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Language skills increase as the brain matures and language specialization is linked to
the left hemisphere. Among distinct language domains, sentence comprehension is partic-
ularly vital in language acquisition and, by comparison, requires a much longer time-span
before full mastery in children. Although accumulating studies have revealed the neu-
ral mechanism underlying sentence comprehension acquisition, the development of the
brain’s gray matter and its relation to sentence comprehension had not been fully under-
stood.

This thesis employs structural magnetic resonance imaging and diffusion-weighted
imaging data to investigate the neural correlates of sentence comprehension in preschool-
ers both cross-sectionally and longitudinally. The first study examines how cortical thick-
ness covariance is relevant for syntax in preschoolers and changes across development.
Results suggest that the cortical thickness covariance of brain regions relevant for syntax
increases from preschoolers to adults, whilst preschoolers with superior language abili-
ties show a more adult-like covariance pattern. Reconstructing the white matter fiber tract
connecting the left inferior frontal and superior temporal cortices using diffusion-weighted
imaging data, the second study suggests that the reduced cortical thickness covariance
in the left frontotemporal regions is likely due to immature white matter connectivity dur-
ing preschool. The third study then investigated the cortical thickness asymmetry and its
relation to sentence comprehension abilities. Results show that longitudinal cortical thick-
ness asymmetry in the inferior frontal cortex was associated with improvements in sentence
comprehension, further suggesting the crucial role of the inferior frontal cortex for sentence
comprehension acquisition.

Taken together, evidence from gray and white matter data provides new insights into the
neuroscientific model of language acquisition and the emergence of syntactic processing
during language development.
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Synopsis

Language acquisition is one of the most fundamental human traits and is characterized by

a remarkable instinct. Children rapidly acquire basic bottom-up language abilities such as

phonology in the first three years of life. In contrast, sentence comprehension, which is

particularly crucial in language acquisition and social communication, takes a much longer

time before full mastery in children compared to other language domains. Brain develop-

ment, especially in its structure, heavily influences the developmental trajectory of language

acquisition, such as the gradual maturation of sentence. Language skills improve as the

brain matures, and the functional specialization of language has been suggested to link

to the left hemisphere of the brain. Studying the brain correlates of the language acqui-

sition in developing populations thus contribute to the understanding of the emergence of

language abilities and their developmental trajectories. The current thesis aims to inves-

tigate the anatomical substrates underlying language development, particularly sentence

comprehension, in preschool children. The first part of this thesis (Chapter 1) provides

an overview of language development in children. One specific interest is placed on chil-

dren’s sentence comprehension development and its association with the development of

brain structure. Research questions of this thesis are then outlined in the remainder of the

chapter. The second part (Chapter 2) introduces the general methodology adopted in this

thesis. Specifically, the estimation of morphological measurements, namely gray matter

and white matter, as well as general statistical analyses, are introduced. In the third part,

three empirical investigations are outlined. Study I (Chapter 3)1 investigated the emer-

gence of language structural covariance networks in preschool children. As a follow-up,

Study II (Chapter 4)1 investigated whether gray matter covariance showed a correlation

with white matter connections during development. Finally, to further examine the promi-

nently bilateral covariance in preschoolers in comparison to adults, Study III (Chapter 5)2

investigated the longitudinal development of cortical thickness asymmetry and its associa-

XI



tion to sentence comprehension abilities in preschoolers. In Chapter 6, the findings of the

three studies are summarized and discussed, together with a discussion of the limitations

of the thesis and future directions.

1Chapter 3 and 4 are the modified version of Qi, Schaadt, Cafiero, Brauer, Skeide & Friederici (2019)
2Chapter 5 is the modified version of Qi, Schaadt & Friederici (2019)
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PART I

Introduction





1 General introduction

Language, as one of the more recent evolutionary achievements, is unique to human be-

ings [1]. In the narrow sense, language describes the capacity of generating an infinite

range of expressions from a finite set of elements, which is referred to as recursion. This

capacity, namely grammar and syntax, is the human-specific component of the language

faculty [2, 3]. Moreover, language is also essential for social communication and learning

for human beings. The early acquisition of language facilitates other cognitive skills, such

as social interaction, emotion, and cognitive control, and affects the way how children per-

ceive the world [4]. For instance, children’s self-directed inner speech auxiliary helps them

to guide or control their own behavior and ultimately facilitates cognitive flexibility [5]. In

this sense, language is considered to be a crucial aspect of human development, while its

complexity challenges children until they fully master language.

Language acquisition describes the process of acquiring the capacity to perceive and

comprehend the native language and to produce and use words and sentences for commu-

nication. Successful language acquisition requires the achievement of a range of abilities in

the phonological, morphological, semantic and syntactic domains [6]. More specifically, in-

dividuals pronounce and interpret words, phrases, and sentences by mastering phonologi-

cal, semantic and syntactic knowledge. They can generate an infinite number of sentences

that are built upon the basis of syntactic knowledge. The development of these language

capacities is crucial on the way to a full mastery of language, with two main stages identified

[7]. The basic bottom-up skills are acquired in the first stage. Infants are able to segment

speech into phonological word forms, which are further categorized by morphosyntactic

and lexical-semantic information, such that the word forms are ultimately recognized as

morphosyntactic or semantic representations. Through this, a transmission from babbling

(i.e., 6 to 8 months) to multi-word sentences and even full sentence comprehension and

production (i.e., 2 to 3 years) can occur [8, 9]. The second stage emerges, building upon the
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skills learned during the first stage and being further influenced by more complex higher-

order mental representations. Top-down processing skills are acquired during this stage,

where children learn to understand semantic and syntactic relations in sentences, finally

obtaining full sentence comprehension skills. In contrast to the first stage, the top-down

processes necessary for the second stage emerge slowly and gradually, especially when

sentences are syntactically complex [7]. Together, language mastery seems to start by

rapidly and automatically acquiring basic language skills during the first few years of life

to then enable the more slow and gradual development of more advanced higher-order

language capacities, such as sentence comprehension.

1.1 Development of sentence comprehension in children

The adequate and refined basic bottom-up skills are acquired in the first stage of language

acquisition, along with increasing working memory capacity, form the basis for the develop-

ment of higher-order top-down processing relevant for language acquisition – the semantic

and syntactic aspects of sentence comprehension. More specifically, the fundamental prin-

ciple during sentence comprehension is syntax, which allows us to understand an infinite

number of sentences [10]. Particularly, without formal instruction, children are able to ac-

quire the complicated rules of grammar. With respect to language development, children

do face many challenges before achieving higher-order sentence comprehension abilities,

and the key to sentence comprehension is the ability to recognize relations between sen-

tence arguments. To recognize relations between sentence arguments, there are a variety

of cues, such as animacy, word order, and case-marking, within a sentence that could be

utilized. A number of studies have been conducted to examine the development of sen-

tence comprehension specifically focusing on the use of such cues. It has been shown

that both English- and German-speaking children at the age of 2 years are able to correctly

understand agent and patient relations in simple transitive sentences (e.g., sentences fol-

lowing agent-verb-patient order or sentences with consistent word-order and case-marking

cues), but they are not able to understand syntactically complex sentences, such as intran-

sitive sentences with conjoined agents and sentences with multiple cues until the age of
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3 years and object first constructions not until the age of 7 years [11, 12]. Chan and col-

leagues also used transitive sentences to investigate the usage of word-order and animacy

cues during development across several languages and revealed that children’s learning of

such syntactic markings is gradually and strongly influenced by their native languages [13].

Taken together, these behavioral studies show that despite the findings that children are

already able to understand the arguments’ relations in simple syntactic sentences, they still

have difficulties in processing syntactically more complex sentences with multiple cues for

sentence arguments at the age of 3 years. It could be hypothesized that the development

of brain mechanisms underlying sentence comprehension might explain these observed

long-lasting developmental trajectories of syntactically complex sentences compared to

more simple sentences. Now, the question arises as to what brain mechanisms underlie

sentence comprehension. This will be the focus of the following section.

1.2 Development of brain functions relevant for sentence comprehension

1.2.1 Functional development during sentence comprehension in children

Noninvasive neuroimaging methods, such as electroencephalography (EEG) /event-related

potentials (ERPs) and functional magnetic resonance imaging (fMRI) have been adopted

to uncover the mechanisms underlying cognitive processing, such as language process-

ing. Ultimately, employing these approaches enable us to obtain a deeper understanding

of the language system, especially its early acquisition in young children. ERPs, which

have been widely adopted in investigating the early stage of sentence processing, provide

the majority of evidence due to its high temporal resolution and the method’s suitability

for investigating infants and toddlers who are incapable of providing overt responses [6,

8, 14]. ERP studies have revealed that children are already able to semantically integrate

words into a sentence’s context before the age of two years [14]. After reaching the age of

2 years, toddlers are able to process syntactic structures (i.e., local phrase structure and

morphosyntactic structure) [15, 16]. Thus, children in the first 2 or 3 years of life can al-

ready process sentences and they are sensitive to both semantic and syntactic information.

However, it should be noted that until the age of 6 years, children’s brain responses differ
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in scalp distribution and latency of the ERPs in comparison to those of adults [8, 16–19],

suggesting that syntactic processing has not fully developed yet and further highlighting its

slow development trajectory.

Complementing the picture, fMRI has been employed to reveal the spatial characteris-

tics of the brain mechanisms underlying language development. A handful of studies have

been conducted to investigate sentence processing already in newborns, revealing a less

left-lateralized hemispheric activation in the bilateral superior temporal lobe during passive

listening to auditorily presented sentences [20]. These results point to an early sentence

comprehension network that involves the temporal cortices of both hemispheres in young

children. Moreover, in school children, the bilateral superior temporal gyrus (STG), middle

temporal gyrus (MTG), primary auditory cortex, and angular gyrus were additionally found

to be active during sentence and story comprehension tasks [21–23]. These studies in-

dicate that a predominantly bilateral temporal cortex network is involved during language

comprehension in developing children. Furthermore, the language comprehension net-

work has also been shown to vary as a function of age within childhood. Specifically, using

path analysis, age-related increases were revealed in the path coefficients between the

functional activation of the left STG and of left posterior STG (pSTG), and between the

functional activation of the left STG and the left inferior frontal gyrus (IFG) in a group of

children between 5 and 18 years of age [24, 25]. This developmental trajectory indicates

a shift from the involvement of the bilateral temporal cortices during childhood to the in-

volvement of left-dominant frontal and temporal cortices that are consistently reported as

the adult language comprehension network [26, 27].

Before more specifically introducing the development of sentence comprehension in

children, I will first briefly review the left-lateralized sentence comprehension network in

adults. Several meta-analysis studies have revealed that the left IFG, the left posterior

middle frontal gyrus (pMFG), the left pSTG, and the left posterior middle temporal gyrus

(pMTG) are highly involved in text and sentence comprehension in adults [28, 29]. In

particular, the left inferior frontal and left posterior superior temporal cortices have been

suggested to be involved in the comprehension of sentences in adults [30–37]. Further-
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more, these regions have shown significant contribution to syntactic processing, which is

one of the core abilities involved in sentence comprehension [38]. It is known that semantic

and syntactic information integrates during sentence comprehension [29, 30], but they are

difficult to separate. However, by contrasting the processing of complex and simple sen-

tences, as well as by investigating the detection of grammatical errors, specific syntactic

processing regions have been revealed [29] (see Figure 1.1). Specifically, Brodmann area

44 (BA44, that is pars opercularis) in the left hemisphere, the left frontal operculum (FOP),

the left anterior STG (aSTG), and the left pSTG have been found to exclusively respond

when syntax needs to be processed, whereas the left MTG/STG, the Brodmann area 45

(BA45, that is pars triangularis) and the left insula (INS) have been found to be associated

with the processing of semantic information [39, 40]. Thus, the left inferior frontal cortex

seems to be subdivided into two parts according to its structural and functional special-

ization. In other words, the posterior section of the inferior frontal cortex, including the

FOP and BA44 is responsible for establishing grammatical relations between phrases (i.e.,

FOP) and creating argument hierarchies (i.e., BA44). In contrast, the anterior section in-

cluding BA45 as well as Brodmann area 47 (BA47, that is pars orbitalis), is suggested

to be responsible for both lexical and sentential semantic processes [41–43]. Moreover,

the left temporal lobe, which is consistently found to covary with the inferior frontal cortex

during semantic and syntactic processing, has also been revealed to show functional and

structural separation. Specifically, the aSTG is involved in both syntactic phrase structure

building [38, 44] and sentential-level semantic processing [42, 45], while the pSTG is in-

volved in word prediction at the sentential-level [46] and in verb-argument processing [38,

47]. These findings illustrate an adult language comprehension network, which consists of

interacting, but functionally and structurally separated systems that are the semantic and

the syntactic systems in the left frontal and left temporal cortex.
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Figure 1.1: Activation peaks derived from studies investigating sentence and more specif-
ically syntactic processing. Left panel shows that both of the frontal and temporal cortices
are involved in the general sentence (depicted in green) processing and syntactic (depicted
in light green) processing. Notably, the syntactic-specific peaks are located more dorsally
in the frontal lobe in comparison to peaks for sentence processing in general, indicating
a differential spatial distribution of sentence processing and syntax processing activation.
However, no differential spatial distribution of sentence processing and syntax processing
activation can be observed in the temporal cortex. Right panel shows four of the sentence
clusters (labelled and circled in yellow) that highly overlap with semantic clusters (depicted
in red). The remaining clusters are spatially segregated from the semantic clusters and
are identified as syntax-specific clusters (labelled in green), namely the posterior MFG,
the BA44 (pars opercularis), the pSTS, and the MTG. BA: Brodmann area; BA45: pars
triangularis; MFG: middle frontal gyrus; TP: temporal pole; STG: superior temporal gyrus;
STS: superior temporal sulcus; MTG: middle temporal gyrus; a: anterior; p: posterior.
Figure adapted from “Meta-analyzing left hemisphere language areas: Phonology, seman-
tics, and sentence processing”, by Vigneau et al., 2006, NeuroImage. Copyright 2006 by
Elsevier. Reproduced with permission in a thesis/dissertation.

However, the adult-like segregation of brain regions involved in syntactic and semantic

processing has not been observed in children until early adolescents. It has been revealed

that children at the ages of 5 and 6 years show overlapping brain activation in the bilat-

eral STG in response to auditorily presented sentences with either semantic or syntactic

violations [48]. Children aged 5 years have further been found to rely more on seman-

tic cues rather than syntactic cues during sentence comprehension [49]. Thus, children

at preschool-age do not yet show the functional segregation of semantics and syntax in

their brain as observed in adults; and preschool children seem to prefer to use semantic

information rather than syntactic information during sentence comprehension. One recent

study examined the developmental trajectory of sentence comprehension in three cross-
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sectional groups between 3 and 10 years and found that children between 3 and 7 years

did not process syntax separately from semantics [50]. They did not show a main effect

of syntax in the left IFG as revealed in adults, instead, they only showed an interaction of

syntax and semantics in the left superior temporal cortex [50]. Children by the age of 6 to 7

years, however, showed two distinct main effects for syntax and semantics in the temporal

lobe, which is in line with previous ERP findings showing that 6-year-olds are able to pro-

cess syntactic case-marking information of the initial noun phrase in an adult-like manner,

but not case-marking of the second noun phrase [19]. By the ages of 9 and 10 years, chil-

dren started to show functional activity for syntax in the entire IFG (i.e., BA44 and BA45),

but not yet merely BA44 – a syntax specific region in adults [50, 51]. These findings in-

dicate that the segregation of these two processes initially appears in preschoolers in the

temporal lobe and the functional selectivity for syntax in the IFG appears relatively late in

early adolescence.

Together, both ERP and fMRI studies revealed temporal and spatial characteristics of

brain mechanisms underlying language comprehension across development and enabled

the formulation of a language acquisition model [7]. This model suggests that advances in

language performance up to the age of 3 years are based on bottom-up processes sup-

ported mainly by the bilateral temporal cortices, whereas language performance after the

age of 3 years continuing into early adolescence additionally involves top-down processes

supported by the left inferior frontal area (see Figure 1.2). Particularly, top-down language

processes appear relatively late in the course of language acquisition. This is constituted by

the interaction between semantic and syntactic processes involving the left inferior frontal

and superior temporal cortices. Moreover, during language acquisition children obtain syn-

tactic information later in comparison to semantic information. Thus, children by the age of

3 years start to recognize the relationship between words, that is sentence comprehension.

However, the mastery of syntax, in particular, the comprehension of syntactically complex

sentences, lags behind that of semantics, which will be focused in the following paragraph.
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Figure 1.2: Language acquisition model with two stages, namely bottom-up and top-down
stages. The bottom-up stage (colored in green) emerges early in a child’s life and ultimately
enables the access and retrieval of semantic information of the lexicon, whereas the top-
down stage (colored in orange) develops gradually during language acquisition. This stage
includes the acquisition of semantic and syntactic processes that are important to under-
stand the arguments’ relation in a sentence. BA: Brodmann area; BA44: pars opercularis;
BA45: pars triangularis; BA47: pars orbitalis; BA41/42: primary auditory cortex; FOP:
frontal operculum; STG: superior temporal gyrus; STS: superior temporal sulcus; a: ante-
rior; p: posterior. Figure adapted from "The ontogeny of the cortical language network",
by Skeide & Friederici, 2016, Nature Reviews Neuroscience. Copyright 2016 by Springer
Nature. Reproduced with permission in a thesis/dissertation.

1.2.2 Case-marking acquisition during sentence comprehension in children

The section above showed that one aspect of sentence comprehension – syntax, which

is characterized by recognizing relations between sentence arguments, emerges gradually

and relatively late compared to other aspects of language. There are a variety of other

cues, including word-order, and animacy in addition to case-marking, which can be used

to successfully identify the relations between sentence arguments. For instance, animacy

can be adopted as semantic cues to understand the agent-patient relationship in transitive

sentences [13, 52]. Besides that, word-order is also used as an efficient cue to identify the-

matic relationships in sentences, particularly in English, given that the majority of English

declarative sentences are in the canonical subject-verb-object (SVO) word-order. Such or-
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der also follows the agent-verb-patient order for transitive sentences, where the positioning

before the verb (i.e., sentence-initial position of the noun phrase) is a reliable cue for the

agent and the positioning after the verb is a reliable cue for the patient. Thus, English-

speakers are found to rely more on word-order cues compared to German-speakers to

identify the agent-patient relation-ship during sentence comprehension [13]. Indeed, Ger-

man has more variability in word-order patterns and allows some non-canonical orders,

such as object-verb-subject (OVS), which appear extensively in German by reversing the

position of the subject and the object in transitive sentences. This relatively free word-order

in German sentences requires additional cues, for example case-marking, to identify the

identity of the subject and the object to eventually understand the sentence. In this context,

it creates a phenomenon that multiple cues within a sentence can be in conflict, resulting

in sentences that appear to be more syntactically complex. It seems that adults can under-

stand sentences by weighing and using the available cues. However, the mastery of these

cues develops gradually over time during language acquisition [11, 13, 53]. The competi-

tion model [54, 55] states that the order of cue acquisition is determined by the cue validity,

which should be both high in cue applicability (i.e., available) and cue reliability (i.e., never

misleading or ambiguous). In contrast to other cues, the acquisition of case-marking cues

in German-speaking children occurs late [11, 13], which is probably due to the relatively

low validity of case-marking cues in German. Such late acquisition of case-marking cues

is further revealed in both behavioral and neuroimaging studies.

A number of behavioral studies have been conducted to investigate the preference of

cues or more precisely to what the extent children rely on case-marking cues during sen-

tence comprehension in German-speaking children. Dittmar and colleagues found that

children at the age of 2 years were able to identify the actors of an action in transitive

sentences when both word-order and case-marking cues support each other, while chil-

dren at the age of 5 years were able to use the word-order cue alone, rather than the

case-marking cues alone. Until the age of 7 years, children were able to reliably process

sentences using case-marking information when they are in conflict with word order cues

[11]. This finding suggests the early acquisition of word-order, followed by case-marking
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in German-speaking children. One study systematically investigated the development of

cues using strategies in children between the ages of 2 and 9 years and found that children

proceeded from the use of animacy to case-marking and then to subject-verb agreement

[56]. This study found that children started to outweigh case-marking cues around the age

of 5 years, probably indicating the start of the critical period of case-marking acquisition.

Schipke et al. reported similar findings, showing that the ability to process simple subject-

initial sentences was mastered by 3-year-olds further increasing with age (i.e., between 3

and 6 years), whereas the ability to process syntactically complex object-initial sentences

was still below chance until children reach the age of 6 years [19]. Further, a recent study

revealed that 3-year-olds performed above chance level for relatively easy object-initial sen-

tences with animal agents [57], suggesting that subject- and object-initial sentences can

be understood by German children at the age of 3 years. Together, behavioral evidence

demonstrates the progressive mastering of sentence comprehension in children, that is,

3-year-olds rely more on word-order, 5-year-olds start to become sensitive to grammatical

case-marking cues, and children by the age of 7 years prefer case-marking cues when

multiple cues are present in a sentence.

In line with this, several ERP studies report a similar developmental pattern of case-

marking acquisition during sentence comprehension, using sentences with different syn-

tactic difficulty by manipulating the relevant cues. Specifically, it has been shown that 2-

and 3-year-olds are able to detect grammatical case-marking cues by showing different

brain responses to subject- and object-initial sentences, indicating difficulties in processing

the object-initial sentences [19, 57]. From the age of six years, children are able to use

this information for sentence comprehension, while an additional positive ERP response

at the second noun phrase (compared to adults) indicates extra effort implying syntactic

integration difficulties [19]. Thus, in line with the above-described behavioral findings, ERP

studies also show that 6-year-olds still have difficulties in processing syntactically more

complex object-initial sentences pointing to a late acquisition of case-marking acquisition

during language development.

On top of behavioral and ERP studies, fMRI studies provide additional spatial informa-
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tion concerning the case-marking acquisition during sentence comprehension. Notably,

both the left frontal and temporal cortex, which together form the adult language compre-

hension network, have already been observed to be activated in children aged 3 years

when listening to syntactically simple subject-initial sentences and syntactically complex

object-initial sentences. However, 3-year-olds process these two sentences differently,

showing greater brain activation in the pSTG when comparing object-initial with subject-

initial sentences, but not yet in the IFG as in adults [58]. This study suggests that 3-year-

olds are able to capture the difference between two syntactically different sentences with

heavy reliance on the left temporal cortex. Although they can differentiate subject-initial

and object-initial sentences in the left temporal cortex, children aged 3 years have not yet

shown the adult-like pattern, that is the increased activation in the left IFG (i.e., BA44) in

response to syntactically complex sentences [35, 59]. Further, by systematically investi-

gating three cross-sectional groups of children between 3 and 10 years and a group of

adults, it has been shown that the brain activation of syntactic core regions (i.e., left IFG

and pSTG) increases with age. This finding indicates that the increase of language abili-

ties is accompanied by an increase in brain activation of regions relevant for syntax when

processing syntactically complex sentences. Notably, when comparing syntactically com-

plex object-initial sentences to simple subject-initial sentences, children at the age of 9-10

years showed an adult-like, greater activation in the left pSTG, but not yet in the IFG, which

has also been observed in adults [60]. These findings suggest that the functional selec-

tivity for complex syntax emerges during early adolescents, with the left pSTG being more

engaged when processing syntactically complex sentences, but not yet the IFG. Together

with previous findings regarding the segregation of sentence-level semantic and syntactic

processes, a left-lateralized frontotemporal network is revealed to be the sentence compre-

hension network, with the left temporal cortex being initially involved, followed by the left

inferior frontal cortex, whose functional specialization for syntax is suggested to emerge

slowly during childhood.

In addition to the age-related increases during sentence comprehension, activity in the

left inferior frontal and superior temporal cortices is shown to be related to an individual’s
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sentence comprehension abilities. For instance, Knoll et al. [61] investigated a group of

children aged 6 years and revealed that children with superior grammatical abilities for

object-initial sentences showed an adult-like activation in the left IFG for syntactically com-

plex object-initial sentences in comparison to those with reduced grammatical abilities. In

addition, syntactic abilities have been found to be positively correlated with the brain ac-

tivation in the left pSTG and the left IFG in response to syntactically complex sentences

in 5-year-old children [49] and with the brain activation in the left IFG in children between

the ages of 7 and 16 years [51]. Furthermore, one recent study investigating three cross-

sectional groups of children between 3 and 10 years and a group of adults revealed that

greater brain activation in the left IFG and pSTG were correlated with higher accuracy

during complex sentence processing [60]. These findings further reveal that the brain’s

functional development of the left inferior frontal and superior temporal cortices is related

to an individual’s language abilities, despite that the left IFG is still immature and undergoes

a gradual development in children and even in adolescents.

Furthermore, the left inferior frontal and superior temporal cortices are suggested to

be tightly involved in the left-lateralized language comprehension network. Such functional

cooperation across regions is reflected by inter-regional functional connectivity. Despite

the fact that the IFG has not yet been demonstrated to show functional specialization in

response to syntactically complex object-initial sentences, its functional connectivity with

the left pSTG was found to be higher in children aged 6 compared to those aged 3 years

[58]. However, in comparison to adults, 6-year-olds still showed decreased functional con-

nectivity between BA44 and pSTG, but increased connectivity between the left and the

right IFG and bilateral pSTG [62, 63]. Interestingly, the stronger left-lateralized long-range

functional connectivity between these two language-related core regions was correlated

with enhanced syntactically complex sentences abilities in children, again suggesting in-

dividual language abilities to be associated with the inter-regional functional connectivity

[63]. Together, fMRI studies in both children and adults have consistently reported that

the left inferior frontal cortex and the left superior temporal cortex are involved in sentence

comprehension. More importantly, this process requires the integration and communication
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between these distributed regions to constitute the language comprehension network, that

is, the left-lateralized frontotemporal network. This functional network can be influenced by

individual language abilities and more importantly develops with increasing age, while its

maturation goes well into early adolescence.

1.3 Development of sentence comprehension in the brain’s structure

Beyond the brain’s function, its structure undergoes remarkable changes during human

development, as well as during language development. In general, the brain’s structure

rapidly changes, particularly throughout childhood and adolescents. One prominent obser-

vation during development is the loss of gray matter and the shrinkage of cortical thickness

[64], which is related to synaptic pruning and myelination [65]. Pruning describes the elim-

ination or simplification of inefficient dendrites, synapses, and neurons, which leads to an

improvement of neural processing by optimizing brain circuits [64, 66–69]. Myelination

describes the increases of myelin proliferates into the cortical neuropil and results in the

thinning of the cortex [65]. Thus, the resulting brain structural changes are considered as

part of the ultimate sculpting of the brain into the fully functional adult nervous system [65].

Moreover, the cortical development follows a sequence of functional specialization, which

starts from the lower-order somatosensory and visual cortices to the higher-order asso-

ciation cortices [70]. In addition, the slow maturation of the human brain in comparison

to other species, eventually allows more time for functional specialization [71], particularly

more time for the specialization of higher-order cognitive functions. Several longitudinal

studies have explored whether the maturation of the brain’s anatomy is accompanied by

the specialization of cognitive functions. It has been shown that cortical thickness thinning

is associated with improvements of cognitive abilities [65, 72], such as the intelligence quo-

tient in children and adolescents, suggesting a tight link between the anatomical changes

and cognitive development (specialization) during development. The prolonged maturation

of the human brain also allows for a sophisticated language system. The brain’s structure

has been revealed to be associated with language performance. Increasing vocabulary

performance was coupled with decreasing cortical thickness in the left perisylvian regions
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in individuals aged 9 to 23 [73] and with increasing gray matter density in the left posterior

temporoparietal regions in teenagers aged 12 to 17 years [74]. In addition, vocabulary

[65] and phonological [75] improvement in children between 5 and 11 years was related

to the thinning of the cortical thickness in language-related regions (e.g., the left frontal

and temporoparietal regions). Further, gray matter alterations have also been reported in

individuals with language difficulties, such as dyslexia, in regions relevant for phonological

processing (i.e., the left temporoparietal areas) and visual word processing (i.e., fusiform

gyrus) [76–78]. Thus, the development of language abilities in both typically and atypically

developing individuals depends on the development of the brain’s structure. Focusing on

sentence comprehension, the gray matter volume of the left IFG and temporal regions was

positively correlated with sentence comprehension abilities in children between the ages

of 5 to 8 years [79]. Investigating the relation between brain function and brain structure

during adolescence, it was shown that cortical thickness in the right IFG was marginally

positively correlated with the activation of the left IFG and negatively correlated with the ac-

tivation of the right IFG during syntactic processing, suggesting an increased involvement

of the left IFG for syntactic processing during maturation [51]. Thus, the brain’s gray matter

develops and optimizes to result in an efficient brain circuit during development that further

enables the processing of higher-order cognitive functions such as language.

Like the brain’s gray matter, the white matter, which occupies almost half of the hu-

man brain [80], also changes with age and is related to the development of language. In

contrast to a decrease in gray matter, an increase of white matter (e.g., volume) is ob-

served across development [67, 81, 82]. The increase of white matter can be accounted

for by an increase of axonal caliber and thickness of myelin sheath during brain develop-

ment [67], with both continuing to increase until late childhood [83, 84]. To quantify the

microstructural properties underlying the white matter structure, water diffusion in tissues

is assessed. Fractional anisotropy (FA) measuring the total amount of diffusion anisotropy

[85] is the most commonly used measurement to estimate the microstructural tissue prop-

erties, such as axonal density and myelination [86, 87]. An age-related increase of FA has

been shown across development [81, 88, 89], most likely as a result of age-related increase
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in myelination and axonal packing [86, 87]. Besides, mean anisotropy (MD), axon diffusivity

(AD), and radial diffusivity (RD) were also used to measure properties of the white matter

tissue [86]. These measurements have also shown age-related changes (i.e., decrease)

[81, 88–91]. Together, these age-related changes, particularly in FA and MD, indicate in-

creases in myelination, fiber numbers and axonal caliber [92, 93], and more importantly,

suggest dynamic changes in the white matter in the course of brain development.

Given that structural properties of white matter could be taken as a vehicle of long-range

connectivity, two main fiber tracts, namely the arcuate fasciculus [AF, which is part of the

superior longitudinal fasciculus, (SLF)] and the extreme capsule fiber system [ECFS, which

is also labeled as inferior frontal-occipital fasciculus, (IFOF)] [94, 95], are mainly reported to

be the neuroanatomical basis of the dorsal and ventral pathways of the language system.

The classical view suggests that the dorsal pathway subserves auditory-to-motor mapping

and the ventral pathway subserves auditory-to-meaning mapping [96, 97]. However, a

number of recent studies found that a subpart of the dorsal pathway is also involved in syn-

tactic processing in adults, especially when syntactically complex sentences are processed

[59, 98]. These findings further refine and form a recent two-pathway model illustrated in

Figure 1.3. Specifically, both the dorsal and ventral pathways are subdivided into two sub-

pathways on the basis of functional and structural subdivision of the IFG and STG [30, 99].

Concerning the dorsal pathway, the main part, which connects the temporal cortex directly

with the inferior frontal cortex (BA44) via the AF, is suggested to be associated with the pro-

cessing of syntactically complex sentences. The other part, which connects the temporal

cortex with the premotor cortex via the inferior parietal cortex, subserves the sensory-to-

motor mapping in a bottom-up manner. Like the dorsal pathway, the ventral pathway also

consists of two white matter fiber tracts, namely the uncinate fasciculus connecting the an-

terior ventral inferior frontal cortex with the temporal pole, and the ECFS (i.e., also labelled

as IFOF) connecting the inferior frontal cortex with the occipital cortex via the temporal cor-

tex. These two ventral pathways have been shown to be involved in auditory-to-meaning

mapping [96, 97] and local syntactic structure building [100], respectively. However, com-

pared to the dorsal pathway, these two ventral pathways are relatively hard to structurally
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separate from each other as they lie directly next to each other when passing the ECFS

[101]. Nevertheless, there is still an equivocal picture concerning the roles that dorsal and

ventral pathways play in language [101–105]: the dorsal pathways are involved in syntactic

processing [102, 106] and auditory-to-motor mapping [97], whereas the ventral pathways

are involved in sound-to-meaning mapping [95, 96] and low-level processing of syntactic

features [100].

Figure 1.3: Schematic representation of dorsal and ventral pathways of the language com-
prehension network. Core regions involved in language processing are coded in warm
colors for the frontal cortex and cold colors for the temporal cortex. Light/dark blue and
pink/purple lines indicate the dorsal and ventral pathways, respectively. Main dorsal path-
way II (colored in dark blue) connects the posterior superior temporal gyrus (pSTG) with
BA44 (pars opercularis) via the arcuate fasciculus (AF)/superior longitudinal fasciculus
(SLF). The other dorsal pathway I (colored in light blue) connects the STG with the pre-
motor cortex via the AF and the SLF. Ventral pathway I (colored in pink) connects the tem-
poral cortex with BA45 (pars triangularis) via the extreme fiber capsule system (EFCS),
and the other ventral pathway II (colored in purple) connects the anterior superior temporal
gyrus/sulcus (antSTG/STS) with the frontal operculum (FOP) with the uncinate fasciculus
(UF). BA: Brodmann area. Figure adapted from "The brain basis of language processing:
From structure to function", by Friederici, 2011, Physiological Reviews. Copyright 2011 by
The American Physiological Society. Reproduced with permission in a thesis/dissertation.

In line with the previously reported general white matter developmental trajectory, the

dorsal and ventral fiber tracts have also been shown to change with age by showing an

increase of FA [60, 107–110]. Specifically, a cross-sectional study investigating the ventral

and dorsal connections in newborn infants, 7-year-olds, and adults, revealed that the ven-

tral fiber tract (i.e., IFOF) and the dorsal fiber tract that connects the left premotor cortex
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and the left STG already exist in infants. However, the main dorsal fiber tract, that is the

AF, connecting the temporal lobe with the left IFG, does not fully mature until late child-

hood [20, 111]. Such a developmental pattern is in agreement with the course of language

acquisition. The rapid development of the ventral pathway, as well as the sub-part of the

dorsal pathway targeting the premotor cortex that is already evident in newborns [20, 111]

provides the brain with the basis to acquire language and enables the initial success of

language learning. Specifically, the transmission from babbling to word-level phonological

and semantic processing is enabled, given that these tracts are involved in the bottom-up

sensory-to-motor mapping and auditory-to-meaning mapping [95, 112]. In contrast, the

gradual maturation and later development of the subpart of the dorsal pathway targeting

BA44 are consistent with the later acquisition of syntax [7]. Moreover, when further exam-

ining the microstructural tissue properties (i.e., FA values) of the above-mentioned white

matter connections, the FA values of the ventral pathway (i.e., IFOF) were positively related

to phonological abilities in children aged 3 to 6 years [113, 114]. However, the FA values

of the AF, rather than the IFOF were positively correlated with comprehension abilities of

syntactically complex sentences in children between the ages of 3 to 10 years [60], further

emphasizing the crucial role of the AF for syntactic processing. Thus, it seems that the

ventral and dorsal pathways are associated with different language processes that occur

at different stages during language acquisition. Importantly, the developmental pattern of

the ventral and dorsal pathways is also consistent with the above-mentioned language ac-

quisition model [7], where an automatic and rapid development of bottom-up processing

centered in the temporal cortex and a complex and slow progression of top-down pro-

cessing centered in the inferior frontal cortex during language comprehension is proposed.

Crucially, these white matter connection findings converge with previously reported func-

tional findings, where increased functional connectivity was observed between the left IFG

and the left STG as a function of age [58, 60].

To sum up, like the brain’s function, both the gray and white matter develop with age

and are found to be related to the processing of syntax. Specifically, language abilities are

shown to correlate with the developmental changes in the brain’s white matter connectivity,
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such as the increase in white matter connectivity of the left AF. Importantly, syntactic lan-

guage abilities are shown to develop later in childhood, as highlighted in the early language

acquisition model and the dual language pathway model [30, 106]. However, whether this

slow development underlying sentence comprehension – particularly for syntactically more

complex sentences – is also due to the gradual development of the brain’s gray matter

across the cortex will be the focus of the next section.

1.3.1 Brain structural covariance and language development

Previous studies demonstrated that the core regions involved in language comprehension

work together in an efficient network, which is supported by the underlying white mat-

ter connectivity [95, 115]. However, to entirely understand the connectivity between long

distant regions, only considering white matter connectivity is far from enough. It is still

unknown how the cortical gray matter of these distributed regions subserving the relevant

language processes is associated (i.e., structural covariance). To investigate the cortico-

cortical connectivity from the perspective of gray matter, structural covariance was pro-

posed [116]. Structural covariance describes the phenomenon that gray matter properties

of one brain region may co-vary with those of other broadly distributed cortical regions

[117]. Structural covariance has been suggested to be related to axonal connectivity and

it is assumed to underlie functional connectivity between regions as a result of mutually

trophic influences [118], shared experience-related plasticity [119–121], or a combination

of these factors [122]. Particularly, the evidence from white matter connectivity [123] and

functional connectivity [124–126] makes structural covariance a convincing approach to in-

vestigate the inter-regional relations across individuals. The brain’s morphological features,

such as gray matter volume, cortical thickness, and surface area can be taken as a proxy

to investigate structural covariance. In this thesis, structural covariance specifically refers

to the cortical thickness covariance.

Like the brain’s gray and white matter, structural covariance has also been observed

to change with age, as well as to interact with cognitive functions [117, 122, 127]. For

instance, for children up to the age of 2 years, structural covariance has been observed
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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 exec-

utive control networks) and lower-order networks (e.g., primary visual and sensorimotor

networks) [128]. Between the ages of 5 and 18 years, diverging developmental trajectories

for lower- and higher-order networks were demonstrated [129]. The structural covariance

of lower-order networks has been well-established in early childhood, peaking in early ado-

lescence, before pruning induces further reorganization towards adulthood. In contrast,

higher-order structural covariance networks are not yet fully developed in early childhood,

which begins with covariance mostly with contralateral homologous regions, and then de-

velops progressively to more widely distributed areas across the teenage years [129]. A

similar developmental pattern for intrinsic functional connectivity has been demonstrated

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

[130–132]. Thus, developmental findings for structural covariance networks suggest that

our brain develops by pruning short-range connections/covariance and strengthening long-

range connections/covariance [133].

Structural covariance has also been found to be associated with cognitive abilities, such

as working memory and intellectual performance in developing children and adults [116,

134]. Stronger cortical thickness covariance between the left inferior frontal and other

frontal and parietal regions has been found in children with higher intelligence compared

to children with average intelligence [116]. Of note, such a developmental pattern was

also observed in language-related networks. For instance, it has been shown that both the

speech and semantic structural covariance networks between the left frontal and superior

temporal regions also increase with advancing age in adolescents [116, 129]. More impor-

tantly, structural covariance has also been found to be interrelated with language abilities

such as vocabulary. Children with higher vocabulary skills were shown to have more signifi-

cant thickness covariance between language-related regions, including left inferior parietal,

inferior temporal, and middle frontal regions [135]. Taken together, like the developmental

trajectory of the brain’s function and structure, age-related changes have also been re-
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vealed for structural covariance of the language network, which evolves progressively by

showing covariance with neighboring regions in young children and with more widely dis-

tributed regions across the teenage years. In addition, this network has been shown to be

associated with increasing language abilities. Thus, it is essential to examine whether the

structural connectivity of the cortex (i.e., gray matter) underlying sentence comprehension

of syntactically complex sentences also develops slowly, as it is the case for white matter

connections and functional connectivity underlying sentence comprehension of syntacti-

cally complex sentences.

1.3.2 Brain structural lateralization and language development

Apart from structural connectivity (or covariance), the brain’s asymmetry has been argued

to be an important aspect of the brain’s functional specialization across development. Gen-

erally, such asymmetry can be attributed to evolutionary, developmental, hereditary, expe-

riential and pathological factors, and has been observed for various cognitive functions,

such as language [136].

Concerning the brain’s morphology, for instance, the planum temporale (PT) which sub-

serves language and sound production, shows the most prominent leftward asymmetry

[137]. In addition, a thinner cortex has frequently been observed in the left language-

related core regions, namely IFG [138, 139] and posterior temporoparietal regions [140,

141] compared to their right counterparts, although inconsistent findings remain concern-

ing the direction of the observed asymmetry [139, 140, 142]. Furthermore, in comparison

to typically developing individuals, individuals with language difficulties, such as develop-

mental dyslexia with phonological deficits, were frequently reported to show atypical brain

asymmetry. For instance, dyslexic boys have shown greater rightward asymmetry in the

surface area of the PT compared to typically developing boys [143]. Such an altered pattern

of the brain’s structural asymmetry has been interpreted to cause the observed difficulties

in phonological processing leading to the suggestion that language competences depend,

at least partially, on the brain’s asymmetry [144].

Even though structural and functional asymmetry is already evident in fetuses [145–
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148], both, structural and functional asymmetry, have been shown to further evolve, in

particular during childhood and adolescence [139, 140, 149–153]. Concerning the brain’s

cortical thickness asymmetry, it has been revealed to change with age from childhood to

adulthood [139, 140, 142]. Specifically, as the core language-related regions, the IFG has

been shown a more rightward asymmetry (i.e., greater thinning in the left compared to

the right hemisphere) [139, 152] and the STG has been shown a more significant leftward

asymmetry (i.e., less thinning in the left compared to the right hemisphere) [140] with in-

creasing age. Given that structural asymmetry has been hypothesized to form the basis

of functional lateralization, functional lateralization was also shown to substantially change

throughout development. Specifically, language-related regions (e.g., Broca’s area) were

shown to become stronger functional left-lateralized from infancy to toddlerhood [151], with

a further increase up to the age of 20 years [154]. Thus, the anatomical and functional

layout of language-related brain regions is asymmetric and further differentiates during de-

velopment.

Importantly, the brain’s structural and functional asymmetry has been suggested to be

related to language abilities. For instance, children with more extensive vocabulary demon-

strate a stronger leftward white matter asymmetry in the AF [155] and a stronger leftward

functional lateralization investigated by functional transcranial Doppler ultrasound while a

language production task was performed [156]. Thus, existing studies have demonstrated

that both the structural and functional asymmetries evolve during development, especially

for the language-related regions. Importantly, these asymmetries have been shown to

be associated with language performance in both, individuals with typical and atypical

development, indicating a potential link between brain asymmetry and language perfor-

mance. Further, considering the observation that highly demanding tasks always require

inter-hemispheric cooperation and the fact that sentence comprehension is still challeng-

ing for young preschool children, it is necessary to investigate structural asymmetry and its

relation to sentence comprehension in young children, which remains elusive.
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1.4 Summary of introduction

Language acquisition is characterized by a remarkable instinct that is rapid, complete and

requires no particular instruction. Children rapidly acquire basic bottom-up language abil-

ities, such as word-level phonological detection, in the first three years of life. However,

the final stage of language acquisition, the mastery of top-down language abilities, that is

sentence comprehension, takes a much longer time [7]. The core principle of sentence

comprehension is the mastery of semantics and syntax. Specifically, the syntactic prin-

ciple, namely recursion, enables one to generate and understand an infinite number of

sentences and is thus particularly vital in language acquisition. Studying sentence com-

prehension in developing populations may therefore contribute to the understanding of the

origins of language.

Accumulating developmental studies have been conducted and revealed the underlying

mechanism of sentence comprehension during development. Specifically, both functional

and structural findings suggest that the ability to process syntactically complex sentences

develops gradually until early adolescence. However, the majority of findings are from func-

tional and white matter neuroimaging studies. Concerning the brain’s structure during de-

velopment, its dramatic changes are not limited to the white matter, but also involve its gray

matter, which is associated with language acquisition [157]. Investigating the brain’s gray

matter and its relation to sentence comprehension can provide a more complete picture of

the brain’s mechanisms underlying sentence comprehension during language acquisition.

Language abilities have been shown to be related to the brain’s gray matter, for exam-

ple, in cortical thickness. However, the language process is supported by the intercommu-

nication of distributed cortical regions [26, 27], such as the left inferior frontal and posterior

superior temporal lobe, which are involved in the comprehension of syntactically complex

sentences in adults [30, 32, 34–37, 102]. Structural covariance was proposed to reflect

the inter-regional connectivity of the brain’s anatomical features [117]. Studies employing

this parameter have shown that structural covariance networks change with age and are

related to cognitive abilities. It further indicates that structural covariance can be a suit-

able approach to examine the development of the cortico-cortical syntactic network and
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its relation to sentence comprehension abilities in children. With respect to the changes of

cortical thickness during development, one prominent observation is the thinning of the cor-

tex, which is probably due to the increase of myelination in the white matter [65, 158, 159].

To obtain a better understanding of the cortical thickness covariance network of language,

there is a need for investigating the agreement of cortical thinning and white matter myeli-

nation from the inter-regional connectivity perspective, namely the consistency between

structural covariance and white matter connectivity.

Apart from structural covariance, structural asymmetry was also suggested to develop

with age and related to language abilities, which is one of the most lateralized cognitive

functions [136]. Specifically, the specialization for language has been linked to the left

hemisphere and to mature across development. Investigation of the asymmetry of the

cortical thickness can further provide more thorough information on the development of

language, that is, whether language development goes along with anatomical asymmetry

changes in children who are in the sensitive period of sentence comprehension acquisition.

1.5 Research questions

Despite the fact that numerous studies have been conducted to reveal the underlying mech-

anism of sentence comprehension in children, the majority of these studies concentrated

on functional and white matter connectivity. The brain’s gray matter in development and its

relation to language abilities have not been investigated well yet. Thus, this thesis aimed

to investigate the potential link between the brain’s cortical thickness and sentence com-

prehension ability to further obtain a better understanding of the underlying substrates for

sentence comprehension development. Sentence comprehension, which is essential for

social communication and learning and is more advanced compared to other aspects of

language, has hardly been investigated in this context. Specifically, structural covariance

and asymmetry of the cortical thickness are rarely investigated for the process of sentence

comprehension.

It is well known that the brain’s structure undergoes dramatic changes during human

development [65, 150, 160–162] and these changes are related to language acquisition
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[65, 73, 157]. However, the association between increasing language abilities and cortical

thinning was, so far, only reported for more basic language skills, namely phonology and

vocabulary [65, 75]. It has scarcely been investigated in the context of sentence compre-

hension, which is, however, an important component of the language system and therefore

a necessary accomplishment during the child’s language development. This top-down lan-

guage ability, specifically the ability to process syntactically complex sentences, develops

slowly and continues into early adolescents [7]. This slow emergence of sentence compre-

hension abilities has been reported in both fMRI studies and diffusion-weighted imaging

(DWI) studies, showing a slow increase of functional and white matter connectivity of rel-

evant brain regions across language development [19, 60, 63]. However, it has scarcely

been investigated for the maturation of the gray matter, which contributes to the brain’s

structural development and language development. More specifically, as language is sup-

ported by the connection of distributed cortical regions, rather than by one single region

[163], language development should be investigated in the context of gray matter connec-

tivity changes. In particular, the left inferior frontal and posterior superior temporal lobe

have been suggested to be involved in the comprehension of syntactically complex sen-

tences in adults [30, 32, 34–37, 102]. However, little is known about the development of

the cortico-cortical structural covariance network underlying the comprehension of syntac-

tically complex sentences, which are highly relevant for successful language acquisition

across childhood. The lack of studies on the development of cortical thickness covariance

in relation to individual differences in comprehension abilities of syntactically complex sen-

tences in children has led to the first research question of this thesis:

Question 1: How does the brain’s structural covariance language network emerge and

is this network associated with the comprehension of syntactically complex sentences in

preschoolers?

And more specifically,

1.1. How does the pattern of the language-related structural covariance network in

preschoolers look like (i.e., 5-year-olds) and how is it related to individual differences in
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comprehension abilities of syntactically complex sentences?

1.2. Does preschoolers’ language structural covariance network resemble the struc-

tural covariance pattern of adults?

As mentioned in Section 1.3, a prominent observation of the brain’s structure change

across development is the thinning of the cortex. One of the reasons for this thinning is

the increase of myelination during development [65]. Specifically, the increase of myelin

changes the boundary between gray and white matter, such that the boundary is shifted

deeper into the cortex in adults [64, 158]. In addition, an increasing number of studies

have supported this assumption by showing the coupled changes between cortical myeli-

nation and cortical thinning in childhood [158, 159]. However, whether cortical thinning

corresponds to white matter myelination, particularly when considering the language net-

work, has not been investigated. Thus, as a follow-up of Study I where the cortico-cortical

thickness covariance was examined, I aimed to identify the corresponding white matter

connectivity using the seeds of the first study, which were the left IFG and pSTG/STS.

Here, I compared the white matter tracts across development in relation to cortical thick-

ness covariance networks to demonstrate the agreement of cortical thickness covariance

and white matter connectivity, leading to the second research question of this thesis:

Question 2: Is the gray matter language covariance network associated with the corre-

sponding white matter language network?

And more specifically,

2.1. How does the white matter fiber tract that connects the left IFG and the left

pSTG/STS (used as regions of interest in Study I) look like in preschoolers, and does

the preschooler’s white matter connectivity represent that in adults?

2.2. How is the cortical thickness covariance associated with the corresponding white

matter connectivity in preschoolers and adults?

Language is known as one of the most lateralized cognitive functions, with adults show-
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ing a prominent dominance in the left hemisphere. More interestingly, it has frequently

been observed that simple tasks are processed within one specific hemisphere, whereas

highly demanding tasks always require bilateral activation and interhemispheric coopera-

tion [164]. Thus, it is not surprising that young children who show difficulties in processing

language-related tasks, such as syntactically complex sentence comprehension, show in-

creased bilateral activation and inter-hemispheric connectivity in comparison to adults [48,

63, 165]. In addition, this bilateral pattern was also shown to be present when individuals

with phonological difficulties conducted a variety of language tasks (e.g., word-generation

task) [144, 166]. The atypical brain asymmetry patterns in disorders are most likely in-

dicative for the association between language specialization of the left hemisphere and

the development of language abilities. Indeed, some studies have shown that the brain’s

white matter and functional asymmetries were correlated with vocabulary in children [155,

156], further indicating that children with enhanced language abilities show stronger later-

alization. However, it remains elusive how structural asymmetry of the gray matter relates

to language abilities in children. Specifically, sentence comprehension, which is rarely in-

vestigated from the perspective of both cortical thickness and its asymmetry, is of specific

interest in this thesis. Further, most of the existing findings regarding the development of

the brain’s asymmetry in the language domain were retrieved from cross-sectional studies,

which are inadequate for examining the dynamics of structural asymmetry changes. Thus,

I examined the longitudinal change of cortical thickness asymmetry of language-related

brain regions and the link with the development of sentence comprehension abilities in

children, resulting in my third research question:

Question 3: How does cortical thickness asymmetry change longitudinally between the

ages of 5 and 6 and how is this potential change related to language development in chil-

dren?

Three studies were conducted to address the three main questions of this thesis con-

cerning the brain’s structure changes during language development. After describing the
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methodological background in the following Part II, I will present the first study (Chapter

3) examining the cortical thickness covariance language network in preschoolers and its

association with comprehension of syntactically complex sentences, along with the devel-

opmental trajectory of the language cortical thickness covariance network. To do so, the

structural covariance in association with sensitivity to case-marking cues in 5-year-olds

was investigated. Further, two cross-sectional age groups (i.e., school-age children aged 9

to 13, and adults aged 19 to 33) were additionally analyzed to examine the developmental

changes across the age groups. As a follow-up of the first study, I will present the second

study (Chapter 4) that examined the correspondence between cortical thickness covari-

ance and white matter connectivity in preschoolers and the developmental differences in

comparison to adults. The same preschool children and adults from Study I were investi-

gated in Study II to examine the associations between gray matter cortical thickness and

white matter connectivity. Next, the third study (Chapter 5), which investigated the devel-

opmental changes in cortical thickness asymmetry and its relation to the development of

sentence comprehension abilities in children in a longitudinal group of children between

the ages of 5 and 6 years, will be presented.
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In order to investigate the above-mentioned research questions, magnetic resonance imag-

ing (MRI) was used. The advent of MRI enables us to quantitatively investigate morpho-

logical features of the human brain in vivo. The non-invasiveness of MRI makes it a safe

approach to study healthy pediatric subjects, even to scan them repeatedly throughout the

course of typical development and eventually to provide new insights for the field of de-

velopmental neuroscience. In this thesis, MRI techniques were adopted to examine the

thickness of the cortex in young children and its relation to language performance during

development. In addition, the potential link between cortical thickness covariance of gray

matter and white matter connectivity was investigated from a network perspective. I will

first introduce the concept of cortical thickness and the core preprocessing procedures. In

the next step, the specific approaches adopted for analyzing cortical thickness of struc-

tural MRI data and the corresponding statistical analyses are outlined. Finally, background

knowledge on diffusion-weighted imaging (DWI) and the white matter properties employed

in this thesis are introduced.
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2 Using MRI to study brain anatomy

2.1 Cortical thickness

Cortical thickness and surface area, which together contribute to the cortical volume, are

key features of gray matter morphology [167]. Surface area, in general, is defined as the

area of the white surface (the boundary between gray matter and white matter) or the mid-

dle surface between the white and pial surfaces (the boundary between gray matter and

cerebrospinal fluid), while cortical thickness describes the distance between the pial and

white matter surfaces. Surface area and cortical thickness are thought to be influenced by

the cellular process of horizontal and vertical development of the cerebral cortex. These

processes are undoubtedly the most dominant features of the cytological organization of

the cerebral cortex [168, 169]. Cortical thickness is determined by the number of cells

within the radial columns according to the radial unit hypothesis that describes the devel-

opment of the cortical cortex [169–171]. In comparison to brain volume (i.e., a combination

of cortical thickness and surface area), which is relatively hard to interpret, investigating

cortical thickness and surface area separately enables the improvement of measuring cor-

tical properties [167] and to examine the brain’s morphology directly [172].

The thickness of the adult human cortex varies between 1 and 4.5 mm with an average

of approximately 2.5 mm [173]. Several image processing tools, such as Freesurfer [174,

175], have been developed to automatically estimate the thickness of the cortex. By gen-

erating highly accurate reconstructions of both the white and the pial surfaces, Freesurfer

defines cortical thickness as the closest distance from the pial surface to the white mat-

ter surface at any vertex point in the cortex [173] (see Figure2.1), and this permits us

to obtain an accurate measurement of the location of the cortical thickness change with

precision below millimeters. The procedure of cortical thickness measurement performed

by Freesurfer shows high reliability [176] and has been validated by both histological and
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manual measurements [177–179].

Figure 2.1: Schematic representation of gyrus and sulcus structure of the cortex. Purple
denotes the gray matter of the cortex, and white arrows denote the cortical thickness,
measuring the distance between the white (colored in golden) and pial surface (colored
in blue). Adapted from "The Human Cerebral Cortex Flattens during Adolescence", by
Aleman-Gomez et al., 2013, Journal of Neuroscience. DOI: 10.1523/JNEUROSCI.1459-
13.2013

For this thesis, Freesurfer image analysis suite (version 5.3.0 for Study I & II and version

6.0.0 for Study III) was used to perform cortical reconstruction and volumetric segmenta-

tion in order to obtain an accurate estimation of cortical thickness. Usually, the automatic

processing procedure of Freesurfer (see Figure 2.2) includes several steps. First, the vol-

ume requires to be registered to the standard Montreal Neurological Institute (MNI) atlas,

that is MNI305, in order to compute the seed points in later stages. Then, the variation

in the white matter intensity is measured to estimate the B1 bias field across the entire

volume. To remove the effect of the bias field driven by the inhomogeneity of the magnetic

field, the intensity at each voxel is divided by the estimated bias field. After that, skull-

stripping is performed to remove the non-brain tissue using a hybrid watershed/surface

deformation procedure [180]. Gray matter and white matter are classified based on inten-

sity and neighbor constraints, and cutting planes are chosen to separate two hemispheres

and remove the subcortical regions. In a next step, an initial surface is generated for each

hemisphere by tiling the outside of the white matter mass for that hemisphere. This initial

surface is then refined to the white surface and pial surface. Specifically, the white sur-

face is referred to as the interface between white and gray matter by following the intensity
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gradients, whereas the pial surface is referred to as the interface between the gray matter

and cerebrospinal fluid (CSF). The distance between the white and the pial gives us the

thickness at each location of the cortex [181]. It is then recommended to do visual inspec-

tions and manual editing to ensure the surface’s reconstruction accuracy. Following that,

the individual’s vertex-wise thickness maps are aligned to the fsaverage template to then

be able to perform group analysis. Finally, to increase the signal-to-noise ratio, thickness

maps were smoothed with a commonly used 20-mm full-width-at-half-maximum (FWHM)

Gaussian Kernel. It is also noteworthy that Freesurfer shows high data processing relia-

bility for individuals older than 5 years and its surface-based registration has been shown

to outperform volume-based registration. In addition, the default fsaverage template im-

plemented in Freesurfer does not induce age-associated bias for children from ages 4 to

11 [182]. All these features make Freesurfer a suitable tool for this thesis, which aimed to

investigate surface-based brain data in children who are older than 5 years old.

Figure 2.2: Flow chart of the standard preprocessing pipeline at the individual level (upper
panel) and of the analysis at the group level (bottom panel) in Freesurfer. Adapted from the
online tutorial of Freesurfer [174, 175] and also see https://ftp.nmr.mgh.harvard.edu/pub/
docs/old_slides/freesurfer.recon.ppt.
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2.2 Quantification approaches and statistical analyses of cortical thickness

The observed inter-individual differences of brain structure in one region are associated not

only with individual variations of human cognition, but also with individual variations of the

brain’s structure in other areas, known as structural covariance [117] (see Figure 2.3). The

notion of structural covariance describes that the structure of one brain region influences

the structure of other structurally or functionally connected brain regions [117]. In this

thesis, structural covariance, describing the correlation between the cortical thickness of

one region of interest (ROI) with the rest of the brain across individuals, was assessed

using general linear model (GLM). Following this, surface-based analysis was performed

using the Surfstat (http://www.math.mcgill.ca/keith/surfstat/) toolbox.

GLM describes the linear relationship between independent and dependent variables

and can be applied to estimate the effect of independent variables (IVs), such as age, gen-

der, and behavior, on the brain’s thickness at each surface point. Importantly, the thickness

of ROIs can also be taken as IVs examining their correlation with the thickness at other

surface points across individuals (referred to as structural covariance). By this, we were

able to identify the structural covariance language network and its interaction with language

abilities in children.

Figure 2.3: Schematic illustration of structural covariance, describing the relationship be-
tween the cortical thickness of one brain region (A, as seed, depicted in gray) and that of
another brain region (B, as target, depicted in orange), each measured in a large sample
of human subjects. This relationship between regions is always estimated by controlling for
confounding variables that could affect correlation patterns within a sample, such as age
and gender. The scatterplot (C) illustrates the covariance between the seed (the left IFG,
on the X-axis) and the target brain region (peaked in the left supramarginal gyrus, on the
Y-axis), evidenced by a significant positive correlation between the thickness of X and the
thickness of Y.
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Apart from structural covariance of cortical thickness, the brain’s structural cortical thick-

ness lateralization was investigated. Specifically, the laterality index, quantifying the cortical

thickness difference between the left and right hemisphere, was calculated as: Laterality

index = (L - R) / (L + R) where L refers to the cortical thickness of the left hemisphere and R

refers to the cortical thickness of the right hemisphere. The laterality index can range from

-1 to +1, where -1 indicates a complete right lateralization and +1 indicates a complete

left lateralization. In this thesis, the longitudinal structural lateralization changes were ac-

cessed using mixed linear effect model. Given that the observations of each subject are not

independent and supposed to be positively correlated, a mixed linear effect model, which

adds the subject as a random effect to the model, is thought to be a better approach [183].

Thus, by adding a random intercept of subject that assumes an individualized baseline for

each subject, the mixed linear effect model is advantageous in examining the within-subject

longitudinal changes of structural features (i.e., cortical thickness asymmetry). By this, we

were able to examine the longitudinal changes of structural features of lateralization and its

relation to language changes in children across development.

The multiple comparisons is always a problem when performing statistical tests in thou-

sands of vertices/voxels simultaneously, which results in false positive results. In order

to overcome this problem, several correction approaches were developed, namely family-

wise error (FWE) and false discovery rate (FDR) correction. Bonferroni correction is a

standard example of FWE correction, calculated by dividing the arbitrary statistical thresh-

old (e.g., p-value < 0.05) by the number of tests, based on the assumption that each test

is independent. However, because of the spatial correlation (i.e., image dependencies)

of neuroimaging data, using Bonferroni correction is problematic. In order to overcome

this problem, Worsley et al. first put forward the random field theory (RTF), which now

has been widely used for the cluster-wise inference method [184]. Specifically, RTF is a

parametric method defining theoretical results for smoothed statistical maps, which can be

used to correct for multiple comparisons [185]. To ensure that the image more closely ap-

proximates a continuous filed of random values, the image is spatially smoothed by certain

kernels, which are determined by the number of resels (or resolution elements) in the sta-
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tistical map. Based on the number of resels, the Euler characteristic (EC, a property of the

image after being thresholded) can be calculated and used to determine the appropriate

threshold at which the cluster is significant. Ultimately, the image is reduced to sets of

contiguous voxels (referred to as clusters) whose p-values are more significant than the

cluster-forming threshold [185–188]. Of note, cluster-wise FWE is highly dependent on

an initial cluster-forming threshold [189]. A stringent cluster-forming threshold may lead to

a loss of statistical power by eliminating related effects, whereas a liberal cluster-forming

threshold may inflate false positive rates by merging the adjacent regions into one huge

cluster [190]. In contrast to FWE correction, which controls the probability of obtaining one

or more false positives (type I error), FDR correction controls the percentage of falsely re-

jected null hypotheses. This is suggested to be more sensitive and less likely to incur type

II errors [191]. In this thesis, FWE correction based on RTF was performed in Study I and

II with a cluster-forming threshold of a p-value of < 0.005, which has been suggested to en-

sure a false positive rate below 5% for surface-based analysis [186]. In Study III, I adopted

Bonferroni correction for region-wise analyses with an overall significance level of a p-value

of < 0.05 (i.e., p-value = 0.05/the number of comparisons) and adopted FDR correction for

vertex-wise analysis as validation with a significance level of a p-value of < 0.05.

2.3 Diffusion-weighted imaging analyses

As stated in Section 1.3, the cortical thinning observed in thickness is most likely a con-

sequence of the ongoing development of myelination in the white matter. To investigate

white matter properties, DWI techniques were also employed in this thesis. Theoretically,

DWI measurements reflect the amount of hindrance or restriction experienced by water

molecules diffusing along the axis of the applied gradient [192]. In other words, DWI signals

are influenced by the presence, orientation, and density of membranes and other barriers

in the tissue [86]. Thus, DWI techniques enable us to examine the microstructural proper-

ties of tissues by mapping quantities derived from local models of diffusion; and to study

the fiber orientation referred to as tractography by reconstructing continuous longer-range

trajectories from local (voxel) estimates of fiber directions [192].
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To estimate the microstructural properties of tissues, the diffusion tensor model is used

to quantify the geometry of the diffusion propagator in diffusion tensor imaging (DTI). Ten-

sor is always described as a 3D ellipsoid with the lengths and orientations of the major,

medium, and minor axes and can be diagonalized to its eigenvalues (i.e., l1, l2, and

l3) and the corresponding eigenvectors (i.e., v1, v2, and v3) [86]. Measures that reflect

the orientation-dependency of water diffusion, including fractional anisotropy (FA), axial

diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD), can then be calculated.

Specifically, AD measures the major eigenvector of the tensor (i.e., l1), while RD mea-

sures the two shortest eigenvectors (i.e., average of l2 and l3). MD and FA are both said

to be comprehensive measures that respectively represent the average and the normalized

standard deviation of the three eigenvalues [86, 192], see also Figure 2.4 below:

Figure 2.4: Schematic illustration of diffusion tensor model and four diffusion indices, that
are FA, MD, AD, and RD are derived.

Changes in DTI measures are always indicated as changes in the microstructure of

white matter, and their sensitivity to microstructural tissue properties also makes DTI a

powerful approach to investigate the development of the brain.

Furthermore, using fiber orientation of local (i.e., voxel-based) models, the continuous

longer-range trajectories of major white matter pathways, namely the tractography, can

be reconstructed. Fiber tractography quantifies the white matter connectivity between two
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brain regions and can be performed via deterministic or probabilistic tractography, which

is based on different algorithms [193–195]. Specifically, probabilistic tractography, which

randomly samples the local fiber orientation as a probability distribution many times and

performs reconstruction for each sample to obtain its uncertainty [196], was employed in

this thesis. By this, I was able to quantify the white matter fiber tracts connecting the

language-related regions and their microstructural properties, such that the development

of white matter connectivity and the potential association with gray matter cortical thickness

could be examined.

Several software packages have been released to preprocess DWI data, such as FM-

RIB Software Library (FSL, https://www.fmrib.ox.ac.uk/fsl) [196–200], which was used for

this thesis. First, volumes affected by motion artifacts were removed manually. Motion and

distortions (i.e., eddy currents and susceptibility-induced distortion) were corrected using

tools implemented in FSL. Then, diffusion-weighted images were rigidly aligned to their

skull-stripped T1-weighted brain and co-registered to the standard space (i.e., MNI 152)

using flirt command implemented in FSL. Distortion correction was performed by incorpo-

rating shift maps and the estimated head motion correction was used to unwarp the data.

A diffusion tensor was fit to each voxel so that FA along with AD, RD, and MD maps were

derived. Next, probabilistic tractography was performed using FSL’s typical processing

pipeline [196, 197]. The probabilistic distribution of fiber orientations from each voxel was

estimated with a multiple tensor model, namely the ball-and-sticks model. Sticks represent

fiber populations, and the ball represents free water diffusion. Probabilistic tractography

was conducted in the individual space between the predefined ROIs (i.e., language-related

regions) within the white matter mask, which was generated by thresholding FA maps.

The final reconstructed streamlines were computed as the sum of resulting streamlines of

the two tractography processes between seed and target back and forth and reflect the

probability of the connection.
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Empirical investigations



To address the research questions described in Chapter 1, three studies were conducted

to investigate the development of brain anatomy in relation to language abilities in children.

In the following, I will first describe a study on how the language cortical thickness net-

work develops and how it is associated with sentence comprehension abilities in preschool

children. Then, I will present my second study of the thesis, which investigated the po-

tential link between language-related cortical thickness covariance and the corresponding

language-related white matter connectivity in preschoolers in comparison to adults. Finally,

I will demonstrate the third study focused on the development of cortical thickness asym-

metry of the language-related brain regions and its association to sentence comprehension

ability development in preschool children.
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3 Study I – The emergence of long-range language

network structural covariance and language abilities3

3.1 Introduction

The brain’s structure undergoes dynamic changes during development with a prolongation

after the first two decades of life; and it further scales up with individual differences in cog-

nitive functions [65, 150, 161]. For instance, children with superior language capacities

showed greater thickness thinning in language-related regions [65, 73, 75]. Furthermore,

language abilities have been revealed to interact with the brain’s structural covariance,

which has been proposed to reflect the cortico-cortical connectivity from the perspective of

the brain’s gray matter. Indeed, children with higher vocabulary skills have greater thick-

ness covariance across language-related regions [135]. In contrast to vocabulary skills,

however, the structural covariance network underlying sentence comprehension, especially

the comprehension of syntactically complex sentences, is not well investigated.

The left inferior frontal and posterior superior temporal cortices were shown to be in-

volved in the processing of syntactically complex sentences and have been suggested to

be the main part of the syntactic language network [30, 102]. This functional network was

demonstrated to develop throughout childhood and adolescence [58, 62, 63], and more

crucially, to be associated with individual language abilities [63]. However, the develop-

ment of the cortical thickness covariance of the above-mentioned syntactic-related brain

regions and the relation to children’s comprehension abilities of syntactically complex sen-

tences remain unknown.

Thus, the first study of my thesis aimed at investigating how cortical thickness covari-
3This chapter is the modified version of a published manuscript: Qi, T., Schaadt, G., Cafiero, R., Brauer, J.,

Skeide, M. A., & Friederici, A. D. (2019). The emergence of long-range language network structural covariance

and language abilities. NeuroImage. doi: 10.1016/J.NEUROIMAGE.2019.02.014
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ance of language-related brain regions in preschoolers is associated with language com-

prehension abilities in the syntactic domain. 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 object-initial sentences [19]. Specifically, to obtain

cortical thickness covariance maps, the thickness of pre-defined language-related seeds,

namely, the left inferior frontal gyrus (IFG) and left posterior superior temporal gyrus/sulcus

(pSTG/STS) [62], was correlated with the rest of the cortex across individuals. Further,

the relationship between cortical thickness covariance and comprehension abilities of syn-

tactically complex sentences in preschoolers was analyzed. We expected that preschool

children display immature language-related cortical thickness covariance networks [129],

such that the language-related seeds only covary with their contralateral homologous re-

gions. In addition, we expected that preschooler’s cortical thickness language covariance

networks to be positively associated with the children’s comprehension ability to process

syntactically complex non-canonical object-initial sentences [63]. Next, we aimed to exam-

ine whether preschoolers, especially those who were superior in sentence comprehension,

already show adult-like covariance pattern of language-related regions relevant for syntac-

tic processing. To this end, we additionally collected sMRI data of school-age children (9

to 13 years old) and adults (19 to 33 years old), and then compared the cortical thickness

covariance networks of preschoolers with those of school-age children and adults. We

hypothesized that in comparison to school-age children and adults, preschoolers would

show reduced structural coupling between the left IFG and STG, which is, mediated by the

preschoolers’ sentence comprehension abilities.

3.2 Methods of Study I

3.2.1 Subjects

A total of 65 five-year-old preschool children [30 girls, mean age = 5.49 years, standard

deviation (SD) = 0.28], 52 school-age children in the age range of 9 to 13 years (23 girls,

mean age = 10.37 years, SD = 0.59), and 53 adults in the age range of 19 to 35 years (22
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females, mean age = 26.51 years, SD = 3.69) were included in this study.

The three cross-sectional age groups were matched for gender (c2 = 0.26, p = 0.880)

and handedness (p = 0.093, Fisher’s Exact test), assessed using the modified version of

the Edinburgh Handedness Inventory [201], specifically adjusted for preschool children. In

children (i.e., preschoolers and school-age children), non-verbal IQ was assessed using the

language-independent scale of the German version of the Kaufman Assessment Battery

for Children (K-ABC) [202]. In adults, the German intelligence test (Leistungs-Prüf-System,

LPS) was used [203]. Both children and adults had a non-verbal IQ within 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.

3.2.2 Behavioral test

A sentence-picture matching test was administered to measure preschool children’s lan-

guage comprehension abilities in the syntactic domain as used in previous studies [19,

49]. Specifically, the child was presented with 48 sentences, of which half were presented

with subject-initial word order [i.e., simple canonical subject-initial sentences (SO)] and the

other half with object-initial word order [i.e., complex non-canonical object initial sentences

(OS)]. All the nouns in the sentences were of masculine gender, because only for mas-

culine nouns nominative and accusative can be unambiguously case-marked in German.

In addition, only nouns of the strong declination type, for which the preceding determiner

already indicates the case, were used. Thus, all nominal constituents in a sentence were

unambiguously marked for accusative (ACC) or nominative (NOM). Sentence examples

are as follows and are presented in Figure 3.1 below:

(1) SO

Der Tiger zieht den Igel.
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[The tiger] NOM pulls [the hedgehog] ACC.

The tiger pulls the hedgehog.

(2) OS

Den Igel zieht der Tiger.

[The hedgehog] ACC pulls [the tiger] NOM.

The tiger pulls the hedgehog.

Figure 3.1: Picture examples of the sentence comprehension test. Two images were
presented to the children to let them choose the correct picture that matches (i.e., content-
wise) the auditorily presented sentence.

All items were presented auditorily by a female native German speaker. After each

sentence, the child was presented with two pictures, where one of them showed a scene

corresponding to the sentence, while the other picture functioned as a distractor. The child

was then asked to point out the matching out of the two pictures that were presented.

Preschool children performed significantly above chance level on both SO sentences (ac-

curacy: 94.29%, SD: 8.92, t(64) = 40.05, p < 0.001) and OS sentences (accuracy: 77.12%,

SD: 18.82, t(64) = 11.61, p < 0.001). In addition, accuracy scores on SO sentences were

significantly higher than OS sentences (t(63) = 7.87, p < 0.001), but scores on SO and OS

sentences were significantly correlated with each other (r = 0.45, p < 0.001).

A standardized norm-referenced language test (Test zum Satzverstehen von Kindern,

TSVK) [204] was additionally administrated to ensure that children did not have general

language difficulties. Two preschoolers showed T -scores that fell outside the norm (i.e., T
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= 40 to 60) and were thus excluded from further analyses. For a detailed description of this

language test see Section 5.2.2.

3.2.3 Data acquisition

T1-weighted structural MRI data were collected on a Siemens 3T MRI scanner with a

12-channel array head coil. 3D T1-weighted magnetization prepared gradient-echo (MP-

RAGE) images were acquired using the following parameters: TI = 740 ms; TR = 1480

ms; TE = 3.46 ms; alpha = 10°; image matrix = 256 ◊ 240; FOV = 256 ◊ 240 mm2; 128

sagittal slices; spatial resolution= 1 ◊ 1 ◊ 1.5 mm3. Children were asked to participate in

a mock scan before the formal MRI scanning took place to familiarize themselves with the

environment and the experimental procedure.

3.2.4 Data preprocessing and statistical analyses

3.2.4.1 sMRI data processing

Before data preprocessing, all T1-weighted raw images were visually inspected for arti-

facts (e.g., blurring, ringing, stripping, ghosting, etc.) to ensure that images have enough

sharpness and further checked using the Computational Anatomy Toolbox (CAT12) (for

more details, see http://dbm.neuro.uni-jena.de/vbm/check-sample-homogeneity). Cortical

reconstruction was performed using Freesurfer (version 5.3.0, see http://surfer.nmr.mgh.

harvard.edu/). The automatic processing procedure of Freesurfer was used as described

in Section 2.2 above.

3.2.4.2 Seed selection for cortical thickness covariance analysis

A seed-based analysis was conducted by examining the association between the cortical

thickness in one seed and all the other vertices on the cortex across individuals while ad-

justing for covariables of no interest [116]. Two language-related seeds, namely left IFG

and pSTG/STS were selected as regions of interest (ROIs) according to previous studies

[62, 63]. These two regions have been frequently reported to be involved in syntactic lan-
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guage processes, especially for syntactically complex sentences [62, 63]. The Talairach

coordinates of the two ROIs were: [-53, 20, 15] (left IFG), [-56, -43, 9] (left pSTG/STS) [62,

63], which were further mapped to the closest surface vertex on the fsaverage template.

The surface-based ROIs were subsequently defined as vertices within a sphere of a 5mm

radius around the coordinates. In addition, 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 (PCG) [28, -16, 66], were selected as control seeds [129]. These control seeds were

used to verify that the cortical thickness covariance pattern found for the language-related

seeds is specific to language, rather than being domain-general. In other words, we ex-

pected that there were different developmental trajectories of cortical thickness covariance

for language-related in comparison to unrelated control seeds, and preschooler’s language

abilities were only associated with the covariance patterns of language-related seeds and

not the control seeds.

3.2.4.3 Statistical analyses

Vertex-wise structural covariance analyses were performed using the surfstat toolbox. For

within-group analyses, age, gender, and handedness were added as covariates of no in-

terest, while only gender and handedness were added as covariates of no interest for

between-group comparisons. Furthermore, total brain volume (TBV) was added as a co-

variate to control for the individual differences in brain volume across development for both

between- and within-group analyses. The seed-based cortical thickness covariance for

each vertex i on its cortical thickness Yi was obtained for each age group separately using

the following model:

Yi = 1 + Age + Gender + TBV + Handedness + Seed

To examine the association between cortical thickness covariance and individual differ-

ences in language performance (i.e., LAN = language relevant behavioral tests), that is the
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parametric interaction between seed and LAN, we used the following model:

Yi = 1 + Age + Gender + TBV + Handedness + Seed + LAN + Seed ◊ LAN

Of note, to ensure that such an association was specific to language, non-verbal IQ

was taken as an additional covariate.

To assess the developmental effect on thickness covariance mapping, we used a model

including the parametric interaction between seed and group, that is:

Yi = 1 + Gender + TBV + Handedness + Group + Seed + Seed ◊ Group

Levene’s test was conducted, showing that our data (i.e., unequal sample size across

groups) did not violate the homogeneity of variance assumption of analyses of variances

(ANOVAs) (p = 0.812, F = 0.21, SD = 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 of groups can be used as a rule of thumb (i.e., should be less than 1.5)

for judging the robustness of ANOVAs [205, 206], which was 1.12 in the present data,

and further justifies using parametric tests for the present data. An initial cluster-forming

threshold of p < 0.005 was used, then thresholded at a cluster level p < 0.05 (two-tailed)

to correct for multiple comparisons based on random field theory [184] as described in

Section 2.2 above.

3.3 Results

3.3.1 Seed-based cortical thickness covariance in preschoolers

We found that the left IFG seed (colored in gray in Figure 3.2A) only showed significant co-

variance with its surrounding area and the right homologous regions in preschool children.

Further, the left pSTG/STS (colored in gray in Figure 3.2B) was also observed to covary

with neighboring 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
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right inferior temporal gyrus (ITG).

Figure 3.2: Cortical thickness covariance maps of language-related ROIs (A, left IFG; B,
left pSTG/STS) and their association with preschoolers’ sentence comprehension abilities
of syntactically complex sentences. (A, B) Only neighboring and contralateral homologous
regions co-varied with the seed in preschoolers (p < 0.05, FWE corrected at cluster level).
(C) The left-upper panel illustrates a positive association between object-initial sentence
comprehension abilities and cortical thickness covariance between the left IFG and the left
temporal regions as target regions, including the left STG, MTG and ITG (p < 0.010, uncor-
rected). The right-upper panel illustrates that cortical thickness covariance differences be-
tween higher- and low-performing children in sentence comprehension abilities (p = 0.005,
FWE corrected). The bottom illustrates that high-performers showed a positive covariance
between the left IFG seed and the left temporal regions as target (peak value adjusted for
model) (r = 0.52, p = 0.003, t(29) = 3.27; depicted in black), while low-performers showed
a reversed negative covariance (r = -0.41, p = 0.045, t(22) = -2.12; depicted in red).

3.3.2 Association between cortical thickness covariance and language abil-

ities in preschoolers

The association between cortical thickness covariance of the chosen ROIs and language

abilities in preschoolers was then examined and presented in Figure 3.2C. A positive cor-

relation (p < 0.010, the left-upper panel of Figure 3.2C) between the left IFG seed and OS

sentence performance in the left temporal regions (non-verbal IQ was added as a covariate)

was found. Please note that we applied a more liberal, but typically used cluster-forming

threshold for surface-based thickness data of p < 0.025 [186, 207]. This finding indicates
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that preschoolers with enhanced processing abilities of syntactically complex sentences

show greater left inferior frontal to temporal cortical thickness covariance.

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 their median of accuracy for OS sentences. High-performing children (mean

accuracy = 90.83%, SD = 5.23) showed significantly higher accuracy (t = 10.61, p < 0.001)

for OS sentences in comparison to low-performing children (mean accuracy = 60.12%, SD

= 16.13), but the groups did not show any significant differences concerning their non-

verbal IQ scores (mean = 107.63, SD = 8.24, for high-performing children; mean = 109.50,

SD = 10.00, for low-performing children; t = 0.81, p = 0.418). When calculating group

comparisons between the low- and high-performing groups of preschoolers concerning the

cortical thickness covariance, significant differences (p = 0.005, the right-upper panel of

Figure 3.2C, all FWE corrected) were again observed in the left superior temporal cortex.

Specifically, high-performers showed a positive covariance in cortical thickness between

the left IFG seed and the left temporal regions as target regions, while low-performers

demonstrated a negative covariance (the bottom part of Figure 3.2C). These findings sug-

gest that high-performers are more likely to show an adult-like cortical thickness covariance

pattern of language relevant seeds (i.e., left IFG and left temporal regions) compared to

low-performers, which is independent of non-verbal IQ. To confirm that the left-lateralized

frontotemporal covariance increases with age, the cortical thickness covariance between

preschool school-age children and adults was compared.

3.3.3 Group comparison of cortical thickness covariance across age groups

To examine the development of cortical thickness covariance centered on the chosen ROIs

across different age groups, the cortical thickness covariance of the left IFG and the left

pSTG/STS was obtained for both school-age children and adults (see Figure 3.3). The sig-

nificantly co-varied regions of the left IFG seed (Figure 3.3) included bilateral middle frontal

gyrus (MFG), superior frontal gyrus (SFG), bilateral PCG and postcentral gyrus, as well as

tempo-parietal regions in school-age children; and more distant posterior regions in adults.
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Meanwhile, the left pSTG/STS (Figure 3.3B) seed showed covariance with the left anterior

temporal regions and the right SFG and PCG in school-age children, and with more distant

bilateral frontal regions and parietal regions in adults. In combination with the found cortical

thickness covariance patterns in preschoolers, these findings suggest that cortical regions

structurally co-vary with the predefined language-related seeds with a progressive expan-

sion from a locally inter-hemispheric covariance to a distant intra-hemispheric covariance

during development.

Figure 3.3: Cortical thickness covariance maps seeding from language-related ROIs (A,
left IFG; B, left pSTG/STS) in school-age children and adults. (A) Cortical thickness co-
variance maps seeding from the left IFG (depicted in gray) in school-age children (top) and
adults (bottom). (B) Cortical thickness covariance maps seeding from the left pSTG/STS
(depicted in gray) in school-age children (top) and adults (bottom).

Next, we examined how cortical thickness covariance changes across age groups for

the left IFG seed and the left pSTG/STS seed, which is illustrated in Figure 3.4. When

directly comparing the cortical thickness covariance seeding from the left IFG across the

three age groups, significant differences were revealed in the left superior temporal regions

(p = 0.006) and the right PCG (p = 0.043) (Figure 3.4A). Intriguingly, the thickness of the

left IFG seed and the left superior temporal regions as target was found to significantly and

positively co-vary in adults (t(48) = 4.45, r = 0.54, p < 0.001) and marginally so in school-

age children (t(47) = 1.98, r = 0.28, p = 0.053), but not in preschoolers (t(60) = -1.56, r =

-0.20, p = 0.125), as presented in the bottom part of Figure 3.4A.

For the cortical thickness covariance seeding from the left pSTG/STS (see Figure 3.4B),
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significant differences were observed in the left frontal regions, including the opercular (IFG

oper) and the triangular part (IFG tri) of the left IFG, MFG, and precentral gyrus (p = 0.006).

As illustrated in Figure 3.4B, cortical thickness between the left pSTG/STS seed and the

significant target region, here IFG, exhibited no correlation in preschool children (t(60) =

-0.49, r = -0.06, p = 0.628), but significant positive correlations in school-age children (t(47)

= 2.62, r = 0.35, p = 0.012) and adults (t(48) = 5.19, r = 0.60, p < 0.001). Target brain

regions with significant group differences in cortical thickness covariance can be found in

Table 3.1.

Figure 3.4: Cortical thickness covariance of language-related ROIs (A, left IFG; B, left
pSTG/STS) changes with age. (A) The upper panel illustrates cortical thickness covariance
between the left IFG and the left temporal regions (p = 0.006) and the right precentral gyrus
(p = 0.043, FWE corrected). The bottom panel illustrates the covariance of the left IFG
seed and the left temporal regions as target (peak value adjusted for model) for all three
age groups (t(48) = 4.45, r = 0.54, p < 0.001, for adults, in black; t(47) = 1.98, r = 0.28,
p = 0.053, for school-age children, in blue; t(60) = 1.56, r = 0.20, p = 0.125, for preschool
children, in red). (B) The upper panel illustrates the cortical thickness covariance between
the left pSTG/STS and the left frontal regions across the three age groups (p = 0.006, FWE
corrected). The bottom panel illustrates the 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)
= 5.19, r = 0.60, p < 0.001, for adults, in black; t(47) = 2.60, r = 0.35, p = 0.012, for
school-age children, in blue; t(60) = -0.49, r = -0.06, p = 0.628, for preschool children, in
red).
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3.3.4 Cortical thickness covariance of control regions

Control seeds were further examined to verify whether the observed developmental trajec-

tory of cortical thickness covariance is specific to language-related seeds (see Figure 3.5).

Regions that significantly co-varied with the right V1 were found to be similar in preschool

children, school-age children, and adults, with mainly surrounding regions to be co-varied

(Figure 3.5A). Meanwhile, the right PCG seed was also revealed to be co-varied with sim-

ilar regions (i.e., the bilateral PCG, SFG, paracentral gyrus, and right MFG) across the

three age groups, with the exception of the left inferior frontal region that was only revealed

in adults (Figure 3.5B). Statistical comparisons across the three age groups showed sig-

nificant differences in the surrounding areas of the seed, including the right postcentral,

precentral gyrus, SMG, and inferior parietal cortex (IPC) (p = 0.004, all FWE corrected,

see Figure 3.5C). These results indicate that there was no such developmental trajec-

tory of cortical thickness covariance for the control seeds as has been observed for the

language-related seeds. Brain regions that showed significant group differences in cortical

thickness covariance can be found in Table 3.2.

Further, we also examined the association between language abilities and the cortical

thickness covariance of control seeds in the preschool children to ensure that the found as-

sociations described above are specific to the language network. There were no significant

differences between high- and low-performing children in the cortical thickness covariance

centered on the right V1 (p = 0.068) and the right PCG (p = 0.798, all FWE corrected),

suggesting that the association with language abilities was specific to the language-related

cortical thickness covariance maps.

Table 3.2: Developmental differences of the cortical thickness covariance for the right
precentral gyrus seed for preschool children, school-age children, and adults.

Groups Target regions Cluster size p-values

Adults, school-age,
preschool children

Right postcentral, SMG,
PCG, IPC 3956 0.004

Adults > Preschool children Right postcentral, PCG 1652 0.004
Right SMG, IPC 503 0.020
Right postcentral 826 0.021

School-age > preschool children Right postcentral, SMG 1383 0.007
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Figure 3.5: Cortical thickness covariance maps seeding from (A) the right V1 (depicted in
gray) and (B) the right precentral gyrus (depicted in gray) in the preschool children (top),
school-age children (middle) and adults (bottom) (p < 0.05, FWE corrected at cluster level).
(C) Group differences of the cortical thickness covariance seeding from the right precentral
gyrus across all three age groups (p < 0.05, FWE corrected at cluster level).

3.4 Summary

Study I aimed to investigate how cortico-cortical thickness covariance is associated with

sentence comprehension ability of preschool children, as well as how the syntax-related

cortical thickness covariance pattern develops from preschool children to adults. We ob-

tained cortical thickness covariance of two language-associated seeds (i.e., left IFG and

left STG/STS) for preschoolers and examined whether cortical thickness seeding from

language-related regions can be modulated by sentence comprehension ability in preschool-

ers. Further, we compared the cortical thickness covariance pattern across preschool

children, school-age children, and adults, to examine whether high-performing preschool-
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ers in sentence comprehension already show the adult-like pattern. The result revealed

that the two language-related seeds showed restricted covariance only with the anatom-

ically proximal and contralateral homologous regions in preschoolers. However, children

with enhanced sentence comprehension abilities for syntactically more complex sentences

showed a more adult-like cortical thickness covariance between the left IFG and the left

temporal regions. By further comparing cortical thickness covariance of preschool chil-

dren with school-age children and adults, we showed 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 preschoolers did not. Such a trend

was specific for language, as it was not observed for the cortical thickness networks of the

control seeds. Together, these findings support our hypothesis that compared to adults,

preschool children display immature patterns of cortical thickness covariance patterns with

reduced couplings between the left IFG and left STG. However, preschoolers with en-

hanced sentence comprehension abilities showed more mature structural covariance pat-

terns, that is, stronger cortical thickness covariance between the left IFG and left temporal

regions.
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4 Study II – Correspondences between cortical thick-

ness covariance and white matter connectivity4

4.1 Introduction

The brain’s structure changes dramatically across development, with one prominent obser-

vation, namely the thinning of the cortex. As stated in Section 1.3, several hypotheses have

been proposed to explain cortical thinning during development, such as synaptic pruning

and myelination [65]. Specifically, myelin increase could change the gray-white matter

boundary, which results in a visually brighter boundary in T1-weighted scans in adults in

comparison to children [208], and thus shifts the gray-white matter boundary deeper into

the cortex in adults [158]. Indeed, cortical thinning was found to be coupled with cortical

myelination in childhood [158, 159]. As suggested from Study I along with existing studies

showing how brain regions work together to fulfill certain cognitive functions, it could be

inferred that cortical thinning could be associated with myelination of the connected white

matter fibers.

With respect to the white matter connectivity, several measures have been proposed

to quantify the myelination of white matter tracts, such as fractional anisotropy (FA) [209],

magnetization transfer ratio [159], and R1 relaxation [210]. Specifically, increasing FA has

been observed with increasing age during childhood and adolescence [81]. Such increases

of FA were also found in language-related fiber tracts, such as the arcuate fasciculus (AF)

commonly referred to as the dorsal language pathway connecting the left inferior frontal

gyrus (IFG) and the posterior superior temporal gyrus/sulcus (pSTG/STS) [94, 98]. More-

over, the FA of the AF was positively correlated with sentence comprehension abilities in
4This chapter is the modified version of a published manuscript: Qi, T., Schaadt, G., Cafiero, R., Brauer, J.,

Skeide, M. A., & Friederici, A. D. (2019). The emergence of long-range language network structural covariance

and language abilities. NeuroImage. doi: 10.1016/J.NEUROIMAGE.2019.02.014
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children between the ages of 3 and 10 years [60]. The dorsal language pathway, which

has been suggested to be crucial for syntactic processing, does not fully mature until late

childhood [20, 107]. Correspondingly, the cortical thickness covariance of the left IFG,

which was co-varied with the thickness in the temporal regions, was similar to the tractog-

raphy map of the AF and has been further suggested to change with age [116]. These

findings reveal that the white matter properties of the fibers related to syntactic processing

increase with age and are interrelated with individual sentence comprehension abilities.

More crucially, it most likely indicates that the correspondence is not merely between cor-

tical thickness and myelination of a single brain region, but also between the cortical thick-

ness covariance and the white matter connectivity of the inter-regional connections, which

has rarely been investigated, especially from the perspective of syntactic processing.

Thus, the second study of my thesis aimed to investigate the agreement of cortical thick-

ness covariance and white matter connectivity. To do so, we acquired diffusion-weighted

imaging (DWI) data for the same participants of the first study to examine the association

between cortical thickness covariance and white matter connectivity. Since DWI scanning

parameters of school-age children differed from preschool children and adults, we only in-

cluded preschoolers and adults. We reconstructed white matter tracts (i.e., AF) connecting

the two above-mentioned regions of interest (ROIs, i.e., left IFG and left pSTG/STS) using

DWI data and compared the white matter tracts across development. We expected reduced

white matter microstructural proprieties for the AF in preschoolers in comparison to adults.

Next, we investigated the interaction between cortical thickness covariance seeding from

the language-related seeds and the white matter properties of AF. We hypothesized that

cortical thickness covariance mappings of the language-related seeds develop in a similar

way as the white matter tracts and the correspondence between cortical thickness covari-

ance and white matter tracts would be more robust in adults compared to preschoolers.
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4.2 Methods of Study II

4.2.1 Subjects

The same preschool children and adults from the first study were investigated in the current

study. However, due to the drop-out of some children or large head motion, only 53 out of

the 65 preschool children (mean age = 5.46, SD = 0.27; 24 girls) and 46 out of 53 adults

(mean age = 26.30, SD = 3.66; 19 females) were included. Importantly, again there were

no differences concerning gender (c2 = 0.16, p = 0.690) and handedness distribution (p =

0.121, Fisher’s Exact test) between the two age groups.

4.2.2 Data preprocessing and statistical analyses

4.2.2.1 Data acquisition

DWI data were collected on a Siemens 3T MRI scanner with a 12-channel array head

coil. The twice-refocused spin-echo echo-planar-imaging (EPI) sequence (TE = 83 ms,

TR = 8000 ms, 100 ◊ 100 image matrix; FOV = 186 ◊ 186 mm2; 66 axial slices; spa-

tial resolution: 1.86 ◊ 1.86 ◊ 1.9 mm3) was used to acquire the DWI data. Two sets of

diffusion-weighted images were collected: the first set was acquired with 60 isotropically

distributed diffusion-encoding gradient directions with a b-value of 1000 s/mm2 along an

anterior-to-posterior phase encoding direction, and with 7 images with a b-value of 0 s/mm2

as anatomical references, which were interleaved after each block of 10 diffusion-weighted

images. The second set was acquired along a posterior-to-anterior phase encoding direc-

tion, including one b = 0 s/mm2 image and one b = 1000 s/mm2 diffusion-weighted image.

Importantly, children were asked to participate in a mock scan before the formal MRI scan-

ning to familiarize themselves with the environment and the experimental procedure.

4.2.2.2 DWI preprocessing

DWI data were preprocessed using FSL and detailed procedures have been presented in

Section 2.3 [198–200]. Further, volumes affected by motion artifacts were removed man-
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ually. Specifically, out of a total of 67 volumes, on average 1.06 volumes (SD = 2.17;

maximum = 9) were removed for preschool children and 0.17 volumes (SD = 0.57; maxi-

mum = 3) were removed for adults. The number of removed volumes differed significantly

between preschoolers and adults (t = 2.68, p < 0.009). Thus, we added the number of

removed volumes as a covariate of no interest in the following statistical analysis to control

for its potential influences on the results. We corrected for motion and distortions, and dif-

fusion tensor was fit to each voxel to derive the FA, axial diffusivity (AD), radial diffusivity

(RD), and mean diffusivity (MD) maps.

Probabilistic tractography was performed using FSL’s typical processing pipeline [196,

197], which has been described in Section 2.3 above. Two surface-based ROIs used for the

cortical thickness covariance analysis were also used as seeds for the here-presented trac-

tography analysis (i.e., left IFG, left pSTG/STS). Probabilistic tractography was conducted

in the individual space within the white matter mask, which was generated by thresholding

FA maps (i.e., FA > 0.15). In order to obtain the total connectivity between the target and

seed region, we swapped seed and target to perform the tractography twice. The final re-

constructed streamline was computed as the sum of the resulting streamlines of the two

tractography processes.

The number of streamlines (NOS) between the two ROIs was computed during tractog-

raphy. To cancel out the effect of the seed volume on the NOS, streamline density, reflecting

the connectivity strength, was first defined as a normalized version of NOS using:

Streamline density = log(NOS)
log(N ◊ Vseed)

where N refers to the number of sample streamlines in each seed voxel (here, N =

5000) and Vseed the number of voxels within the seed [211]. The logarithmic scaling used

here ensures a normal distribution of the streamline density across participants. A group

mask of tracts between the two ROIs was created for visualization purposes, setting those

voxels for which at least half 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, see Section 2.3 above
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for more details.

4.2.2.3 Statistical analyses

Two-sample t tests were performed to examine the developmental changes of streamline

density, FA, AD, RD, and MD between preschool children and adults, while controlling

for gender, handedness and the total number of removed volumes. To examine the rela-

tionship between cortical thickness covariance and white matter connectivity for each age

group, the parametric interaction (i.e., Seed ◊ DWI measures) was included in the model

(see below) for each vertex i on its thickness Yi, while controlling for age, total brain volume

(TBV), the mean of DWI measures of the whole brain, together with the above-mentioned

variables, i.e., gender, handedness and the number of removed volumes as covariates of

no interest:

Yi = 1 + Age + Gender + TBV + Handedness + DWI measures + removed volumes

+ mean whole brain DWI measures + Seed + Seed ◊ DWI measures

Correction for multiple comparisons has been performed and is described in Section

2.2 above.

4.3 Results

4.3.1 White matter tracts in preschool children and adults

The white matter fiber tract that connects the left IFG and the left pSTG/STS was recon-

structed for both preschoolers and adults and can be found in Figure 4.1. Both the stream-

line density and FA between the left IFG and pSTG/STS were found to be significantly

higher in adults than in preschool children, whereas the AD, RD, and MD were revealed

to be significantly lower in adults than in preschoolers. These findings suggest an insuffi-

ciency in white matter connectivity of the AF in preschool children as compared to adults,

which is in line with the observed absence of thickness covariance between the left IFG
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and temporal regions in preschool children described in Study I above. Descriptive sta-

tistical information of white matte microstructural properties of preschoolers and adults is

presented in Table 4.1.

Figure 4.1: Group differences in DWI measurements, namely streamline density, FA, AD
(µm2/s, RD (µm2/s), and MD (µm2/s) between adults and children. (A) *** indicates p <
0.001. (B) White matter fiber tract between the left IFG and the left pSTG/STS is illustrated
for visualization purposes. Red denotes preschoolers and dark gray denotes adults.

Table 4.1: Descriptive and inference statistical information of diffusion-weighted imaging
parameters of preschoolers and adults.

DWI parameters Preschoolers
(mean, SD)

Adults
(mean, SD) t-scores p-values

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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4.3.2 Associations between cortical thickness covariance and white matter

connectivity

When linking white matter properties (i.e., streamline density, FA, AD, RD, MD) of AF to the

corresponding cortical thickness covariance, a positive association was found between the

FA of the AF and cortical thickness covariance between the left pSTG/STS and left frontal

regions in adults (i.e., MFG, PCG, and IFG) (p = 0.013, FWE corrected) (see Figure 4.2),

however not in preschoolers.

Figure 4.2: Positive association (p = 0.013, FWE corrected) between the FA value of AF
that connects the left IFG and the left pSTG/STS and the cortical thickness covariance
between the left frontal regions and the left pSTG/STS (depicted in gray) in adults. Adults
with higher FA in the AF showed increased cortical thickness covariance between the left
pSTG/STS and the left frontal regions.

4.4 Summary

As a follow-up of Study I, where cortical thickness covariance in sentence comprehension

was investigated, Study II aimed to examine whether the gray matter cortical thickness co-

variance was associated with white matter connectivity. More specifically, the aim was to

examine whether the observed reduced cortical thickness covariance network in preschool-

ers was driven by immature white matter connectivity in comparison to adults. To do so,

we collected diffusion-weighted images for both preschoolers and adults and reconstructed

the white matter connectivity (i.e., AF) connecting the left IFG and the left STG/STS. The

results showed significant age-related changes in white matter properties, as reflected by

streamline density, FA, AD, RD, and MD between preschoolers and adults. The findings

suggest that beyond the reduced cortical thickness covariance in preschool children com-
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pared to adults, children also display immature white matter connectivity. More importantly,

an association was found between cortical thickness covariance and AF in adults, but not

in preschoolers. This suggests that the reduced white matter connectivity was associated

with reduced structural coupling between the left IFG and the left STG in children. Together,

our findings suggest that the reduced maturation status of the white matter connectivity

could be the reason for reduced cortical thickness covariance in children, demonstrating a

potential link between gray matter covariance and white matter connectivity.
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5 Cortical thickness asymmetry and its relation to

language abilities in children5

5.1 Introduction

The two hemispheres of the human brain differ in their anatomy and function. Such asym-

metry has been observed for language [136, 212]. It has been suggested that bilateral acti-

vation and inter-hemispheric cooperation are preferred when processing highly demanding

complex tasks, while simple tasks are processed within a single hemisphere [164]. There-

fore, it is intuitive to infer that individuals who insufficiently master certain cognitive tasks

would show stronger bilateral activation and inter-hemispheric connectivity. Indeed, chil-

dren have shown a greater bilateral activation pattern in comparison to adults in previous

language research [30, 48, 165, 213].

With respect to the brain’s structural asymmetry of language-related regions, it has

also been shown to change with age throughout childhood and adolescence [139, 140,

152, 153, 214, 215] and, more crucially, to be related to language abilities [155]. However,

despite the broad interest in the development of the brain’s lateralization and its association

with language abilities, the developmental trajectory of the brain’s structural asymmetry of

language-related brain regions and the linkage with cognitive abilities, in particular, lan-

guage abilities, remains largely elusive.

Thus, in Study III of my thesis, I aimed to investigate the development of the brain’s

structural asymmetry in young children and its linkage to the changes in language compre-

hension abilities during development. To do so, we collected structural magnetic resonance

image (MRI) data and tested the sentence comprehension abilities of 5-year-old children.
5This chapter is the modified version of a published manuscript: Qi, T., Schaadt, G., & Friederici, A. D.

(2019). Cortical thickness lateralization and its relation to language abilities in children. Developmental Cogni-

tive Neuroscience. doi: 10.1016/j.dcn.2019.100704
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These children were then re-invited 1) a year later (i.e. at age 6), where we again col-

lected their structural MRI data and sentence comprehension abilities and 2) two years

later, where we again tested their sentence comprehension abilities (i.e., at age 7). The

reason why we chose this age range is that children in this developmental window are

characterized by advanced development in brain function and structure [50, 61, 70], along

with being characterized by a steady development in language capacities [9, 19, 60].

We first examined the developmental changes of cortical thickness asymmetry of the

chosen language-related regions of interest (ROIs) in children between the ages of 5 and

6, then analyzed whether the individual asymmetry changes were interrelated with the

changes in language abilities. Next, we investigated the correlation between the brain’s

asymmetry and language abilities of the children when they were 7 years old. We hy-

pothesized longitudinal changes in both structural asymmetry and language capacities. In

addition, we expected that the individual development of structural asymmetry is associ-

ated with language abilities, and, crucially, that individual changes in structural asymmetry

are coupled with changes in language abilities across development. Lastly, we expected

that the structural asymmetry of the young brain (i.e., at age 5 and 6) is predictive for later

language performance (i.e., at age 7).

5.2 Methods of Study III

5.2.1 Subjects

In total 56 children (26 girls) were included in the present study. Their mean age was

5.47 years at the first testing (SD = 0.28) and 6.47 (SD = 0.27) at the second testing, with

a mean interval of 11.97 months (SD = 1.22) between the two testing time points. The

third testing time point, where we only assessed the children’s sentence comprehension

abilities, took place when children were 7.62 years old (SD = 0.33), with a mean interval

of 13.77 months (SD = 3.23) between the second and third testing time point. Due to the

high possibility (i.e., 30%) of atypical functional lateralization in left-handers [216, 217],

we only included right-handers, measured and classified by the modified version of the

Edinburgh Handedness Inventory [201]. Further, children’s non-verbal IQ was assessed
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with the German version of the Kaufman Assessment Battery for children (K-ABC) [202]

with all participants showing a mean non-verbal IQ of 107.11 (SD = 9.45) ranging from

88 to 126 (i.e., within or above the normal range from 85 to 115). 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 parents 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.

5.2.2 Behavioral test

A standardized sentence comprehension test, namely the Test zum Satzverstehen von

Kindern (TSVK, English: sentence comprehension test for children) [204] was adminis-

trated to assess the general sentence comprehension abilities of children. Specifically,

the TSVK employs a picture-matching task, in which each sentence is auditorily presented

together with three pictures. The child is required to choose the correct picture (out of

the three pictures) that matches the sentence’s content. A total of 36 items that vary in

sentence complexity, which was manipulated by word order, tense, mode, clause number,

pronoun type, and verb type, was presented. Thus, TSVK assesses children’s general

sentence comprehension capacities, not limit to case-marking abilities that were mainly

tested in Study I (see Section 3.2.2). The number of correct responses was counted as

raw scores and further converted to standard T -scores. Given that age-standardized T -

scores would remove the time trend (i.e. developmental information) from longitudinal data

[218], only the raw score of the TSVK will be reported in this study. Descriptive statistics of

the children for all three testing time points and behavioral performance of TSVK test can

be found below in Table 5.1.
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Table 5.1: Descriptive statistics of the children for all three testing time points separately.

Time points
Brain Behavior: TSVK scores

N (M/F) Age (SD) N (M/F) Age (SD) Raw scores (SD)

Time point 1 56 (30/26) 5.47 (0.28) 55 (29/26) 5.48 (0.28) 24.95 (2.99)

Time point 2 56 (30/26) 6.47 (0.27) 52 (29/24) 6.46 (0.27) 28.71 (2.77)

Time point 3 - - 51 (28/23) 7.62 (0.33) 30.47 (2.61)

Note: Children without behavioral data (time point 1: N = 0, time point 2: N = 3, time point 3: N = 5) and with
behavioral scores but detected as outliers (time point 1: N = 1, time point 2: N = 1, time point 3: N = 0) were
excluded when reporting the mean scores. Numbers in brackets indicate standard deviations.

5.2.3 Data preprocessing and statistical analysis

5.2.3.1 Data acquisition

T1-weighted structural MRI data were collected on a Siemens 3T MRI scanner with a 12-

channel array head coil. The same parameters as described in Section 3.2.3 were used.

Again, children were asked to participate in a mock scan before the formal MRI scanning

to familiarize them with the environment and the experimental procedure.

5.2.3.2 Regional-wise preprocessing

The data parameters and initial preprocessing procedures have been described in Sec-

tion 2.1 and 3.2.4.1 above. One difference between this study and the first two studies is

that the preprocessing in the present study was performed using Freesurfer version 6.0.0

compared to an earlier version of 5.3.0 in the first two studies. In addition, several addi-

tional procedures were performed for this study to obtain a reliable estimation of cortical

thickness, particularly for the longitudinal dataset. Briefly, longitudinal images were auto-

matically processed with the longitudinal stream implemented in Freesurfer [219] to obtain

reliable volume and cortical thickness estimates of the children across the time points.

To be impartial to each time point, an unbiased within-subject template space and image

[220] was created using the robust, inverse consistent registration [221]. Several proce-

dures, such as skull stripping, Talairach transforms, atlas registration, as well as spherical

surface maps and parcellations were then initialized with common information from the
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within-subject template to reduce random variation in the processing procedures and to

increase reliability and statistical power [219].

5.2.3.3 Vertex-wise preprocessing

In addition to the regional-wise analysis, a vertex-wise analysis that improves the spatial

resolution and reduces the influence of the specific parcellation was conducted for valida-

tion purposes. We examined the changes of cortical thickness asymmetry and its relation-

ship with language development identical to the regional-wise analysis.

After the preprocessing procedures mentioned earlier, the xhemi procedure, as the

default procedure for symmetry analysis in Freesurfer, was performed [222]. By doing

so, the vertex-wise cortical thickness maps of individuals were aligned to the common

surface-based symmetric and unbiased template, namely fsaverage_sym, that has been

implemented in Freesurfer to avoid the hemispheric bias of the default common template

fsaverage. Then both left and right hemispheric maps were projected to the left hemisphere

of the fsaverage_sym for each individual, resulting in one-to-one mapped vertices across

hemispheres. Finally, to reduce noise, thickness maps were smoothed with a Gaussian

kernel of 20-mm full-width-at-half-maximum (FWHM), as has been done in Study I.

5.2.4 Laterality index calculation

The laterality index, which quantifies the cortical thickness difference between the left and

right hemispheres, has been described in Section 2.2 above. We computed both regional-

and vertex-wise laterality indices. The regional-wise analysis was conducted on several

language-related ROIs that have been reported in the previous literature [29, 163, 223],

and was based on the Desikan-Killiany parcellation [224] implemented in Freesurfer. These

language-related ROIs (see Figure 5.1A) included temporal and parietal regions, namely

the bankssts (i.e., banks of the STS), superior temporal gyrus (STG), middle temporal

gyrus (MTG), supramarginal gyrus (SMG), transverse temporal [i.e., Heschl’s gyrus, (HG)],

temporal pole (TP), inferior parietal cortex (IPC); and frontal regions, namely the caudal

part of the middle frontal gyrus (MFG), pars opercularis (i.e., opercular part of the IFG),
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pars triangularis (i.e., triangular part of the IFG), and pars orbitalis (i.e., orbital part of

the IFG). Note that these three latter parts of the IFG are also known in the Brodmann-

based terminology as BA 44, BA 45 and BA 47. The automatic parcellation based on the

hemispheric-specific anatomical features has been demonstrated to show higher accuracy

compared to manual labeling [224]. We additionally inspected the parcellation for each

subject visually to ensure accuracy. Of note, this selection of ROIs was confirmed by per-

forming a term-based meta-analysis using the terms ‘language comprehension’, ‘sentence

comprehension’, and ‘language comprehension network’ in NeuroSynth [225] (see Figure

5.1B). The resulting term-based language networks also included the IFG, STG, and MTG.

We additionally included temporoparietal areas (i.e., IPC and SMG), as they were reported

to be involved in sentence comprehension in a previous meta-analysis [29]. To cancel out

any influence from ROI selection using a specific atlas (e.g., number of regions defined

in the atlas), we performed an additional vertex-based analysis, which considered both

hemispheres equally for each vertex [186, 226].

Figure 5.1: Language-related ROIs (only illustrated in the left hemisphere for visualization
proposes) selected from the Desikan-Killiany atlas (A) and verified by term-based meta-
analysis (B). ROIs include inferior and middle frontal, superior temporal, middle temporal
regions, as well as the precentral gyrus.

5.2.5 Statistical analyses

5.2.5.1 Regional-wise analysis

One-sample t-tests were conducted on the laterality indices of each ROI to examine the

significance (i.e., significantly differed from zero) of the asymmetry. Linear mixed-effect

model was adopted to analyze the longitudinal data using the R package nlme [227]. For
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all models, baseline age (i.e., age at first testing time point), gender, handedness, and a

random effect term of the subject were included as covariates of no interest, along with

non-verbal IQ, which was additionally included in models concerning language abilities.

The relationship between brain lateralization and language performance was further as-

sessed. Specifically, changes of brain asymmetry and sentence comprehension abilities

across time were computed by subtracting the measures at the first testing time point from

the second time point to examine whether brain asymmetry change is accompanied by

sentence comprehension improvements. Bonferroni correction was used for multiple com-

parisons with a significance level of p < 0.005 (i.e., 0.05/11 ROIs).

5.2.5.2 Vertex-wise analysis

The Surfstat toolbox used in Study I was also used for the vertex-wise analyses in this

study. The models and statistics applied in the regional-wise analysis were also adopted

for the vertex-wise analysis. Significance values of all surface-based results were corrected

by FDR for multiple comparisons with a significance level of p < 0.05.

5.3 Results

5.3.1 Longitudinal language performance changes

A significant fixed effect of time [estimate = 2.80, t(101) = 13.66, confidence interval (CI):

2.40-3.20, p < 0.001] was observed, indicating that there were significant language ability

changes over time. Meanwhile, the SD of the intercept of the random effect was 1.68

with a CI between 1.20 and 2.36, which did not cross zero, suggesting that the intercept

of the random effect of the subject was significant, indicating large individual differences

in language performance. The detailed descriptive statistics on sentence comprehension

abilities are listed in Table 5.1 above.
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5.3.2 Longitudinal cortical thickness asymmetry changes

Before examining the longitudinal cortical thickness asymmetry changes, the cortical thick-

ness asymmetry was examined in children when they were 5 and 6 years old and is pre-

sented below in Figure 5.2 and Table 5.2. When children were at the age of 5 years

(see Figure 5.2A), significant leftward asymmetry, that is greater thinning in the right hemi-

sphere compared to its left counterpart, was observed in the orbital part of the IFG (known

as BA47, p < 0.005, Bonferroni corrected) and significant rightward asymmetry, that is

greater thinning in the left hemisphere compared to the right, was observed in the temporal

pole (p < 0.005, Bonferroni corrected). In addition, a trend level significance (p < 0.05,

uncorrected) was demonstrated for several regions, including the opercular part of the IFG

(known as BA44), the SMG and the caudal part of the MFG showing a leftward asymmetry

and the MTG and the STG showing a rightward asymmetry. Children at age 6 showed a

very similar asymmetry pattern (see Figure 5.2B), with the exception that the MFG now

showed significant left-lateralization, the MTG showed significant right-lateralization and

that the IFG was no longer significantly left-lateralized (p < 0.005, all Bonferroni corrected).

In addition, we also examined the asymmetry pattern at the vertex level for the entire

brain (see Figure 5.3) revealing a similar asymmetry pattern as that presented in language-

related ROIs in children. The asymmetry followed the anterior-posterior direction by show-

ing a significant leftward asymmetry of anterior regions, including orbital, middle and supe-

rior frontal gyrus, postcentral, and cingulate gyrus and a significant rightward asymmetry

of posterior regions, including cuneus, lateral occipital, lingual gyrus and temporal pole (p

< 0.05, FDR corrected).
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Table 5.2: Cortical thickness asymmetry of language-related ROIs at first and second
testing time points.

Regions T1 T2

t-values p-values effect size t-values p-values effect size
STS Banks -2.01 0.049 0.27 -1.58 0.119 0.21
MFG caudal 2.89 0.007 0.38 3.87 <0.001 0.52
IPC -1.60 0.115 0.21 -1.84 0.071 0.25
MTG -2.55 0.014 0.34 -2.98 0.004 0.40
BA44 2.40 0.020 0.32 2.58 0.013 0.35
BA47 3.21 0.002 0.43 2.70 0.009 0.36
BA45 1.19 0.239 0.16 1.10 0.278 0.15
STG -2.65 0.010 0.35 -2.68 0.01 0.36
SMG 2.17 0.034 0.29 2.65 0.010 0.36
TP -4.89 <0.001 0.65 -5.25 <0.001 0.70
HG -1.47 0.147 0.20 -0.15 0.882 0.02

Notes: Bold indicates statistical significance.

Figure 5.2: Cortical thickness asymmetry patterns of the language-related ROIs in children
aged (A) 5 and (B) 6 years. A positive laterality index indicates leftward asymmetry, while
a negative laterality index indicates rightward asymmetry. The left panel of each figure
shows brain regions with significant asymmetry tested by one-sample t-test (p-values <
0.005, Bonferroni corrected). Red-colored ROIs denote significant left-lateralized regions,
and blue colored ROIs denote significant right-lateralized regions. The right panel of each
figure shows laterality indices of all ROIs ordered by the strength of the mean laterality
indices. For visualization purposes, p-values were log-transformed, and a darker color
denotes more significant p-values. L = left; R = right.

Next, the longitudinal thickness asymmetry changes across development were exam-

ined and the asymmetry of the HG was found to change significantly from age 5 to 6 years.

Specifically, the HG showed a reduction in right-lateralization (mean laterality index at age

5 = -0.01, SD = 0.05; mean laterality at age 6 = 0.00, SD = 0.04; t(55) = 3.15, p = 0.003, CI:
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Figure 5.3: Cortical thickness asymmetry of the whole brain at the vertex level in children
aged 5 years (A) and 6 years (B). A and B indicate vertex-wise cortical thickness asymme-
try patterns. Regions colored in red denote significant left-lateralized regions, and regions
in blue denote significant right-lateralized regions. For visualization purposes, the corrected
p-values were log-transformed, and a darker color indicates more significant p-values. L,
left; R, right.

0.003-0.013) within the one-year-interval. Further, when performing paired-sample t-tests

as a post-hoc analysis to compare the cortical thickness changes across the two testing

time points for both the left and right HG, a significant cortical thickness change was ob-

served in the right HG (T1: mean = 2.93, SD = 0.27; T2: mean = 2.88, SD = 0.26, T2-T1

= -0.049, p < 0.001, t = 4.29, cohen’s d = 0.57), but not in the left HG (T1: mean = 2.87,

SD = 0.24; T2: mean = 2.87, SD = 0.24, T2-T1 = -0.001, p = 0.920, t = 0.10, cohen’s d =

0.01). This result suggests that the reduction in the HG’s rightward asymmetry was driven

by a faster cortical thinning in the right HG in comparison to its left counterpart. In addition,

the intercept for the random effect was significant for all ROIs, implying that there were sig-

nificant individual differences in the children’s brain asymmetry. Results of the longitudinal

analysis are outlined in Table 5.3.

Similar to the regional-wise findings showing no significant changes in asymmetry for

most of the language-related ROIs across time, no significant cortical thickness asymmetry

changes at the whole-brain level in children between 5 and 6 years of age was observed.

5.3.3 Associations between changes in language performance and brain asym-

metry

We examined the association between language performance and cortical thickness asym-

metry for each testing time point (i.e., separately for the age of 5 and 6 years, respectively).

However, we did not detect a significant correlation at either time point. Further, despite
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Table 5.3: Longitudinal cortical thickness asymmetry changes across development.

Regions Fixed effect Random effect

estimate t-values p-values CI
(lower )

CI
(upper ) SD CI

(lower )
CI
(upper )

STS Banks 0.002 1.41 0.165 -0.001 0.005 0.034 0.029 0.041
MFG caudal 0.003 1.63 0.109 -0.001 0.006 0.017 0.013 0.020
IPC 0.000 -0.37 0.712 -0.002 0.002 0.015 0.012 0.018
MTG -0.001 -0.44 0.662 -0.003 0.002 0.019 0.018 0.022
BA44 0.001 0.37 0.712 0.000 0.003 0.019 0.016 0.023
BA47 -0.003 -1.40 0.166 -0.008 0.001 0.040 0.033 0.049
BA45 0.000 -0.09 0.926 -0.004 0.004 0.024 0.020 0.030
STG 0.000 0.30 0.767 -0.002 0.003 0.020 0.016 0.024
SMG 0.002 0.98 0.331 -0.002 0.005 0.022 0.019 0.027
TP -0.004 -1.58 0.121 0.000 0.001 0.028 0.023 0.035
HG 0.008 3.15 0.003 0.003 0.013 0.041 0.034 0.050

Notes: Bold indicates statistical significance, The asymmetry of the transverse temporal gyrus (known as
Heschl’s gyrus, HG) showed significant changes across the different time points, The intercept of the random
effect was significant for all ROIs.

the minimal group-level asymmetry changes across time, asymmetry changes may emerge

at the individual level. Thus, we concentrated on individual differences by examining the

associations between individual changes in brain asymmetry across time for all language-

related ROIs and the individual changes in language performance, listed in Table 5.4. A sig-

nificant negative correlation was found between the change in language performance and

the change in thickness asymmetry in BA45 (r = -0.45, p = 0.002, Bonferroni corrected), il-

lustrated in Figure 5.4. Further, when the initial language performance and the initial mean

cortical thickness asymmetry of the whole brain were additionally taken as covariates of

no interest, this negative correlation stayed significant (r = -0.43, p = 0.003, Bonferroni

corrected). This finding suggests that greater thinning in the triangular part of the left IFG

from 5 to 6 years in comparison to the right IFG is associated with larger improvement in

children’s sentence comprehension abilities regardless of their initial behavioral and brain

status.

When validating the association between cortical thickness asymmetry changes with

language changes in children between 5 and 6 years of age at the vertex level, a nega-

tive correlation was again found for the IFG (p < 0.05, FDR corrected), including BA45 and

BA44 (see Figure 5.4B). This finding replicates the reported regional-wise findings and sur-

vived even at the whole-brain vertex level, suggesting that children with greater language
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improvement show greater cortical thickness thinning in the left IFG in comparison to its

right counterpart regardless of parcellation.

Table 5.4: Correlations between asymmetry changes and language abilities changes
across development.

Regions r uncorrected p-values

STS Banks -0.18 0.222
MFG caudal -0.21 0.157
IPC -0.26 0.082
MTG 0.11 0.469
BA44 -0.17 0.244
BA47 -0.37 0.012
BA45 -0.45 0.002
STG -0.05 0.766
SMG -0.11 0.480
TP 0.13 0.374
HG 0.18 0.229

Notes: Bold indicates statistical significance with a p-value below 0.005 (i.e., 0.05/11 ROIs) after multiple
comparison correction for language-related ROIs.

Figure 5.4: Illustration of the negative correlation between cortical thickness asymme-
try changes in the IFG and changes of language performance (i.e., TSVK raw scores) in
children between the ages of 5 and 6 years. (A) illustrates the correlation among language-
related ROIs in the triangular part of the IFG (colored in black) at the regional level. (B)
illustrates the correlation in the IFG (including the triangular and opercular part of the IFG,
colored in red) at the vertex level as validation. Of note, baseline age, gender, handedness,
and non-verbal IQ were included as covariates of no interest.

5.3.4 Associations between cortical thickness asymmetry and later language

performance

As language performance was additionally collected when children were 7 years old, we

further investigated whether early cortical thickness asymmetry (at age 5 and age 6 years)

is predictive of later language performance (at age 7 years). Our finding (see Figure 5.5A, B
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and Table 5.5) showed that the language performance in 7-year-old children was negatively

correlated with the cortical thickness asymmetry in BA45 of the children when they were

5 years old (r = -0.40, p = 0.005, Bonferroni corrected) and when they were 6 years old

(r = -0.42, p = 0.003, Bonferroni corrected), while controlling for covariates of no interest

(i.e., baseline age, gender, handedness, and non-verbal IQ). These findings suggest that

children with superior language performance at age 7 showed thinner cortical thickness in

the left compared to the right IFG at ages 5 and 6.

At the vertex level (see Figure 5.5C), the later language abilities (at age 7 years) were

additionally found to be negatively correlated with the early cortical thickness asymmetry

(at age 5 years) in the MFG and SMG (p < 0.05, FDR corrected), but not with the brain of

children at regional level (at age 6 years).

Figure 5.5: Associations between early brain asymmetry and later sentence comprehen-
sion abilities. Illustrated is the negative correlation between language abilities at age 7
years among language-related ROIs and cortical thickness asymmetry in the IFG (colored
in black) in children at age 5 years (A) and age 6 years (B) at the regional level. In addi-
tion, (C) illustrates the vertex-level negative correlation between language abilities at age
7 years and cortical thickness asymmetry in the middle frontal and supramarginal gyrus
(colored in red) in children at age 5 years. Of note, baseline age, gender, handedness, and
non-verbal IQ have been adjusted as covariates of no interest.
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Table 5.5: Correlations between the brain’s asymmetry in children at age 5 and at age 6
and later language abilities at age 7.

Regions Asymmetry at age 5 Asymmetry at age 6
r uncorrected p-values r uncorrected p-values

STS Banks 0.07 0.637 0.00 0.975
MFG caudal 0.00 0.976 -0.06 0.677
IPC 0.10 0.513 0.04 0.788
MTG 0.05 0.732 -0.01 0.925
BA44 0.02 0.899 0.05 0.764
BA47 -0.26 0.081 -0.23 0.113
BA45 -0.40 < 0.005 -0.42 0.003
STG -0.04 0.769 -0.12 0.426
SMG 0.03 0.841 0.00 0.982
TP -0.07 0.642 -0.22 0.141
HG 0.18 0.225 0.13 0.378

Notes: Bold indicates statistical significance with a p-value below 0.005 (i.e., 0.05/11 ROIs) after multiple
comparison correction for language-related ROIs.

5.4 Summary

The goal of this study was to investigate the developmental trajectory of language abil-

ities and cortical thickness asymmetry. Specifically, we wanted to examine to what ex-

tent changes in cortical thickness asymmetry of language-related brain regions are related

to sentence comprehension abilities across development. We found significant leftward

asymmetry in the IFG and significant rightward asymmetry in the temporal pole at age 5

years, along with a similar asymmetry pattern in 6-year-old children, as well as a signif-

icant asymmetry change between the ages 5 and 6 in the HG. Further-more, individual

changes in language abilities were associated with structural asymmetry changes in the

IFG, indicating a stronger reduction in cortical thickness in the left compared to the right

IFG between the ages of 5 and 6 to be associated with greater language improvement. In

addition, greater cortical thinning in the left compared to the right IFG in children aged 5

and 6 years was associated with superior language performance in the very same children

at the age of 7. Thus, we showed that the amount of changes in the IFG’s cortical thickness

asymmetry impacts the strength of language comprehension improvement, as children with

a stronger change in the IFG’s asymmetry developed superiorly in their language abilities,

compared to children with less asymmetry change.
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5.5 Supplementary materials

Given the different cortical thickness and surface area asymmetry patterns presented in

adults [140, 141], surface area asymmetry was further examined in children when they

were 5 and 6 years old and is presented below in Figure 5.6. When children were at the

age of 5 years (see Figure 5.6A), significant leftward asymmetry (p < 0.005, Bonferroni

corrected), that is greater surface area in the left hemisphere compared to its right counter-

part, was observed in the HG, the opercular part of the IFG, the SMG, the caudal part of the

MFG, and the superior temporal cortex (including TP, STG, and STS). Moreover, a signifi-

cant rightward asymmetry, that is, a smaller surface area in the left hemisphere compared

to its right counterpart, was observed in the anterior IFG (including the orbital and triangular

parts), the MTG, and the IPC (p < 0.005, Bonferroni corrected). Children at age 6 showed

an identical asymmetry pattern (see Figure 5.6B) with a slight difference in the strength of

the laterality index. These findings reveal a stable surface area asymmetry during devel-

opment, and more importantly, show a different asymmetry pattern in comparison to the

cortical thickness. Moreover, neither surface area asymmetry nor changes in surface area

asymmetry were correlated with sentence comprehension abilities or changes in sentence

comprehension abilities. These findings further suggest a relatively small, but a changing

cortical thickness asymmetry that changes with language abilities during development.
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Figure 5.6: Surface area asymmetry patterns of language-related ROIs in children aged 5
(A) and 6 (B) years. A positive laterality index indicates leftward asymmetry, while a neg-
ative laterality index indicates rightward asymmetry. The left panel of each figure shows
brain regions with significant asymmetry tested using one-sample t-tests (p < 0.005, Bon-
ferroni corrected). Red-colored ROIs denote significant left-lateralized regions, and blue
colored ROIs denote significant right-lateralized regions. The right panel of each figure
shows laterality indices of all ROIs ordered by the strength of their mean laterality indices.
For visualization purposes, p-values were log-transformed, and a darker color denotes
more significant p-values. L = left; R = right.
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6 General summary and discussion

Sentence comprehension is essential for the success of language acquisition and social

communication. Syntactic knowledge is especially required and crucial in the process of

sentence comprehension but occurs late and gradually during language acquisition in com-

parison to other language domains (e.g., speech and semantics). Interrelation between the

brain’s anatomy and function and sentence comprehension abilities can be hypothesized

due to an increase in syntactic knowledge, together with dramatic maturation in both the

brain’s anatomy and function in children between the ages of 3 and 7 years. So far, how-

ever, it remains unknown how the anatomical brain, in particular the gray matter, develops

and is related to language performance, particularly, the more advanced sentence compre-

hension abilities. Thus, this thesis aimed to bridge the brain’s morphology and sentence

comprehension abilities in preschool children to reveal the structural basis of individual dif-

ferences in sentence comprehension acquisition. Three studies have been conducted to

achieve this goal. In this chapter, I will first summarize and discuss the main findings of

these three studies. Next, findings of all three studies will be comprehensively discussed

in terms of the overall aim of this thesis, namely the association between brain and sen-

tence comprehension development in children. In the final step, limitations of this thesis

and directions for future research will be discussed to gain a more comprehensive under-

standing of the brain mechanisms underlying language acquisition, before closing with the

conclusion.
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6.1 General summary

The first study (Chapter 3) investigated how cortical thickness covariance is associated with

syntactic sentence comprehension abilities in preschoolers, as well as how the syntax-

related cortical thickness covariance develops from preschool to adult age. The results

demonstrated that preschool children showed a restricted covariance pattern for both the

left inferior frontal gyrus (IFG) seed and left superior temporal gyrus and sulcus (STG/STS)

seed, which merely co-varied with their neighboring and contralateral homologous regions.

However, preschool children with enhanced comprehension abilities of syntactically com-

plex sentences showed increased covariance between the left IFG and the left temporal

regions compared to low performers. This advanced covariance pattern was more like the

covariance pattern observed in school-age children and adults. More specifically, we could

demonstrate that the covariance pattern of the language-related seeds developed progres-

sively from restricted to widely distributed brain regions from preschool to adult age. This

suggests an age-related increase for the covariance between the left IFG and the left supe-

rior temporal region across these three age groups. In addition, this finding indicates that

children with superior sentence comprehension abilities of syntactically complex sentences

already show an adult-like pattern with stronger left frontotemporal cortical thickness co-

variance compared to children with reduced sentence comprehension abilities. Notably,

neither the developmental trend nor the interaction with language abilities was observed

for the cortical thickness networks of the control seeds (i.e., right V1 and right precentral

gyrus). This finding suggests that the observed developmental changes of covariance net-

works observed for the language-related ROIs are specific for language and should not be

interpreted as a general developmental trend.

Given the tight association between the brain’s gray matter and the white matter re-

ported in previous literature [228, 229], that is, decreasing cortical thickness (i.e., cortical

thinning) is always accompanied by increasing myelination, we hypothesized that corti-

cal thickness covariance corresponds to the underlying white matter connectivity. Thus,

the second study (Chapter 4) of this thesis investigated whether the cortical thickness co-

variance language network is associated with the corresponding white matter connectivity
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language network. Specifically, the language-related white matter fiber tract that connects

the left IFG and the left pSTG/STS was examined in the very same preschool children

and adults of the first study. The results showed distinctions in the arcuate fascicles (AF),

as reflected in streamline density, fractional anisotropy (FA), axial diffusivity (AD), radial

diffusivity (RD), and mean diffusivity (MD) between preschoolers and adults, suggesting

that the difference of IFG-to-STG/STS cortical thickness covariance between preschoolers

and adults was accompanied by a different maturation status of the AF. More importantly,

an association between the cortical thickness covariance between the left IFG and the left

pSTG/STS and the left AF linking the IFG and pSTG/STS was found only in adults, but not

in preschoolers. These findings suggest that adults with higher FA in the AF also showed

increased cortical thickness covariance between the left frontotemporal regions. Further, it

also indicates that the reduced cortical thickness covariance observed in preschoolers can

be attributed to the immature underlying white matter connectivity of the AF in comparison

to adults. Taken together, preschoolers showed only bilateral covariance for the language-

related seeds that were mainly co-varied with the right homologue regions, contrasting with

the covariance of adults, who showed increased left-lateralized covariance between the left

frontal and temporal areas. This finding is probably indicative of a shift from bilateral lan-

guage processing to left-lateralized language processing during language development,

which led to the third study (Chapter 5) of this thesis.

The third study aimed to examine the brain asymmetry of language-related brain re-

gions during development. More specifically, we wanted to investigate whether the cortical

thickness asymmetry changes are coupled with sentence comprehension abilities in chil-

dren across development. We found significant asymmetry changes in children between

the age of 5 and 6 years in the Heschl’s gyrus (HG). Further, individual changes in language

abilities were associated with cortical thickness asymmetry changes in the triangular part

of the IFG, indicating a stronger cortical thinning in the left compared to the right triangular

part of the IFG between the ages of 5 and 6, which were associated with greater language

improvements. In addition, greater cortical thickness reduction in the left compared to the

right triangular part of the IFG in children both at the age of 5 and 6 years were associ-
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ated with superior language performance of the very same children at the age of 7. Thus,

the amount of change in the IFG’s cortical thickness asymmetry was found to impact the

strength of language comprehension improvement.

To summarize, the three studies in the present thesis delineated the brain’s structure in

association with sentence comprehension development in children. In the following, I will

first discuss the main findings of these three studies separately, before discussing them in

combination.

6.2 Discussion of Study I: The role of left frontotemporal covariance for lan-

guage development

Findings of the first study suggest a not-yet fully developed language network with predom-

inantly short-range and inter-hemispheric covariance in young children. This is in agree-

ment with previous cortical thickness covariance studies in children who also found reduced

covariance patterns for higher-order networks, such as the control and default mode net-

works [128, 129]. Also, this finding is in line with findings [60] showing that the functional

selectivity for complex syntactic language processing emerges late and develops gradu-

ally. For instance, an adult-like functional selectivity for syntax in the left BA44 cannot be

observed in children until they become 9-10 years old, despite already showing selective

activation in the left pSTG during sentence comprehension [50, 51, 60]. Furthermore and

also in line with the present results, functional connectivity studies demonstrated stronger

inter-hemispheric connectivity between the bilateral IFG and the bilateral STG, rather than

long-range intra-hemispheric connectivity between the left IFG and left pSTG in preschool-

ers compared to adults [62, 63]. Thus, the cortical thickness covariance analysis performed

here converges with previous functional studies and indicates that the network specialized

for syntactic processing has not yet fully developed in preschool children as shown by the

absence of long-range covariance in the left hemisphere.

Although we found preschoolers to generally show an immature cortical thickness co-

variance language network, preschool children showing superior comprehension abilities

of syntactically complex sentences showed increased covariance between the left inferior
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frontal and temporal cortex compared to low-performing preschoolers (see Section 3.3.2).

Notably, this association was not affected by general cognitive abilities (i.e., non-verbal IQ)

and was only observed for language-related seeds, but not for the control seeds (i.e., right

V1 and right precentral gyrus), suggesting that the association with language abilities was

specific to the language-related network. Importantly, the found association is in line with

both previous functional and white matter connectivity studies, where sentence compre-

hension abilities were positively correlated with the functional connectivity between the left

IFG and pSTG/STS in preschoolers [63] and the microstructure of the AF in children be-

tween the ages 3-10 years [60]. Thus, the first study of this thesis suggests that despite

the restricted covariance pattern in preschool children, those with enhanced syntactic abil-

ities show a stronger long-range covariance pattern between the left IFG and left temporal

cortex that subserves sentence comprehension processes and is thought to be the more

adult-like covariance pattern.

This interpretation was further supported when cross-sectionally comparing preschool-

ers, school-age children, and adults, where we observed an age-related increase in the

cortical thickness covariance between the left frontal and the left superior temporal region,

evolving from no covariance in preschoolers to high positive covariance in adults (see Sec-

tion 3.3.3). Such age-related changes in covariance between brain regions relevant for syn-

tactic processing are compatible with previous structural covariance studies, which showed

that the left frontotemporal cortical thickness covariance in speech and semantic networks

increases with advancing age in adolescents [116, 129]. Further, this result is compatible

with previous connectivity studies revealing developmental differences between adults and

children in both functional and white matter connectivity of language-related brain regions

[30, 48, 60, 63]. In particular, increased functional connectivity between the left frontal and

temporal region has been observed in adults, while children show predominantly interhemi-

spheric functional connectivity between the left and right STG, and between the left and

right IFG [48, 62, 63]. Taken together, a maturational shift from local and inter-hemispheric

to distant and intra-hemispheric cortical thickness covariance during development is likely

[131, 132, 230, 231]. In addition, this shift might be due to the continuous development of
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neural substrates that allow for more effective long-range neural pathways by intensifying

co-activation between distant regions and weakening co-activation between locally aligned

regions [131, 133].

To analyze whether the emergence of structural covariance depends on its functional

specialization, two control seeds (i.e., the lower order networks right V1 and right precen-

tral gyrus) were additionally examined in terms of their cortical thickness covariance 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), where adults demonstrated higher covariance with the neighboring regions of the right

precentral gyrus as a seed in comparison to children. The covariance network of the con-

trol seeds (i.e., right V1, right precentral gyrus) differed from that of the language-related

network (see Section 3.3.4). In contrast to the control seeds, the language-related network

was shown to increase from preschool to adult age. These results suggest two alternative

developmental trajectories for higher- (i.e., language) and lower-order (e.g., visual process-

ing) cognitive functions. This is in line with previous developmental and aging studies [121,

129, 232]. Notably, these different structural covariance patterns of higher- and lower-order

networks might indicate that the evolvement of structural covariance networks depends on

the developmental trajectory of their functional specialization. As we did not find any age-

related changes across the three age groups for lower-order networks, we propose that the

full maturation of their structural covariance already occurs before preschool age. In con-

trast, higher-order networks, such as the higher-order default-mode and language network

(as demonstrated in the present thesis), develop later during childhood (see also [129]).

6.3 Discussion of Study II: Relating gray matter covariance of the language

network with the underlying white matter

The findings of the second study indicated preschool children to show reduced connec-

tivity strength as measured by streamline density and white matter maturation status as

measured by FA, AD, RD, and MD, of the AF, in comparison to adults. This result is in line

with previous studies demonstrating that children at the age of seven [109, 111] and even
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children at the ages of 9-10 years [60] showed a less mature AF compared to adults. Con-

sistent with our results (see Section 4.3.1), age-related increases in FA and age-related

decreases in MD, RD, and AD from childhood to adulthood have been shown in general,

as well as specifically for the language-relevant AF [81, 88, 89, 91, 110, 233, 234]. De-

velopmental changes of DWI measures from preschool to adult age from Chapter 4 might

be explained by the underlying microstructural changes. Generally, it is assumed that

AD measures water diffusion parallel to tissue fibers, indicating axonal status or extra ax-

onal/cellular space change, while RD measures diffusion of water perpendicular to fibers,

indicating myelination [87, 235–237]. Thus, the increased FA and decreased MD might be

driven by a reduced inter axonal/cellular space as indicated by decreased AD [89, 92, 237,

238] and by a developmental increase in myelination [93] as indicated by RD.

Importantly, the association between the cortical thickness covariance and the FA of

the AF in adults, but not yet in preschoolers (see Section 4.3.2), suggests that adults with

higher FA in the AF showed an increased cortical thickness covariance between the left IFG

and the left superior temporal areas. As mentioned in Chapter 2, FA can be described as a

summary measure of white matter microstructural properties, such as axonal myelination,

packing density and membrane permeability [86, 87]. Thus, the association between the

white matter tract and gray matter structural covariance of frontotemporal regions might

suggest that the thickness covariance is mediated by the underlying white matter fiber tract,

that is the AF [118, 120, 123]. Specifically, this mediation by the AF is most likely related

to the white matter microstructural properties, such as myelination and axonal packing

that were found to modulate FA [86, 87]. The association between cortical thickness and

myelination across development [159, 239] further supports the hypothesis regarding the

linkage with white matter connections and gray matter covariance. Thus, the second study

of this thesis suggests that the emergence of structural covariance between frontal and

temporal regions is, at least partially, mediated by an increase of white matter connectivity

in the AF across development.
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6.4 Discussion of Study III: Structural asymmetry changes influence suc-

cessful language development

The findings of the third study demonstrated that preschool children between the ages

of 5 and 6 years presented a trend towards leftward asymmetry in the frontal and infe-

rior parietal language-related regions and a trend towards rightward asymmetry in most of

the temporal regions at both testing time points at age 5 and 6 years (see Section 5.3.2).

This finding is compatible with previous cortical thickness asymmetry studies, showing the

anterior cortex (most frontal regions) to be significantly left-lateralized and the posterior

cortex (posterior temporal and parietooccipital regions) to be prominently right-lateralized

in school-age children and adults [140, 142]. However, despite the similarities in asym-

metry patterns at both ages, a significant cortical thickness asymmetry change was ob-

served in the temporal region, namely HG, across time. Specifically, HG showed a trend

towards rightward asymmetry at both time points, but with a reduction in rightward asym-

metry across time (between the age of 5 and 6), meaning a greater cortical thinning in the

left compared to the right hemisphere during development. This finding is compatible with

most previous studies showing cortical thickness asymmetry to evolve dynamically across

development [65, 139, 142, 214], but not with all studies [141]. However, in contrast to

the prominent asymmetry changes observed in previous research, the present study only

revealed significant thickness asymmetry changes in the HG, but not in the frontal and

posterior temporal regions as in previous research [139, 140, 152]. These inconsistencies

could be attributed to the differences in experimental design, such as age range, start-

and end-points of the experiment, scanning intervals, and the number of assessment time

points [240–243]. Further, different methodologies, such as applying regional- or vertex-

level approaches might also account for these inconsistencies. In particular, for the present

study, the age range focusing on young children (larger age range covering childhood and

adulthood in previous studies [139, 140, 142, 152]) and the narrow scanning interval of one

year (approximately 2-5 years between each testing time point in previous studies [65, 75,

152]) might be the main reasons why we hardly found measurable changes in structural

asymmetry at the group-level across development. However, and more importantly, despite
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the minimal asymmetry changes at group-level, the observed large individual differences in

structural asymmetry (also in language performance, see Section 5.3.1 and 5.3.2) enabled

us to further examine individual differences of brain asymmetry changes and its association

to language performance changes [244].

In general, when considering the behavioral performance of our participants, children

showed an improvement in sentence comprehension abilities from 5 to 7 years (see Sec-

tion 5.3.1). This is in line with previous studies showing language functions to steadily

increase [9, 11, 19], and particularly sentence comprehension abilities [56]. More im-

portantly, when considering the coupling between changes in language improvement and

changes in cortical thickness asymmetry, this study showed that the amount of changes

in the IFG’s cortical thickness asymmetry relates to the strength of language comprehen-

sion improvement. Children with a stronger asymmetry in the triangular part of the IFG, as

well as stronger asymmetry changes in the triangular part of the IFG between the age of

5 and 6 years developed superiorly in their language abilities, compared to children with

less asymmetry and less asymmetry change. These findings (see Section 5.3.3) add to

previous findings by showing that greater cortical thinning in the left IFG was associated

with higher language performance, such as phonological and vocabulary skills in children

[65, 75]. Moreover and beyond, it indicates that a more mature pattern of the left IFG

(i.e., greater cortical thinning in the left compared to the right counterparts) seems to be

related to higher language abilities, which supports the assumption of the IFG to be one of

the core language regions (see also [30, 61]). In addition, the finding (see Section 5.3.4)

that a relatively thinner cortical thickness in the left compared to the right IFG in 5- and

6-year-old children is predictive for higher sentence comprehension abilities at the age of

7 years further supports the above-discussed assumption. Furthermore, the association

between asymmetry and language performance is also in line with previous diffusion [155]

and functional [156] studies, showing that a leftward white matter asymmetry in the AF and

a leftward functional asymmetry during language production tasks was associated with

larger vocabulary in children. Thus, the third study of this thesis suggests that changes

in sentence comprehension abilities are associated with the cortical thickness asymmetry
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changes in the language-related core region, namely the IFG, highlighting the IFG’s crucial

role in language acquisition and sentence comprehension.

6.5 General discussion

6.5.1 The left IFG and its role in sentence comprehension development

The left IFG, namely Broca’s area that includes pars opercularis and pars triangularis, is

a core language brain region that is involved in a variety of language-related processes.

In particular, the opercular part of the left IFG (i.e., BA44), together with the pSTG/STS,

has been reported to subserve syntactic structure building, that is, the processing of syn-

tactically complex sentences in adults [34, 35, 37, 106]. However, the triangular part of

the left IFG (i.e., BA45), together with the middle and anterior part of the temporal cortex,

has been found to subserve semantic sentence comprehension [39–41, 245]. In the first

study of this thesis, when selecting the left IFG (i.e., BA44) as a seed to examine the corti-

cal thickness covariance syntactic network in preschool children, a not-yet-fully-developed

syntactic covariance network was demonstrated. Since behavioral findings demonstrated

that children do not show above chance level performance for syntactically more complex

object-initial sentences before the age of 6 [19], it could be suggested that the cortical

thickness covariance pattern of the left IFG subserves the processing of these syntactically

more complex sentences. This is compatible with our study as preschoolers still show an

immature structural covariance pattern of the left IFG for syntax. Further, these findings

are consistent with previous neuroimage studies showing that the specialized network for

syntactic processing occurs late and develops slowly during language development [49,

60]. Such slow development of syntax and the functional specialization of the left IFG fits a

recent model, describing the developmental trajectory of language acquisition and propos-

ing two stages for language acquisition, namely bottom-up and top-down. In comparison

to the fast acquisition of the bottom-up process, top-down processes, relevant for sentence

comprehension and supported by the inferior frontal cortex, occur late and develop slowly

[7]. Further, this model, together with the present findings, stresses the prolonged mat-

uration of the inferior frontal cortex and that this prolongation is found to be necessary
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for human learning during development, particularly language acquisition [157]. Thus, the

finding that the left IFG, more precisely the opercular part, showed a restricted covariance

in the brain’s morphology in preschool children in comparison to school-age children and

adults, suggests a gradual maturation progression during language development and its

importance during the comprehension of syntactically complex sentences.

This thesis demonstrates that the maturation of the left IFG is associated with sentence

comprehension abilities in children. Specifically, a positive association was found between

preschoolers’ comprehension abilities of syntactically more complex sentences and cortical

thickness covariance seeding from the left IFG. This is in line with previous findings reveal-

ing a positive correlation between syntactic processing capacities and functional activations

in the left IFG in young children aged 5 to 7 years [49, 61], and in school-age children aged

7 to 16 years [51]. Furthermore and also in agreement with the present findings, the per-

formance of syntactically complex sentences was positively correlated with functional and

white matter connectivity (i.e., the AF) seeding from the left IFG in preschoolers [63] and in

children from the ages 3 to 10 years [60]. These studies suggest that the maturation of the

left IFG and its connectivity modulate sentence comprehension abilities in children, despite

that they still show a less-established left frontotemporal language network compared to

adults. Of note, the association between sentence comprehension abilities and cortical

thickness covariance was not found in the left temporal seed (i.e., left pSTG/STS) and the

control seeds (i.e., right primary visual cortex and the right precentral gyrus), suggesting a

specific association between sentence comprehension abilities and structural covariance

of the left IFG. Together, although the reduced cortical thickness covariance pattern ex-

ists in preschoolers, children with enhanced syntactic abilities show a stronger long-range

left-lateralized covariance for the left IFG (i.e., BA44), being covaried with the left temporal

region.

The importance of the IFG during language acquisition was further highlighted in this

thesis when analyzing the association between cortical thickness asymmetry changes

and sentence comprehension changes during development. Results showing how corti-

cal thickness asymmetry changes in the triangular part of the IFG (i.e., BA45) impacts the
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strength of sentence comprehension improvement in children between the ages of 5 and 6

years is consistent with previous studies on the brain’s asymmetry of children. These stud-

ies showed that the asymmetry of the AF that connects the IFG with the pSTG/STS was

correlated with phonological [155] and reading skills [246] in children older than 5 years of

age. This suggests that the stronger leftward asymmetry of the AF is associated with bet-

ter language performance in children. Further, the white matter microstructure (i.e., MD)

asymmetry, functional asymmetry, as well as cortical thickness asymmetry in the IFG have

been shown to increase with age in children between the ages of 2 and 7 years [247] and in

a large population range from the ages of 5 to 59 years [139]. Such age-related asymmetry

changes in the IFG were found to be driven primarily by a faster age-related change in the

left hemisphere, suggesting a faster maturation in the left IFG compared to the right IFG

during development. However, this contrasts with the present findings, where we did not

show an age-related asymmetry change in the IFG. But we showed that a stronger right-

ward asymmetry was associated with greater sentence comprehension improvement in

children. Thus, despite the mixed findings on asymmetry changes during language devel-

opment, it seems that the asymmetry of the IFG is interrelated with language performance

in children. Moreover, the present findings extend previous findings by showing that the

improvement of language abilities between the ages of 5 and 6 years depends not only on

functional changes [60] and structural changes [79] in the IFG, but moreover on the brain’s

structure asymmetry and its change across development. Taken together, a stronger brain

asymmetry, particularly in the IFG’s structure, is indicative of superior language abilities

and could be beneficial for language performance in children.

Of note, both the opercular (i.e., BA44) and triangular (i.e., BA45) part of the left IFG -

the classical Broca’s area - were revealed in the first and third study of this thesis to be rele-

vant for sentence comprehension in preschool children. This is in line with previous studies

consistently reporting that the left IFG subserves sentence comprehension [34, 35, 37,

106]. More specifically, these two anatomical subdivisions of the IFG have been shown to

be functionally specialized for syntactic and semantic information processing [39–41, 99],

which is in line with the present results. The current findings (see Study I) showed that the
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covariation of the BA44 was associated with performance on syntactically more complex

sentences, but not with performance on syntactically more simple sentences, suggest-

ing that BA44 is responsible for the processing of syntactically more complex sentences.

Moreover, the findings of the third study also showed that the asymmetry of BA45, not

BA44, was associated with performance in general sentence comprehension in preschool

children, suggesting that BA45 is responsible for general sentence comprehension, specif-

ically relying on semantic processes. These findings are also compatible with previous

children’s studies showing that the syntactic abilities during sentence comprehension were

associated with the functional activation mainly in the BA44, together with a marginal effect

in the BA45 [49, 60]. Thus, the present results additionally suggest that preschool children

have shown a trend of functional segregation in the left IFG for syntactic and semantic

processing, which has been revealed in the adults’ brain and gradually emerges until early

adolescents [50, 51]. In sum, the findings of this thesis suggest that the cortical thickness

covariance of the left IFG and the asymmetry of the IFG (i.e., a more mature left IFG) are

related to sentence comprehension abilities in young children, suggesting that the gray

matter maturation of the overall left IFG is highly essential for successful sentence com-

prehension ability acquisition in children and might be the basis for the brain’s functional

specialization for language.

6.5.2 The left frontotemporal network underlying sentence comprehension

Beyond the left IFG and its association with sentence comprehension abilities in children,

we found its covariance with temporal regions to be highly important for children’s sen-

tence comprehension abilities in Study I. Specifically, we found that high-performing chil-

dren showed increased covariance between the left frontal and temporal regions, which is

more adult-like, compared to low-performing children. This is in line with previous cortical

thickness covariance findings, showing that the covariance between the left frontal and su-

perior temporal regions increases with age in adolescents for various language networks,

such as the semantic network (choosing the left temporal pole as a seed) [116, 129]. Im-

portantly, this left-lateralized frontal to temporal covariance is consistent with previous con-
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nectivity studies showing that the left IFG, together with its interaction with the posterior

superior temporal regions, contributes to syntactic processing abilities [248]. In addition,

this left frontotemporal network has been suggested as the default language network and

particularly subserves sentence comprehension in adults [27, 30, 62], but not yet in young

children. Indeed, these findings demonstrated that adults showed increased long-range

left-lateralized functional connectivity between the left IFG and the left pSTG/STS when

seeding from either the left IFG or the left pSTG, in contrast to the stronger local and inter-

hemispheric connectivity with the right homologues of the seeds found in children aged 5

to 7 years [62, 63]. This suggests that adults show a stronger frontotemporal cortical thick-

ness covariance in the syntactic language network compared to preschoolers, implying a

maturational tendency from local and inter-hemispheric to distant and intra-hemispheric

covariance during language development [130–132, 230, 231].

Furthermore, increased connectivity was found in the corresponding white matter fiber

tract, namely the AF across development [60, 91, 249]. This is also in line with the findings

of the second study of this thesis, where adults showed increased microstructural matura-

tion status compared to the very same preschoolers of the first study of this thesis. Taken

together, the first and second study of this thesis (see Chapter 4 and 5) emphasize that

cortical thickness covariance, together with the corresponding white matter fiber tract con-

necting the left frontotemporal network that underlies sentence comprehension, develops

with age and is related to language abilities. Apart from the reduced cortical thickness

covariance and white matter connectivity between left frontotemporal regions that we ob-

served in preschool children in comparison to adults, we found an association between

the covariance of the left IFG and the left temporal region and the FA of the AF only in

adults. These findings suggest that adults with higher FA in the AF also show stronger cor-

tical thickness covariance between the left frontal and the left temporal region. However,

this association was only found for adults, but not yet for preschoolers, further suggesting

that the immature white matter connectivity in preschoolers is most likely the reason for

the reduced cortical thickness covariance in preschoolers. In line with this interpretation,

previous developmental studies have demonstrated that a decrease of cortical thickness is
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accompanied by an increase of white matter [158, 239, 250]. Further, Lerch et al., have

shown that the cortical thickness covariance pattern centered in BA44 resembled the AF

connecting BA44 with temporal brain regions [116]. Furthermore, cortical thickness covari-

ance across the cerebral cortex has been suggested to partly reflect the underlying fiber

connections [123]. Thus, the present finding suggests that the linkage between cortical

thickness and white matter can also be found from the perspective of inter-regional connec-

tivity. However, it is noteworthy that white matter connectivity is not the only explanation for

the emergence of cortical thickness covariance. For instance, functional connectivity and

shared gene expression have also been found to account for the emergence of cortical

thickness covariance patterns [126, 251, 252]. Detailed information regarding other expla-

nations for cortical thickness will be outlined below in the limitations and future research

section of Section 6.6.

6.5.3 The importance of asymmetry changes for sentence comprehension

development

One interesting finding of Study I of this thesis was that preschoolers only showed a bi-

lateral covariance for the language-related seeds (i.e., IFG and pSTG/STS), lacking left-

lateralized intra-hemispheric covariance that we observed in adults. This is in line with

previous developmental studies demonstrating that children primarily show brain activa-

tions in the bilateral frontal and temporal cortices during sentence comprehension, while

adults show left-lateralized brain activations in these brain regions [48, 165, 213]. Further

and in line with Study I, children showed predominantly inter-hemispheric functional and

white matter connectivity in comparison to adults who show increased left-lateralized con-

nectivity across the frontotemporal language network [20, 30, 63]. In addition, our control

analyses showed such developmental differences to only occur in language-related seeds,

rather than in lower-order networks (i.e., V1 and precentral gyrus; see Section 3.3.4), sug-

gesting that the found developmental tendency from a bilateral to a left-lateralized pattern

is specific for language. Furthermore, the preference for neither the left nor the right hemi-

sphere in children in language-related seeds is also in line with findings showing that both
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hemispheres are more likely to be involved when highly demanding tasks are processed

(here: comprehension of syntactically complex sentences in children), but not during the

processing of simple tasks (e.g., visual processing), where only one specific hemisphere

is required [164]. Thus, the current findings suggest that children, who are not as capable

of processing syntactically complex sentences compared to adults, need to involve both

hemispheres, instead of only the left hemisphere as we observed for adults. Interestingly,

high-performing children in Study I have already overcome the need to involve both hemi-

spheres by showing greater left-lateralized cortical thickness covariance between the left

IFG and the left pSTG in comparison to low-performing children. More importantly, this

shift from a bilateral involvement of the hemispheres to only left-hemispheric involvement

during language development indicates an increase of functional specialization of the left

hemisphere for language processing. A similar developmental trend from local and inter-

hemispheric connections to long-distant and intra-hemispheric connections in adulthood

was further observed in other higher-order cognitive networks, such as the control network

and the default-mode network [130–133]. This might indicate that functional specialization

might go along with an increased preference of one specific hemisphere during develop-

ment, which can be reflected in the brain’s asymmetry or lateralization.

Thus, we investigated the brain’s asymmetry in association with language performance

during development in Study III. Language is one of the most lateralized cognitive functions

favoring the left hemisphere over the right in adults [136]. The hemispheric counterparts

do not mature at the same time, resulting in structural and functional asymmetries that ulti-

mately are important for specialization and operational efficiency [139]. This thesis showed

significant rightward asymmetry in the temporal regions (e.g., temporal pole and middle

temporal gyrus) and leftward asymmetry in frontal regions (e.g., orbital IFG and middle

frontal gyrus). More interestingly, individual asymmetry changes in the IFG were associ-

ated with individual sentence comprehension improvement. between the age of 5 and 6

years (see Section 5.3.3). This is consistent with previous asymmetry findings demonstrat-

ing that increased language abilities were associated with stronger leftward asymmetry in

the AF [155, 246], with stronger asymmetry in the myelin content [253] and with stronger
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leftward functional asymmetry during the completion of a production task [156]. Moreover,

individuals with developmental disorders have shown alterations in cortical asymmetry,

which further strengthens the association between the brain’s asymmetry and language

performance [144]. More specifically, the current study revealed a significant correlation

between the changes of language abilities and of brain asymmetry, rather than the brain-

behavior correlation at the same time point. This finding suggests that the relationship

between the brain’s asymmetry and language skills is dynamically changing during devel-

opment. Thus, in combination with previous studies, the results (i.e., language abilities are

associated with cortical thickness asymmetry as well as with cortical thickness covariance

of the left hemisphere in children) lead to the conclusion that higher sentence comprehen-

sion abilities are accompanied by an increased preference for the involvement of the left

hemisphere in language-related regions/fiber tracts in the brain (see also [136]).

6.6 Limitations and future directions

There are several concerns in terms of experimental design and methodology which should

be considered in future studies.

First, the concept of structural covariance still lacks a biological interpretation at the cel-

lular level. Thus, it is hard to conclude whether highly structurally co-varied brain regions

are modulated by synaptic connectivity between brain regions or genetic/developmental

relationships at the cellular or laminar level. However, highly structurally co-varied brain

regions have been found to subserve certain cognitive functions and are probably subject

to similar developmental processes [117]. Moreover, the similar developmental process

of two covaried brain regions (e.g., significant cortical thickness couplings between the

left IFG and the left STG) is also reflected by white matter connectivity [116, 123] and

functional connectivity of synchronous neuronal activation of the brain [126, 251]. More

importantly, recent studies have shown that structural covariance networks are linked to

both molecular (i.e., gene expression [252, 254]) and cellular features (i.e., cytoarchitec-

tonic [255]). The present thesis only examined the relationship between cortical thickness

and direct white matter connectivity, without testing other factors that may affect structural
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covariance. Furthermore, there is increasing evidence suggesting that anatomical proper-

ties can be estimated more accurately when combining more than one anatomical index

with cortical thickness, such as gray matter volume [256], sulcal depth [257], myelination

[159, 228]. Thus, additional investigations using multimodal information, such as functional

connectivity, mesoscopic laminar structure, and gene expression, should be undertaken

to not only obtain a more precise estimation of anatomical features, but also to clarify the

potential link between structural covariance and above-mentioned factors, and more im-

portantly to provide a comprehensive understanding of the cortical thickness covariance

underlying the ontogeny of language.

Furthermore, FA, which has been the only parameter in Study II showing an association

with cortical thickness covariance between the left fronts-temporal regions in adults (see

Section 4.3.2) is not an indicator of mere myelination. Hence, we should be cautious with

the interpretation that simply attributing the inter-regional cortical thickness covariance to

the myelination of the AF. Thus, to verify that cortical thickness covariance is mediated

by the myelination of white matter tracts, here the AF, quantitative T1 data that provides

robust measures driven by myelin content of white matter [258, 259] should additionally be

examined in future studies.

Both cross-sectional (Study I and II) and longitudinal (Study III) designs have been

adopted in this thesis. However, it needs to be emphasized that especially cross-sectional

studies are subject to sampling bias and cohort effects, namely 5-year-olds and 9-13-year-

olds were arbitrarily taken as preschool children and school-age children groups. Thus, the

findings of Study I and Study II may not necessarily generalize to the overall population. In

addition, cross-sectional studies most likely underestimate changes within individuals over

time and have less statistical power. This can be overcome by longitudinal studies, which

can sufficiently examine the dynamic trajectory of the brain’s structure during development

[260]. Of note, several issues should still be considered when reflecting on the longitudinal

results of the third study. Specifically, the narrow design interval and the limited number of

assessment time points might be one of the reasons that we hardly detected asymmetry

changes of the brain longitudinally in Study III. Therefore, an optimized longitudinal design
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with larger design intervals (i.e., a 2-year interval) and more assessment time points (i.e.,

at least three testing points) should be adopted in future longitudinal studies to obtain

measurable brain changes, for instance, to possibly find asymmetry changes in the IFG and

reliable developmental trajectories across time. In addition, the group comparison analysis

performed in the first study assumed that cortical thickness follows a linear developmental

trajectory. However, the cortical thickness developmental trajectory of some cortical areas

has also been found to be explained by some non-linear (i.e., a cubic and quadratic) models

[261], and not merely by a linear model. The hypothesized model most likely influenced

the outcome of the cortical thickness covariance analyses. Thus, other non-linear models

are required to be examined in future research.

Moreover, each study of this thesis was based on modest sample size, such that the re-

sults should be treated with caution when generalizing the results to the overall population.

Even though it is difficult to collect children data, larger sample size is always recommended

to gain sufficient effect sizes and power and to obtain more solid inferences. Recently, a

number of open datasets for adults have been released to provide an opportunity to inves-

tigate neuroimaging and behavioral data based on a large data sample. It would also be

of great interest to have open datasets for both typically and atypically developing children

in terms of language to have the possibility to examine the development of children in a

large sample in the future. In addition and also with respect to the sample, the Study III

only included right-handers (i.e., over 90% of them have the typical asymmetry) to exclude

the impact of possible atypical lateralization (i.e., different hemispheric dominance) in left-

handers (i.e., 30% have the atypical lateralization) [216, 262]. However, the mere inclusion

of right-handers might bring left-hemispheric bias for language abilities [152], which should

be considered in future studies by including a balanced number of left- and right-handers

to cancel out this sample selection bias.

The present thesis focused specifically on sentence comprehension development with

a specific interest in syntactic development. However, other language capacities, such as

phonological skills and vocabulary size, should also be tested to provide a more complete

understanding of the relationship between language abilities and structural covariance as
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well as structural asymmetry. Therefore, future studies should additionally assess, for ex-

ample phonological and semantic abilities, to gain a broader understanding of the devel-

opment of the brain morphology in language acquisition. Moreover, due to the absence of

behavioral tests for school-age children and adults in Study I and II, we could not investi-

gate language abilities in relation to structural covariance in these other two age groups, but

only in preschoolers. However, testing language abilities in school-age children and adults

could verify our claim that the development of the long-range intra-hemispheric frontotem-

poral structural covariance of the syntactic language network is associated with syntactic

language abilities not only in preschoolers, but also in school-age children and adults.

Finally, there are some additional concerns from the methodological perspective. All

three studies investigated surface-based cortical morphology, that is, cortical thickness.

The surface-based approach has certain advantages, such as the separation of cortical

thickness and surface area, but ignores subcortical structures, such as the caudate [263]

and putamen [263, 264], which are also involved in language processing. Thus, subcortical

structures should also be taken into account in future research to yield a more complete

picture of the brain’s covariance and its asymmetry in relation to language development.

Also, this thesis only examined cortical thickness, but other modalities, such as surface

area, which is influenced by divergent genetic factors [265] compared to cortical thickness

[266], should also be investigated in future research. Hence, it is not surprising that two

distinct asymmetry patterns have been revealed in terms of cortical thickness and sur-

face area (see supplements in Section 5.5). Surface area demonstrates a more prominent

asymmetry pattern compared to the asymmetry of cortical thickness [140, 141]. Intrigu-

ingly, the surface area of the IFG has been found not only with significant asymmetry, but

also a segregated asymmetry pattern for the subdivisions of the IFG. Specifically, the op-

ercular part of the IFG is significantly left-lateralized, while the triangular part of the IFG

is significantly right-lateralized (see also [140]). This segregated asymmetry pattern in the

two subdivisions of the IFG is in line with Chapter 5 from this thesis and probably indicates

the functional specialization of these two brain regions during language processing. Thus,

the investigation of multimodal neuroimaging data might offer a deeper understanding re-
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garding the brain’s morphology and its association with language development.

6.7 Conclusion

In conclusion, the present thesis reveals the characteristics of anatomical changes of the

language-related brain regions during development, as well as its link to syntactic language

comprehension abilities. First, I demonstrated that the gray matter cortical thickness co-

variance of brain regions relevant for syntactic processes maturates from preschoolers

to school-age children, to adults. Further, combining with white matter data, this thesis

showed that immature white matter connectivity is probably the reason for the reduced

cortical thickness covariance in young children. Both gray and white matter evidence of

this thesis provide new insights, specifically from the perspective of the brain’s structure, to

the existing neuroscientific model of language acquisition, and gain a more comprehensive

understanding of the emergence of syntactic processing during language development.

Moreover, this thesis revealed the association between language development and brain

development in terms of cortical thickness covariance and asymmetry. This work further

emphasizes that individual differences should gain more attention, which is especially im-

portant for developing children, who tend to show large variability in the course of devel-

opment and can be utilized to reveal the neural basis of human cognition and behavior in

general. Taken together, this thesis presents novel findings on the brain’s morphology to

explain how it develops and is associated with sentence comprehension abilities in typ-

ically developing preschool children. The multimodal evidence in this thesis contributes

to a more fundamental understanding of the relationship between the brain’s maturation

and sentence comprehension during language acquisition. Furthermore, the approach ex-

amining the relationship between brain regions paves an avenue to explore the network

hypothesis underlying language processing as well as disease mechanisms, and it may

be a useful approach for clinical applications for atypically developing children in terms of

language development.
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Summary of dissertation

Language acquisition is characterized by a remarkable instinct. Children rapidly acquire

basic bottom-up language abilities, such as word-level phonological detection, in the first

three years of life. However, the mastery of sentence comprehension at the final stage of

language acquisition takes much longer [7]. The core principle of sentence comprehension

is the mastery of syntax and semantics. Specifically, syntax enables one to generate and

understand who did what to whom and is thus critical in language acquisition as well as so-

cial communication. Existing studies conducted on children have revealed the underlying

mechanism of sentence comprehension during development on the functional and anatom-

ical level. For instance, functional studies have identified the left inferior frontal gyrus (IFG)

and posterior superior temporal gyrus and sulcus (pSTG/STS) as core regions of sentence

comprehension in adults [30–32, 34, 35], but also in children despite a reduced activation

[49, 58]. Anatomical studies further show that the arcuate fasciculus (which connects the

left IFG and the left pSTG/STS) does not fully mature until late childhood [20, 107]. The

arcuate fasciculus is important for syntactic processing [30] and forms the dorsal language

pathway. Dramatic changes in brain structure during development are also not limited to the

white matter, but involve gray matter changes that contribute to language acquisition [65,

73, 157]. Investigating the brain’s gray matter and its relation to sentence comprehension

can thus provide a more complete picture of the brain’s mechanisms underlying sentence

comprehension during language acquisition. However, the association between the brain’s

gray matter (i.e., cortical thickness) and improvement in sentence comprehension abilities

has been scarcely investigated.

This thesis aims to investigate the potential link between the brain’s cortical thickness

and sentence comprehension ability to obtain a better understanding of the underlying

neural substrates for sentence comprehension development. Specifically, the following

questions are addressed in the current thesis. First, as language is supported by the com-

131



munication of distributed cortical regions [163], I seek to answer how the brain’s anatomi-

cal language network, such as the structural covariance network, is relevant for syntax in

preschoolers and emerges across development. Secondly, to investigate the agreement

of cortical thinning and white matter myelination, I answer whether the gray matter lan-

guage covariance network in the first study is associated with the corresponding white mat-

ter language network. Finally, considering language is a significantly lateralized cognitive

function, I address how cortical thickness asymmetry changes longitudinally in preschool

children and how this potential change is related to language development in children.

To address these questions, structural magnetic resonance imaging (sMRI) data of three

cross-sectional age groups (i.e., preschool children aged 5, school-age children aged 9 to

13, and young adults aged 19 to 33), and a longitudinal group of preschoolers (followed

from 5 to 6 years of age) were collected together with behavioral assessments measuring

sentence comprehension abilities in preschool children. The first study investigated the

structural covariance in association with sensitivity to case-marking cues in 5-year-olds,

as well as further developmental changes of structural covariance across the three cross-

sectional age groups (including school-age children aged 9 to 13 and adults aged 19 to

33). Next, as a follow-up of the first study, the second study examined the correspondence

between cortical thickness covariance and white matter fiber connectivity in preschoolers

and the developmental differences in comparison to adults. Finally, the third study was

conducted to study the developmental changes in cortical thickness asymmetry and its re-

lation to the development of sentence comprehension abilities in children in a longitudinal

group of children between the ages of 5 and 6 years.

The first study showed that the cortical thickness covariance pattern of brain regions rel-

evant for syntax, namely the left IFG and the left pSTG/STS, developed from a less mature

pattern in preschoolers to a more mature one in school-age children and adults. Inter-

estingly, preschoolers with enhanced sentence comprehension abilities showed increased

covariance between the left fronto-temporal regions, which is more adult-like. When ad-

ditionally combining school-age children and adults, age-related increases in the cortical

thickness covariance between left frontal and left superior temporal regions were observed.
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These findings suggest that preschoolers display immature patterns of gray matter struc-

tural covariance with reduced couplings in the left fronto-temporal cortices. However, the

children with enhanced sentence comprehension abilities showed a more mature pattern,

that is an increased covariance between the left inferior frontal and superior temporal re-

gions. These findings provide gray matter evidence in the context of sentence compre-

hension and inter-regional covariance, providing novel evidence for existing neuroscientific

language comprehension models which claim the dorsal language pathway connecting the

left IFG (i.e., BA44) and the left pSTG/STS subserves syntactic processing and is still im-

mature in preschool children [7, 30].

The second study showed significant age-related changes in white matter properties,

as reflected by increased streamline density and fractional anisotropy in adults compared

to preschoolers. This suggests that beyond the reduced cortical thickness covariance in

preschool children compared to adults, children also display immature white matter con-

nectivity. In addition, a positive correlation between cortical thickness covariance and white

matter tract linking the left IFG and the left pSTG/STS was found in adults, but not yet

in preschoolers. The study thus demonstrates the consistency between gray and white

mater inter-regional covariance/connectivity that is relevant for language. It moreover sug-

gests that the reduced maturation of white matter connectivity could be the reason for

reduced cortical thickness covariance in children. These findings further stress a not-

yet-fully-developed dorsal pathway underlying language comprehension in preschoolers,

supporting the above-mentioned language acquisition models.

The third study showed a significant asymmetry change between the ages of 5 and 6 in

the temporal regions (i.e., Heschl’s gyrus), but not in the frontal regions. However, children

with greater improvements in sentence comprehension showed greater cortical thinning in

the left triangular part of the IFG compared to the right counterparts. Furthermore, children

with greater thinning in the left triangular part of the IFG compared to the right at the age of

5 and 6 years were associated with superior sentence comprehension abilities in the very

same children when tested again at the age of 7. This study, which is the first study as far

as I know to show the longitudinal asymmetry changes across development, suggests that
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the amount of changes in asymmetry of the IFG is associated with language comprehen-

sion improvement and reveals the dynamic relationship between brain development and

language development.

Taken together, the present thesis reveals the developmental pattern of language-

related brain regions and establishes its link to syntactic language comprehension abili-

ties. This thesis demonstrates that the gray matter cortical thickness covariance of brain

regions relevant for syntactic processing develops gradually from preschoolers to school-

age children, and then to adults. Further, this thesis shows that immature white matter

connectivity patterns could explain the reduced cortical thickness covariance observed in

young children. Both gray and white matter evidence provide new insights to the existing

neuroscientific model of language acquisition and deepen our understanding of the emer-

gence of syntactic processing during language development. Moreover, this thesis shows

that the functional specialization of language is associated with brain development in terms

of cortical thickness covariance and asymmetry. This work further emphasizes that more

attention should be paid to individual differences in developing children, who show large

variability in the course of development. These differences can further be utilized to re-

veal the neural basis of human cognition and behavior in general. To sum up, this thesis

presents novel findings on how developmental changes in brain structure correlate to sen-

tence comprehension abilities in typically developing preschool children. The multimodal

neuroimage evidence provided by this thesis contributes to a broader understanding of the

relationship between the brain’s maturation and sentence comprehension during language

acquisition in preschool children.
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Zusammenfassung der Dissertation

Der Spracherwerb ist durch eine bemerkenswerte angeborene Neigung gekennzeichnet.

Kinder erwerben in den ersten drei Lebensjahren rasch grundlegende Bottom-up Sprach-

fähigkeiten, wie etwa die Erkennung von Phonemen auf Wortebene. Die Beherrschung des

Satzverständnisses in der letzten Phase des Spracherwerbs dauert jedoch deutlich länger

[7]. Das Kernprinzip des Satzverständnisses ist die Beherrschung von Syntax und Seman-

tik. Die Syntax ermöglicht es insbesondere, zu verstehen und wiederzugeben, wer was

mit wem gemacht hat, und ist daher sowohl für den Spracherwerb als auch für die soziale

Kommunikation entscheidend. Bestehende Studien, die an Kindern durchgeführt wurden,

haben den zugrunde liegenden Mechanismus des Satzverständnisses während der Ent-

wicklung auf funktioneller und anatomischer Ebene offengelegt. So haben funktionelle Stu-

dien beispielsweise den linken Gyrus frontalis inferior (IFG) und den hinteren Gyrus und

Sulcus temporalis superior (pSTG/STS) als Kernregionen des Satzverstehens sowohl bei

Erwachsenen [30–32, 34, 35], als auch bei Kindern (trotz einer reduzierten Aktivierung)

identifiziert [49, 58]. Anatomische Studien zeigen ferner, dass der Faszikulus arcuatus (der

den linken IFG und den linken pSTG/STS verbindet) erst in der späten Kindheit voll aus-

reift [20, 107]. Der Faszikulus arcuatus ist für die syntaktische Verarbeitung [30] wichtig

und bildet den dorsalen Sprachpfad. Drastische Veränderungen in der Gehirnstruktur wäh-

rend der Entwicklung sind nicht auf die Weiße Substanz beschränkt, sondern beinhalten

Veränderungen der Grauen Substanz, die ebenfalls zum Spracherwerb beitragen [65, 73,

157]. Die Untersuchung der Grauen Substanz des Gehirns und ihrer Beziehung zum Satz-

verständnis kann daher ein vollständigeres Bild der Mechanismen des Gehirns liefern, die

dem Satzverständnis beim Spracherwerb zugrunde liegen. Bisher ist der Zusammenhang

zwischen der Grauen Substanz des Gehirns (d.h. der Dicke der Großhirnrinde) und der

Verbesserung des Satzverstehens allerdings noch kaum untersucht worden.

Ziel dieser Arbeit ist es, den möglichen Zusammenhang zwischen der kortikalen Dicke
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des Gehirns und dem Satzverständnis zu untersuchen, um ein besseres Verständnis der

zugrunde liegenden neuronalen Substrate für die Entwicklung des Satzverständnisses zu

erhalten. Im Einzelnen werden in der vorliegenden Arbeit die folgenden Fragen behandelt.

Da Sprache durch die Kommunikation verteilter kortikaler Regionen unterstützt wird [163],

versuche ich zunächst zu beantworten, inwiefern das anatomische Sprachnetz des Ge-

hirns, insbesondere das strukturelle Kovarianznetzwerk, für die Syntax in Vorschulkindern

relevant ist und wie es entwicklungsübergreifend entsteht. Um den Zusammenhang von

kortikaler Ausdünnung und Myelinisierung der Weißen Substanz zu untersuchen, beant-

worte ich zweitens, ob das Kovarianznetzwerk der Grauen Substanz in der ersten Studie

mit dem entsprechenden Sprachnetzwerk der Weißen Substanz assoziiert ist. Als letztes

fokussiere ich mich auf den Fakt, dass Sprache eine deutlich lateralisierte kognitive Funk-

tion ist, und untersuche wie sich die Asymmetrie der kortikalen Dicke bei Vorschulkindern

über die Zeit verändert und wie diese potenzielle Veränderung mit der Sprachentwicklung

bei Kindern zusammenhängt.

Um diese Fragen zu untersuchen, wurden Daten der strukturellen Magnetresonanz-

tomographie (sMRT) von drei Altersgruppen im Querschnitt (Vorschulkinder im Alter von

5 Jahren, Schulkinder im Alter von 9 bis 13 Jahren und junge Erwachsene im Alter von

19 bis 33 Jahren) und einer Gruppe von Vorschulkindern im Längsschnitt (gefolgt von

5 bis 6 Jahren) zusammen mit Verhaltensmessung der Satzverständnisfähigkeit bei Vor-

schulkindern gesammelt. Die erste Studie untersuchte den Zusammenhang zwischen der

strukturelle Kovarianz und der Sensitivität für Fallmarkierungs-Hinweise bei 5-Jährigen so-

wie weitere Entwicklungsänderungen der strukturellen Kovarianz in den drei Querschnitts-

Altersgruppen (einschließlich der Kinder im Schulalter von 9 bis 13 Jahren und der Erwach-

senen im Alter von 19 bis 33 Jahren). Als Folgestudie zur ersten Studie untersuchte die

zweite Studie den Zusammenhang zwischen der Kovarianz der kortikalen Dicke und der

strukturellen Konnektivität der weißen Substanz bei Vorschulkindern und die Entwicklungs-

unterschiede im Vergleich zu Erwachsenen. Schließlich wurde die dritte Studie durchge-

führt, um die entwicklungsbedingten Veränderungen der kortikalen Dickenasymmetrie und

ihre Verbindung zur Entwicklung des Satzverstehens bei Kindern in einer Längsschnitt-
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gruppe von Kindern im Alter von 5 bis 6 Jahren zu untersuchen. Die erste Studie zeigte,

dass sich die Kovarianz der kortikalen Dicke der für die Syntax relevanten Hirnregionen,

nämlich des linken IFG und des linken pSTG/STS, von einem weniger reifen Hirnmuster

bei Vorschulkindern zu einem reiferen Hirnmuster bei Schulkindern und Erwachsenen ent-

wickelte. Interessanterweise zeigten Vorschulkinder mit höheren Satzverständnisfähigkei-

ten eine stärkere Kovarianz zwischen den linken frontotemporalen Regionen, welche eher

der von Erwachsenen ähnelt. Bei der zusätzlichen Kombination von Kindern im Schulalter

und Erwachsenen wurde eine altersbedingte Zunahme der Kovarianz der kortikalen Di-

cke zwischen der linken frontalen und der linken oberen temporalen Regionen beobachtet.

Diese Ergebnisse legen nahe, dass Vorschulkinder unreife Muster der strukturellen Kova-

rianz der grauen Substanz mit reduzierten Kopplungen im linken frontotemporalen Kortex

aufweisen. Kinder, die über ein verbessertes Satzverstehen verfügen, zeigten jedoch ein

reiferes Muster, d.h. eine erhöhte Kovarianz zwischen der linken inferioren frontalen und

der linken superioren temporalen Region. Diese Ergebnisse liefern Evidenz auf Grundlage

der grauen Substanz im Kontext von Satzverständnis und interregionaler Kovarianz und

somit neue Hinweise für bestehende neurowissenschaftliche Sprachverständnismodelle,

die annehmen, dass der dorsale Sprachpfad, der den linken IFG (d.h. BA44) und den lin-

ke pSTG/STS verbindet, die syntaktische Verarbeitung unterstützt und bei Vorschulkindern

noch nicht vollständig ausgereift ist [7, 30].

Die zweite Studie zeigte signifikante altersbedingte Veränderungen in den Eigenschaf-

ten der weißen Substanz, was sich in einer erhöhten Dichte der Hyperstromlinien und frak-

tionale Anisotropie bei Erwachsenen im Vergleich zu Vorschulkindern widerspiegelt. Dies

deutet darauf hin, dass über die verringerte Kovarianz der kortikalen Dicke bei Vorschulkin-

dern im Vergleich zu Erwachsenen hinaus auch eine unausgereifte Konnektivität der wei-

ßen Substanz bei Kindern besteht. Darüber hinaus wurde bei Erwachsenen eine positive

Korrelation zwischen der Kovarianz der kortikalen Dicke und dem den linken IFG und den

linken pSTG/STS verbindenden Trakt der weißen Substanz gefunden, bei Vorschulkindern

jedoch noch nicht. Die Studie zeigt somit die Übereinstimmung zwischen der interregiona-

len Kovarianz/Konnektivität der Grauen und Weißen Substanz, die für die Sprache relevant
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ist. Darüber hinaus deutet sie darauf hin, dass die verminderte Reifung der Konnektivität

der Weißen Substanz der Grund für die verminderte kortikale Kovarianz der kortikalen Di-

cke bei Kindern sein könnte. Diese Ergebnisse betonen zudem einen noch nicht vollständig

entwickelten dorsalen Pfad, welcher dem Sprachverständnis bei Vorschulkindern zugrunde

liegt, was die oben erwähnten Spracherwerbsmodelle weiter unterstützt.

Die dritte Studie zeigte eine signifikante Asymmetrieveränderung zwischen 5 und 6

Jahren in den temporalen Regionen (d.h. den Heschl’schen Querwindungen), aber nicht in

den frontalen Regionen. Kinder mit einer größeren Verbesserung des Satzverständnisses

zeigten eine größere kortikale Ausdünnung im linken Pars triangularis des IFG im Vergleich

zum rechten Pendant. Darüber hinaus zeigten Kinder mit größerer Ausdünnung im linken

Pars triangularis des IFG im Vergleich zum Rechten im Alter von 5 und 6 Jahren höhere

Satzverständnisfähigkeiten, wenn sie im Alter von 7 Jahren erneut getestet wurden. Diese

Studie, die meines Wissens die erste Studie ist, die die Veränderungen der Asymmetrie

über die Entwicklung hinweg zeigt, legt nahe, dass das Ausmaß der Veränderungen der

Asymmetriemuster der IFG mit der Verbesserung des Sprachverständnisses assoziiert ist

und die dynamische Beziehung zwischen Gehirn- und Sprachentwicklung offenbart.

Zusammengefasst zeigt die vorliegende Arbeit das Entwicklungsmuster sprachrelevan-

ter Hirnregionen und stellt eine Verbindung zu den Fähigkeiten des syntaktischen Sprach-

verstehens her. Diese These zeigt, dass sich die kortikale Dickenkovarianz der Grauen

Substanz in den für die syntaktische Verarbeitung relevanten Hirnregionen allmählich von

Vorschul- über Schulkinder bis hin zu Erwachsenen entwickelt. Des Weiteren zeigt die-

se Arbeit, dass unausgereifte Konnektivitätsmuster der Weißen Substanz, die bei kleinen

Kindern beobachtete reduzierte kortikale Dickenkovarianz erklären könnten. Sowohl die

Ergebnisse für die Graue als auch für die Weiße Substanz liefern neue Einsichten in das

bestehende neurowissenschaftliche Modell des Spracherwerbs und vertiefen unser Ver-

ständnis für die Entstehung der syntaktischen Verarbeitung während der Sprachentwick-

lung. Darüber hinaus zeigt diese Arbeit, dass die funktionelle Spezialisierung der Sprache

mit der Entwicklung des Gehirns in Bezug auf die kortikale Dickenkovarianz und Asym-

metrie verbunden ist. Diese Arbeit betont ferner, dass den individuellen Unterschieden bei
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sich entwickelnden Kindern, die eine große Variabilität im Entwicklungsverlauf aufweisen,

mehr Aufmerksamkeit geschenkt werden sollte. Diese Unterschiede können weiterhin dazu

genutzt werden, die neuronale Basis der menschlichen Kognition und des Verhaltens im

Allgemeinen aufzudecken. Zusammenfassend stellt diese Arbeit neue Erkenntnisse dar-

über vor, wie entwicklungsbedingte Veränderungen in der Gehirnstruktur mit den Fähigkei-

ten zum Satzverständnis bei sich typisch entwickelnden Vorschulkindern korrelieren. Die

multimodalen Erkenntnisse durch bildgebende Verfahren, die diese Arbeit liefert, tragen zu

einem breiteren Verständnis der Beziehung zwischen der Reifung des Gehirns und dem

Satzverständnis während des Spracherwerbs bei Vorschulkindern bei.
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