adults as compared to preschool children (p< 0.001) (Table 1).
Further, school age children showed increased cortical thickness
covariance between the left pSTG/STS seed and the left MFG and the left
IFG in comparison to preschoolers (p¼ 0.046). Significant differences
were also observed between school age children and adults in the left
MFG and precentral gyrus (p¼ 0.016). The cortical thickness covariance
for the right homologous seed centered on the right IFG did not reveal
any significant differences between the three age groups, while the
cortical thickness covariance seeding from the right STG/STS revealed
developmental differences in the bilateral frontal regions (p< 0.001) and
the right parietal regions (p¼ 0.019, all FWE-corrected) (see
ildren, school age children, and adults.

Cluster size p values

, transversetemporal 2865 0.006
1651 0.043

, transversetemporal 1527 0.003
939 0.003

, transversetemporal 2180 0.001
558 0.029

iddlefrontal, caudalmiddlefrontal, parstriangularis, 2474 0.006

iddlefrontal, caudalmiddlefrontal, parstriangularis, 2405 <0.001

central 404 0.016
striangularis 108 0.046



Table 2
Descriptive and inference statistical information of diffusion weighted imaging
parameters in preschoolers and adults.

DWI
parameters

Preschoolers Adults Significance

(mean, SD) (mean, SD) t p

Streamline
density

0.42 (0.08) 0.51 (0.09) 4.26 p< 0.001

FA 0.39 (0.02) 0.41 (0.02) 4.70 p< 0.001
AD (mm/s2) 1.16� 10�3

(0.03� 10�3)
1.08� 10�3

(0.02� 10�3)
�10.60 p< 0.001

RD (mm/s2) 0.64� 10�3

(0.25� 10�3)
0.58� 10�3

(0.24� 10�3)
�9.52 p< 0.001

MD (mm/s2) 0.82� 10�3

(0.02� 10�3)
0.75� 10�3

(0.02� 10�3)
�11.06 p< 0.001
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Supplements, Fig. S5A and Table S3).

3.4. Structural covariance mapping of cortical thickness for control regions

Cortical regions showing significant cortical thickness covariance
with the right V1 were found to be similar in preschool children, school
age children, and adults, with only neighboring areas to be co-varied
(Fig. S4 and Table S2). Meanwhile, the right precentral gyrus seed
was also revealed to be co-varied with similar cortical regions across
three age groups, including bilateral precentral, SFG, paracentral gyrus,
and right MFG, with the exception of the left inferior frontal region that
was only revealed in adults (Fig. S4 and Table S2). Statistical com-
parisons across the three age groups showed significant differences in
the surrounding areas of the seed, including the right postcentral, SMG,
precentral gyrus, and inferior parietal lobule (p¼ 0.004, all FWE-
corrected) (Fig. S5B and Table S3). These results indicate that the
developmental trajectory of structural covariance that was found for
the language-relevant seeds (i.e., left IFG and pSTG/STS) are specific,
as we did not find them in the cortical thickness comparison of control
seeds.

In addition, we examined the associations between language abilities
and the structural covariance of control seeds in the preschool children to
ensure that the found associations described above are specific to the
language network. No significant group differences between low- and
high-performers were found for the cortical thickness covariance seeding
from the right V1 (p¼ 0.068) and the right precentral gyrus (p¼ 0.798,
all FWE-corrected), which indicates that the association with language
abilities was specific to the language-related cortical thickness covari-
ance maps.

3.5. White matter tracts in preschool children and adults

We further examined whether the observed difference in the left IFG-
to-pSTG/STS cortical thickness covariance between preschool children
and adults was also reflected in the group's corresponding white matter
connectivity. The connectivity strength between the left IFG and pSTG/
STS, as measured by streamline density, was found to be significantly
higher in adults than in preschool children. The FA of the connectivity
between the left IFG and pSTG/STS was also observed to be significantly
higher in adults than in preschool children. The AD, the RD, and the MD
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were significantly lower in adults than in preschooler (Fig. 6A and
Table 2).

To illustrate the fiber tract between the left IFG and left pSTG/STS in
preschool children and adults, a tract that existed in more than half of the
subjects was obtained, separately for adults and preschool children
(Fig. 6B). Our findings suggest an insufficiency in white matter tracts
linking the left IFG and pSTG/STS in preschool children as compared to
adults, which was in a line with the observed absence in thickness
covariance between the left IFG and temporal regions in preschool
children. When linking white matter measurements (i.e., streamline
density, FA, AD, RD, MD between left IFG and pSTG/STS) to gray matter
cortical thickness covariance, we only noted a positive association of FA
with gray matter structural covariance between left pSTG/STS and left
frontal regions (i.e., MFG, precentral, and IFG) in adults (p¼ 0.013, FWE-
corrected) (Fig. 6C), but not in preschool children.

4. Discussion

In the present study, we investigated how cortico-cortical thickness
covariance is associated with the syntactic processing abilities of pre-
school children, as well as how the syntax-related gray matter structural
covariance pattern of cortical thickness develops from preschool children
to adults. By computing cortical thickness covariance of two language-
associated seeds (i.e., left IFG and left STG/STS), we found restricted
covariance with the anatomically proximal and contralateral
Fig. 6. Combination of gray matter structural
covariance and white matter tractography in
adults and preschool children. (A) Group differ-
ences in DWI measurements (i.e., streamline density,
FA, AD (μm/s2), RD (μm2/s), and MD (μm2/s); ***
indicates p< 0.001). (B) For visualization purposes,
the tracts that existed in more than half of the subjects
were obtained separately for adults (left) and pre-
schoolers (right) to illustrate the connectivity between
the left IFG and the left pSTG/STS. (C) Positive asso-
ciation (p¼ 0.013, FWE-corrected) between the
cortical thickness covariance and white matter trac-
tography between the left frontal regions and the left
pSTG/STS (depicted in gray) in adults.
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homologous regions in young preschoolers. However, a more adult-like
cortical thickness covariance between the left IFG and the left temporal
regions was observed in those preschool children with enhanced syn-
tactically complex sentence comprehension. These findings suggest that
children with superior sentence comprehension abilities are more likely
to show an adult-like pattern with stronger cortical thickness covariance
in the inferior frontal and temporal circuit compared to children with
reduced syntactic abilities. By further comparing cortical thickness
covariance of preschool children with school age children and adults, we
could show that the cortical thickness covariance pattern from the
language-associated seeds develops progressively from very restricted to
widely-distributed brain regions across the three age groups, with school
age children showing a similar covariance pattern like adults, but pre-
schoolers did not. Such trend was not observed for the cortical thickness
networks of the control seeds. In addition, we could show that the dif-
ference of IFG-to-STG/STS cortical thickness covariance between pre-
schoolers and adults was accompanied by distinctions in the white matter
tracts linking these two areas, as reflected in streamline density, FA, AD,
RD, and MD of the arcuate fasciculus. Further, we only found an asso-
ciation between cortical thickness covariance and white matter tracts
linking the left IFG and left STG/STS in adults, but not yet in pre-
schoolers. Together, these findings support our hypothesis that in com-
parison to adults, preschool children display immature patterns of gray
matter structural covariance with reduced couplings between the left IFG
and left STG. However, those preschoolers with enhanced sentence
comprehension abilities showed more mature structural covariance
patterns, that is, stronger cortical thickness covariance between the left
IFG and left temporal regions.

4.1. Structural covariance mapping of cortical thickness in preschool
children

In agreement with previous structural covariance studies in children
(Geng et al., 2016; Zielinski et al., 2010), we showed a restricted
structural covariance pattern of cortical thickness in the language
network seeding from the left IFG and the left pSTG/STS that mainly
co-varied with the neighboring and contralateral homologous regions in
preschoolers, lacking long-range covariance between the left IFG and
the left superior temporal cortex. These results suggest that the language
network of young children has not fully developed, predominantly
showing short-range and interhemispheric covariance. This is in line
with findings showing that the network specialized for syntactic lan-
guage processing develops gradually (Skeide and Friederici, 2016).
Neuroimaging studies have shown that children between three and four
years of age do not segregate syntactic from semantic processing at the
neuroanatomical level, indicated by overlapping functional activation of
similar regions for both processes. Although nine to ten year old chil-
dren still do not show an adult-like complete selectivity in the left BA44,
they begin to have selective activations in the left pSTG for syntactic
processing in sentence comprehension (Brauer and Friederici, 2007;
Nunez et al., 2011; Skeide et al., 2014; Skeide and Friederici, 2016).
Further and also in line with our results, functional connectivity studies
demonstrated stronger inter-hemispheric connectivity between the
bilateral IFG rather than long-range intra-hemispheric connectivity be-
tween the left IFG and left pSTG in preschoolers compared to adults
(Friederici et al., 2011; Xiao et al., 2016). This covariance or connec-
tivity between the left frontal and temporal regions increases with age in
young childhood and adolescence (Lerch et al., 2006; Vissiennon et al.,
2017). Thus, by using structural covariance analysis, we confirm that the
network specialized for syntactic processing has not fully developed in
preschool children yet.

In general, dynamic causal modeling showed that the left IFG in its
interaction with the posterior temporal regions plays a primary role
during syntactic processing (den Ouden et al., 2012); and this default
language functional network has been suggested to subserve complex
sentence comprehension in adults (for reviews see Friederici, 2011,
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2012). Interestingly, we observed a positive correlation between pre-
schoolers' ability to process syntactically complex object-initial sentences
and the structural covariance between left IFG seed and left temporal
regions. More specifically, we could show that preschool children with
enhanced sentence comprehension abilities are more likely to show
stronger covariance in the inferior frontal and temporal cortex compared
to children with reduced sentence comprehension abilities. Noteworthy,
this positive correlation was not affected by general cognitive abilities
(i.e., IQ), which implies that the cortical thickness covariance between
the left frontal and temporal regions was specific to preschooler's syn-
tactic sentence comprehension abilities. Importantly, the syntactic sen-
tence comprehension abilities were only associated with the structural
covariance of the language-related seeds, rather than with the control
seed (e.g., right V1). Our findings of the specific positive correlation
between cortical thickness covariance of language-related seeds and
syntactic language abilities are in line with previous functional imaging
studies that revealed a positive correlation between syntactic processing
capacities and the functional activation in left perisylvian regions in
young children (Knoll et al., 2012; Wu et al., 2016). Additionally, the
functional connectivity between the left IFG and pSTG/STS was observed
to be positively associated with the ability to process syntactically com-
plex object-initial sentences in preschoolers (Xiao et al., 2016).
Furthermore, the microstructure of the dorsal language pathway was also
found to be correlated with sentence comprehension accuracy and speed
in children from the ages between three to ten years (Skeide et al., 2016).
Taken together, although preschool children mainly showed a restricted
and inter-hemispheric covariance pattern, children with enhanced syn-
tactic abilities show a stronger long-range intra-hemispheric covariance
pattern between the left IFG and left temporal cortex that is thought to be
the more adult-like covariance pattern.

4.2. Developmental changes of cortical thickness covariance from
preschool children to adults

To confirm our assumption that preschool children with enhanced
syntactic abilities indeed show a more adult-like cortical thickness
covariance pattern (i.e., long-range covariance between the left IFG
and left temporal cortex), we cross-sectionally compared cortical
thickness covariance mappings of preschoolers with school age chil-
dren and adults. We could show a linear developmental trajectory for
the covariance between the seed (i.e., left IFG and left pSTG/STS) and
target regions (i.e., left temporal and left frontal regions for each seed,
respectively), from no covariance in preschoolers to high positive
covariance in adults. In contrast to preschoolers, adults showed a
distributed cortical thickness covariance pattern for the syntactic lan-
guage network seeding from the left IFG and the left pSTG/STS. More
specifically, we found long-range cortical thickness covariance between
frontal and temporal regions. This finding is in line with previous
structural covariance studies, showing a co-variation of BA44 as a seed
with the posterior STG, fronto-parietal sensorimotor and cingulate
motor areas in late adolescents; and a co-variation of the left temporal
pole as a seed with temporal, insular, and frontal regions in late ado-
lescents (Zielinski et al., 2010). Further, the here found structural
covariance pattern is in line with the functional fronto-temporal lan-
guage networks consistently found in adults (Fedorenko and
Thompson-Schill, 2014; Friederici, 2012, 2011; Lohmann et al., 2010;
Tomasi and Volkow, 2012). Thus, adults show a stronger
fronto-temporal cortical thickness covariance in the syntactic language
network, compared to preschoolers, suggesting a developmental ten-
dency from local and inter-hemispheric to distant and
intra-hemispheric cortical thickness covariance during language
development (Fair et al., 2009, 2007; Kelly et al., 2009; Stevens et al.,
2009; Supekar et al., 2009).

Our finding on the development of the cortical thickness covariance
between brain regions relevant for syntactic processing is compatible
with previous language-related structural covariance studies. For
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example, the covariance between the left frontal and superior temporal
regions increases with advancing age in adolescents in various language
networks, such as the speech and semantic network (Lerch et al., 2006;
Zielinski et al., 2010). Further, our results on the structural covariance
are compatible with findings on developmental differences between
adults and children in previous functional and white matter connectivity
studies (Brauer and Friederici, 2007; Friederici et al., 2011; Skeide et al.,
2016; Xiao et al., 2016). In particular, increased functional connectivity
between frontal and temporal region has been found in adults, while
children rather predominantly show interhemispheric functional con-
nectivity, such as a connectivity between the left and right STG (Brauer
and Friederici, 2007; Friederici et al., 2011; Xiao et al., 2016). Network
studies further revealed decreased local network efficiency, but increased
global network efficiency in white matter connectivity during develop-
ment (Dennis et al., 2013; Gong et al., 2009; Hagmann et al., 2010). This
tendency might be due to the continuous development of neural sub-
strates that allow for more effective long-range neural pathways by
intensifying co-activation between distant regions and weakening
co-activation between locally aligned regions (Fair et al., 2009; Hagmann
et al., 2010).

4.3. Convergence of gray and white matter network

In order to further support our assumption that long-range neural
pathways are immature in preschool children and, thus, might be one
reason for their reduced structural covariance, we reconstructed white
matter tracts between the left IFG and pSTG/STS in preschool children
and compared them with those of adults. As expected, we found superior
connectivity strength (i.e., measured by streamline density) and white
matter maturation status (i.e., measured by FA, AD, RD, and MD) of the
arcuate fasciculus in the mature brain compared to the immature brain.
Our developmental changes of the DWI parameters are generally in line
with previous findings. Specifically and in line with several other studies,
we found an increase of FA when comparing children with adults, such
that adults show higher FA values compared to children (Krogsrud et al.,
2016; Kumar et al., 2012; Lebel et al., 2012, 2008; Lebel and Beaulieu,
2011; Schmithorst et al., 2002; Yeatman et al., 2014). In contrast MD and
RDwere shown to decrease from childhood to adulthood (Krogsrud et al.,
2016; Kumar et al., 2012; Lebel et al., 2012; Westlye et al., 2010; Yeat-
man et al., 2014), which we also observed in the present study. Of note,
we also observed a decrease of AD with age. Concerning the maturation
of AD, however, research has shown an equivocal picture (for reviews
see, Yap et al., 2013). Several studies suggested that AD increases with
age in adolescents (Ashtari et al., 2007; Bava et al., 2010) and older
adults (Barrick et al., 2010), which is in contrast to our findings. How-
ever, others suggested that AD decreases from childhood to adulthood in
the whole brain (Eluvathingal et al., 2007; Hsu et al., 2010; Krogsrud
et al., 2016; Kumar et al., 2012; Tamnes et al., 2010) and particularly in
the arcuate fasciculus (Eluvathingal et al., 2007), which is in line with the
present results. The differential changes of DWI measures across devel-
opment might be explained by substantial microstructural changes
differently influencing DWI measures. Generally, it is assumed that RD
measures diffusion of water perpendicular to fibers, indicating myeli-
nation, while AD measures water diffusion parallel to tissue fibers,
indicating axonal status or extra axonal/cellular space change (Beaulieu,
2002; Song et al., 2005, 2002; Suzuki et al., 2003). Thus, the observed
age-related increase of FA, but decrease of MD, both discussed to be
summary measures of AD and RD (Alexander et al., 2011), might be
driven by an age-related increase in myelination (Silbereis et al., 2016) as
indicated by RD. This further goes along with an increased number of
fibers or increased axonal caliber, which then allows fibers to become
less straight due to reduced inter axonal/cellular space, as indicated by
decreased AD (Kumar et al., 2012; Mukherjee and McKinstry, 2006; Qiu
et al., 2008; Suzuki et al., 2003). Further corresponding to our results, the
white matter dorsal pathway has been observed to be less mature in
children at the age of seven (Brauer et al., 2013, 2011; Lebel et al., 2008;
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Zhang et al., 2007). In addition, adults were shown to have increased FA
of the dorsal arcuate fasciculus compared with children even at the ages
of nine to ten years (Skeide et al., 2016).

Moreover and importantly, we also found an association between the
cortical thickness covariance and the FA of the white matter tracts linking
the left IFG and left STG/STS in adults, but not yet in preschoolers. As
stated above, FA can be described as a summary measure of white matter
microstructural properties, such as axonal myelination, packing density
and membrane permeability (Alexander et al., 2011; Beaulieu, 2002).
Thus, the association between white matter tract and structural covari-
ance in fronto-temporal regions might suggest that thickness covariance
is mediated by white matter connectivity (Ferrer et al., 1995; Gong et al.,
2012; Mechelli, 2005). Specifically, the mediation by white matter
connectivity is most likely related to the white matter microstructural
properties, such as myelination and axonal packing that were found to
modulate FA (Alexander et al., 2011; Beaulieu, 2002). This hypothesis is
further supported by the observation of associations between cortical
thickness and myelination across development (Cafiero et al., 2018;
Whitaker et al., 2016). Therefore, it might be suggested that the emer-
gence of structural covariance between frontal and temporal regions with
age, as demonstrated by the present study, was at least partially mediated
by an increase in white matter connections across development.

However, next to white matter connections, we have to consider
other factors that most likely influence the emergence of structural
covariance. Another crucial factor for the underlying structural covari-
ance might be functional connectivity of synchronous neuronal activa-
tion (Honey et al., 2010; Hosseini and Kesler, 2013). A direct functional
and structural relationship was demonstrated by showing that the
intrinsic functional connectivity and gray matter volume patterns
converge in adults and children (Alexander-Bloch et al., 2013b; Seeley
et al., 2009). In the present study, we did not directly combine func-
tional with structural data. However, in line with the results of Xiao et al.
(2016), we would expect that preschoolers show reduced intrinsic
functional connectivity between the left IFG and pSTG compared to
adults and to children with enhanced syntactic abilities. Further, gene
expression was shown to influence the emergence of structural covari-
ance in both animal and human cortices (Romero-Garcia et al., 2018;
Schmitt et al., 2008; Yee et al., 2018). Thus, the neurobiological
mechanisms that underlie structural covariance are complex, including
white matter, functional connectivity, and gene expression. Taken
together, when combining our results with above mentioned studies, we
suggest that across development anatomically co-varied regions become
more likely functionally connected, which is sustained and mediated by
white matter connectivity and gene expression (Alexander-Bloch et al.,
2013a,b; Gong et al., 2012; Yee et al., 2018), possibly as a function of
improving language abilities.

4.4. Functional specialization of cortical thickness covariance from
preschool children to adults

To analyze whether the emergence of structural covariance depends
on its functional specialization, we additionally analyzed the cortical
thickness covariance of the control regions (i.e., the lower order networks
right V1 and right precentral gyrus) cross-sectionally across the three age
groups. Both control regions demonstrated stable covariance patterns
with slight differences for the right precentral gyrus across groups (but
not for the visual network, V1), such that adults demonstrated higher
covariance with the neighboring regions of the right precentral gyrus as a
seed in comparison to children. Thus, our results suggest two alternative
developmental trajectories for different cognitive functions, which are in
line with previous life-span studies (Li et al., 2013; Montembeault et al.,
2012; Zielinski et al., 2010). Over and above, these differential structural
covariance patterns of high- and low-order seeds might indicate that the
evolvement of structural covariance networks depends on the develop-
mental trajectory of their functional specialization, such that lower-order
networks evolve earlier in development, but the higher-order language
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network develops later during childhood (see also Zielinski et al., 2010,
for similar results on the higher order default mode and control network).
4.5. Limitations and future directions

Several limitations should be considered. First, the cross-sectional
design of our study underestimates the changes within individuals over
time. Therefore, longitudinal studies are required to sufficiently examine
the dynamic trajectory of the brain's structural covariance during
development (Raznahan et al., 2010). Second, we only assessed pre-
schooler's syntactic sentence comprehension abilities in association with
cortical thickness covariance of ROIs reported to be involved in syntactic
language processes. Future studies in addition analyzing cortical thick-
ness covariance in association with other language competences, such as
phonological and semantic abilities, may gain a deeper understanding of
the development of the cortical thickness covariance of networks asso-
ciated with language processing. Moreover, due to the absence of
behavioral tests for school age children and adults, we were not able to
investigate language abilities in relation to structural covariance in the
other two age groups, which would have further supported our claim that
the development of the long range intra-hemispheric fronto-temporal
structural covariance of the syntactic language network is associated
with syntactic language abilities. Finally, our claim that structural
covariance is associated with syntactic language abilities in preschoolers
was based on amodest sample size. Although we could demonstrate large
effect sizes, results should be verified in future studies using larger
samples to enhance power.

5. Conclusion

In the current study, we demonstrate that the cortical thickness
covariance pattern of brain regions relevant for syntactic processes de-
velops from a less mature (i.e., co-varying with the contralateral ho-
mologous regions) in preschoolers to a more mature one (i.e., increasing
long-range intra-hemispheric covariance) in school age children and
adults. The structural covariance of cortical thickness between the left
frontal and left temporal regions was shown to be positively related to the
sentence comprehension abilities in preschool children. More specif-
ically, cortical thickness covariance of children with enhanced syntactic
abilities was demonstrated to be more adult-like, showing stronger
cortical thickness covariance between the left frontal and temporal re-
gions. Further, we showed an association between the gray matter
structural covariance and the white matter connectivity between the left
frontal and temporal regions in adults, but not yet in preschoolers. Thus,
our study represents not only the characterization of the anatomical
changes of the language network during development, but moreover,
highlights its link to syntactic language comprehension abilities.
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