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Prior  structural  imaging  studies  found  initial  evidence  for  the  link  between  structural  gray  matter  changes
and the  development  of language  performance  in  children.  However,  previous  studies  generally  only
focused on  sentence  comprehension.  Therefore,  little  is  known  about  the  relationship  between  structural
properties  of brain  regions  relevant  to sentence  processing  and  more  specific  cognitive  abilities  under-
lying complex  sentence  comprehension.  In  this  study,  whole-brain  magnetic  resonance  images  from  59
children  between  5 and  8  years  were  assessed.  Scores  on  a standardized  sentence  comprehension  test
determined  grammatical  proficiency  of  our  participants.  A confirmatory  factory  analysis  corroborated  a
grammar-relevant  and  a verbal  working  memory-relevant  factor underlying  the  measured  performance.
Voxel-based  morphometry  of gray  matter  revealed  that  while  children’s  ability  to  assign  thematic  roles
is positively  correlated  with  gray  matter  probability  (GMP)  in the  left  inferior  temporal  gyrus  and  the  left
erbal working memory inferior frontal  gyrus,  verbal  working  memory-related  performance  is  positively  correlated  with  GMP in
the  left  parietal  operculum  extending  into  the  posterior  superior  temporal  gyrus.  Since these  areas  are
known  to  be  differentially  engaged  in  adults’  complex  sentence  processing,  our  data  suggest  a  specific
correspondence  between  children’s  GMP  in language-relevant  brain  regions  and  differential  cognitive
abilities  that  guide  their  sentence  comprehension.

© 2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Compared to other species, humans show a prolonged phase of
rain functional specialization that allows the brain to be shaped
y postnatal experience. This delayed time course in brain matu-
ation provides more time for learning processes (Johnson, 2001),
nd the delayed prefrontal maturation is especially suggested to
e an adaptation of the human brain necessary for the develop-
ent of social and linguistic conventions (Thompson-Schill et al.,

009). Although children acquire basic principles of their native
anguage incredibly fast, the ability to process complex sentences
evelops rather late. In developmental literature, it is discussed
hether this can be attributed to lack of linguistic competence

e.g., Sheldon, 1974; Tavakolian, 1981), lack of experience (e.g.,
iessel and Tomasello, 2005), or limitations in processing capac-

ties (e.g., Goodluck and Tavakolian, 1982). However, the relation

etween the physical growth of the brain and development of cog-
itive milestones such as complex sentence processing remains

argely unclear. Brain volume drastically increases early in life,
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/).
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

and at 6 years of age children have reached approximately 90%
of the adult brain volume (Courchesne et al., 2000; Lenroot and
Giedd, 2006; Reiss et al., 1996). This structural increase originates
from exceeding progressive changes such as an overgrowth of
cell bodies (Petanjek et al., 2008), dendritic sprouting (Simonds
and Scheibel, 1989), and an overgrowth of synaptic connections
(Huttenlocher and de Courten, 1987; Rakic et al., 1986) in the
gray as well as myelination (Yakovlev and Lecours, 1967) in white
matter compartments. However, during preadolescence, the devel-
opmental pattern of gray matter is inverted and maturation is
generally defined as a loss of gray matter density (Giedd et al.,
1999; Giedd and Rapoport, 2010; Gogtay et al., 2004; Gogtay and
Thompson, 2010; Lenroot and Giedd, 2006; Raznahan et al., 2011;
Sowell et al., 2003; Taki et al., 2013). Onset and rate of gray
matter loss is region-specific and follows a functional maturation
sequence, starting with gray matter reduction in early-maturing
primary sensorimotor areas, followed by gray matter reduction in
late-maturing higher-order association areas (Gogtay et al., 2004;
Brain Development Cooperative Group, 2012). While progressive

changes in the cortical development are assumed to provide the
basis for neural plasticity and thus maximal learning opportu-
nities (Johnson, 2001; Simonds and Scheibel, 1989), regressive
changes in the cortex, such as synaptic pruning (Rakic et al.,
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986), have been related to a decline of the brain’s ability to
dapt to environmental input during development (Huttenlocher,
002).

As the phylogenetic evolutionary development of the brain has
een associated with the evolvement of language, it is suggested
hat the ontogenetic maturation, especially of the prefrontal cor-
ex, can be related to language acquisition (e.g., Thompson-Schill
t al., 2009). Prior structural imaging work found initial evidence
or the link between structural gray matter changes and the devel-
pment of language performance in children: Infants’ gray matter
aturation of the right cerebellum and the right hippocampus was

ound to correlate with later language competence (Deniz Can et al.,
013). The receptive and productive phonological skills of chil-
ren aged between 5 and 11 years correlate with measurements
f gray matter probability (GMP) in the left inferior frontal gyrus
IFG; Lu et al., 2007). In teenagers aged between 12 and 17 years,
ray matter of the left supramarginal gyrus and left posterior tem-
oral regions correlate with vocabulary knowledge (Richardson
t al., 2010). However, no study to date closely examined gray
atter maturation in relation to the processing of syntactically

omplex sentences. Frontal and parietal areas have been shown
o be involved in complex sentence processing (for a review, see
riederici, 2011). With regard to brain structure, the frontal and
arietal lobe demonstrate an increase of gray matter during child-
ood (Giedd et al., 1999; Lenroot et al., 2007; Matsuzawa et al.,
001; Shaw et al., 2008) and an onset of gray matter loss around
.6 years (frontal) and 10.7 years (temporal) of age (Tanaka et al.,
012).

Sentence comprehension crucially depends on determining the
hematic relationship of noun phrases, that is, on identifying who  is
oing what to whom. While in English, word order provides a reli-
ble cue for assigning thematic roles to noun phrases (i.e., agent,
heme and goal), in German, the assignment additionally depends
n processing morphological information such as case-marking.
ehaviorally, it has been reported that German-speaking children
annot reliably process this kind of morphological information up
o the age of 7 years (Dittmar et al., 2008; Schipke et al., 2012). In
ddition, several studies found that before 7 years of age, children
o not demonstrate reliable subvocal rehearsal that increase ver-
al working memory capacity and, consequently, facilitate complex
entence processing (e.g., Gathercole et al., 2004; Gathercole and
itch, 1993).

To elucidate on the missing link between brain structural prop-
rties of cortical regions relevant for complex sentence processing
nd the establishment of grammatical proficiency, we investigated
he interrelation between GMP  in language-relevant brain areas
nd specific cognitive abilities underlying complex sentence com-
rehension. To do this, whole-brain magnetic resonance images
rom 59 children aged between 5 and 8 years were assessed and
nalyzed using voxel-based morphometry (VBM). We  determined
rammatical proficiency by scores attained from grammar-specific
ubtests of the German version of the Test for the Reception of
rammar (TROG-D; Fox, 2006): Here, only sentences that required
pecific morphological and syntactic knowledge were included in
he analysis. To segregate different contributions of grammatical
nowledge and verbal working memory capacity to the compre-
ension of complex sentences, a principal component analysis was
un on the participants’ behavioral data. To investigate a rela-
ion between these two factors and GMP  on whole-brain level,

 multiple regression analysis was performed. Finally, since the
aturation of the prefrontal cortex has been associated with the

evelopment of linguistic conventions (Thompson-Schill et al.,

009) and the processing of syntactically complex sentences typ-

cally engages the left IFG (for a review, see Friederici, 2011),
dditional correlational analyses were restricted to this specific
egion.
ve Neuroscience 15 (2015) 48–57 49

2. Methods

2.1. Participants

Children were recruited through letter announcements in local
kindergartens and schools. Interested parents were invited for an
informative meeting about the experiment and procedures. They
gave informed written consent and children gave verbal assent
prior to assessment and scanning. Children’s parents filled out a
questionnaire to ensure all participants were monolingual German
speakers, had no neurological, medical, or psychological disorders,
and no contraindications for obtaining a magnetic resonance imag-
ing (MRI) examination.

Ten children had to be excluded from the study because of too
much head movement during the anatomical scan (N = 8) or brain
anomalies (N = 2). Eventually, data from 28 children aged between 5
and 6 years (mean age: 5;11 years; range: 5;1 to 6;8 years; 13 boys
and 15 girls) and 21 children aged between 7 and 8 years (mean
age: 7;11; range: 7;1 to 8;9; 11 boys and 10 girls) were analyzed.
Our group of children had a normal range of sequential processing
skills in the verbal and visual domain (mean = 105; standard devia-
tion = 12.05) administered by the Kaufman Assessment Battery for
children (K-ABC; Kaufman et al., 1994). The socioeconomic status
(SES) of our group was determined by maternal education con-
verted into the International Standard Classification of Education
(ISCED 11, UNESCO Institute for Statistics, 2012). As with many
other developmental studies, the group was weighted towards a
high SES with 30% of the parents having upper-secondary education
or post-secondary non-tertiary education (ISCED 3 and 4), 21.3%
of the parents having short-cycle tertiary education or a Bache-
lor’s degree (ISCED 5 and 6), 43.8% of the parents having a Master’s
degree (ISCED 7), and 3.8% having a doctoral degree (ISCED 9; gen-
eral distribution of educational attainment in Germany: 50% ISCED
3/4; 8.6% ISCED 5/6; 13.6% ISCED 7; 1.1% ISCED 8; Bildungsbericht
2014, n.d.). The Research Ethics Committee of the University of
Leipzig (Leipzig, Germany) approved the procedure and protocol
of the study.

2.2. Assessment of grammatical proficiency and verbal working
memory

Children’s language comprehension skills were determined by
the TROG-D (Fox, 2006). This is a standardized sentence com-
prehension test for children aged between 3 and 11 years. The
comprehension of increasingly complex sentence structures is
assessed by 21 grammatical constructions comprising four test
items resulting in a final set of 84 items. Sentences are presented
auditorily, and the child is asked to point to one out of four pic-
tures whereby incorrect pictures depict either deviating lexical or
grammatical interpretations.

We  employed the Mottier Test (Mottier, 1951) to assess the chil-
dren’s verbal working memory abilities. Children had to listen to
pseudowords with an increasing number of syllables and repeat
them immediately after the presentation. For constant presenta-
tion, test items were recorded by a trained female speaker and
subsequently digitized (44.1 kHz/16 bit sampling rate, mono), nor-
malized according to the root-mean-square amplitude of all files,
and presented via headphones. To make the procedure more suit-
able for children, we presented stimuli in form of a repetition game.
Participants were introduced to a parrot on the screen who told
them to repeat the items exactly how he pronounced them. To pre-
vent lexicalization of the pseudowords during repetition, children

were told that they cannot know the words they would hear since
the parrot speaks a foreign parrot language. Children’s responses
were recorded via a portable mini disk recorder (Sony, Ft. Myers, FL,
USA). These tests and an abridged version of the test for handedness
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tures were included, a mask was  generated by the Wake Forest
0 A. Fengler et al. / Developmental C

Oldfield, 1971) were administered in close temporal proximity to
he MRI  scanning (mean = 4 days; range: 1–26 days).

.3. MRI  acquisition procedures

During the scanning session, participants were shown a movie
f their choice. Before scanning, children participated in a mock
RI  scanner session to get accustomed to the scanning procedure

nd the scanner noise. A small sensor was fixated on the children’s
orehead to register movement and send a signal to the computer
o interrupt the movie whenever children started to move. Addi-
ionally, we gave children verbal feedback via the headphones.

Participants were scanned in a whole-body 3-T Magnetom
rio scanner (Siemens Healthcare, Erlangen, Germany) and a 12-
hannel head coil at the Max  Planck Institute for Human Cognitive
nd Brain Sciences in Leipzig, Germany. MRI  data were acquired
ith a T1-weighted 3D magnetization-prepared rapid gradient

cho (MP-RAGE) sequence with selective water excitation and lin-
ar phase encoding. The magnetization preparation consisted of

 non-selective inversion pulse. The following imaging param-
ters were used: inversion time (TI) = 740 ms;  repetition time
f the total sequence cycle (TR) = 1480 ms;  repetition time of
he gradient-echo kernel (snapshot FLASH) = 10 ms;  TE = 3.46 ms;
lpha = 10◦; bandwidth = 190 Hz/pixel; image matrix = 256 × 240;
OV = 256 mm × 240 mm;  slab thickness = 192 mm;  128 parti-
ions; 95% slice resolution; sagittal orientation; spatial resolu-
ion = 1 mm × 1 mm × 1.5 mm;  2 acquisitions. Oversampling was
erformed in the read direction (head-foot) to avoid aliasing. The
RI  sequence lasted about 6 min.

. Data analysis

.1. Confirmatory factor analysis

The TROG-D language test contains a large variety of sen-
ences. While some of the sentences are constructed to test the
nterpretation of a specific word form such as a preposition, oth-
rs focus on morphological and syntactic aspects of sentence
rocessing. The different sentences included in the test battery
hereby demand a varying degree of verbal working memory
apacities. Since syntactic-related, morphological-related, and ver-
al working memory-related aspects of sentence processing are
nown to involve differential brain areas (for a recent review,
ee Friederici, 2011), we created a more homogenous subset of
entences of the TROG-D. This subset only contained sentences
hich required specific knowledge about case marking and struc-

ural hierarchy building to allow for the correct interpretation of
ho is doing what to whom (for an overview of sentences, see

able 1), and which are known to engage the fronto-temporal lan-
uage areas (Friederici and Kotz, 2003; Bornkessel et al., 2005;
yler and Marslen-Wilson, 2008). To check for potential age effects,
he percentage of correct answers for each sentence structure was
alculated in each age group and Pearson’s correlations between
erformance and age were computed.

Interpretation of the selected sentences constitutes a big chal-
enge for children for two reasons: While children need to inhibit
heir preferential interpretation strategy of only following the word
rder for thematic role assignment, they must be able to store
he entire sentence to allow for the processing of long-distance
ependencies and potential reanalysis processes. To corroborate
hat successful interpretation relies on these two different cogni-

ive abilities, namely the inhibition of interpretation preferences
nd verbal working memory abilities, a confirmatory factor analysis
as computed applying a principle component analysis to extract

he grammar-relevant and a verbal working memory-relevant
ve Neuroscience 15 (2015) 48–57

factor. Before the analysis, behavioral scores for each sentence
structure were z-transformed within age groups (5–6-years versus
7–8-years) to control for age effects. For rotation, we used the vari-
max  criterion to prevent correlations between factors. To confirm
that one of these factors represents working memory capacities, the
individual factor scores were correlated with scores of the Mottier
Test (Mottier, 1951).

3.2. VBM data processing

Before preprocessing, we visually inspected all T1-images for
movement artifacts that resulted in the exclusion of eight par-
ticipants. The MRI  data was analyzed with SPM 8 (Wellcome
Department of Imaging Neuroscience, University College London)
running in MATLAB 7 (Math-Works, Natick, MA,  USA). Images
were segmented into gray matter, white matter, and cerebrospinal
fluid based on intensity values and a tissue probability map  rep-
resenting brain structure of children between the ages of 5 and 8
years (Fonov et al., 2011). Non-brain tissue was  removed and ini-
tial segmentations were registered into MNI  space. The gray and
white matter images were imported into diffeomorphic anatomical
registration using exponentiated lie algebra (DARTEL; Ashburner,
2007) and a template was created using the default parameters.
The resulting flow fields containing the deformation informa-
tion were subsequently used to normalize gray and white matter
onto an age-specific template (Fonov et al., 2011). To obtain a
measure of regional volume, images were modulated, resampled
to 1.5 mm × 1.5 mm × 1.5 mm voxel size, and smoothed using an
isotropic Gaussian kernel of 8 mm at FWHM.  A modulated analysis
was applied to correct for potential spatial normalization errors.
Following this procedure, the GMP  represents gray matter volume
rather than gray matter concentration/density.

3.3. Statistical analysis of the VBM data

The statistical analysis was  also performed using the software
package SPM 8 (Wellcome Department of Imaging Neuroscience,
University College London). To control for different brain sizes,
we calculated the total intracranial volume (TIV) by summing the
unmodulated volumes of gray matter, white matter, and cere-
brospinal fluid. For assessing the relationship between GMP  and
behavioral covariates, we entered the scores of the different fac-
tors extracted by the principle component analysis into a multiple
regression analysis. Additionally, we included age in months into
the model to allow for the segregation of potential age and per-
formance effects. To account for different brain sizes, potential
sex differences (Tanaka et al., 2012), and structural alterations
due to handedness (Dos Santos Sequeira et al., 2006; Zetzsche
et al., 2001), we  added sex, TIV, and the lateralization quotient
(Oldfield, 1971) as covariates of no interest into the analysis. The
individual voxel p-value threshold was  set to p < 0.001. An AFNI
implemented Monte-Carlo simulation (NIMH Scientific and Statis-
tical Computing Core, Bethesda, MD,  USA) ensured that a cluster
size of 174 voxels protects against whole-volume type I error at

 ̨ = 0.05.
After an exploratory whole brain assessment, a small vol-

ume  correction procedure was used to restrict the analysis to
the left IFG, a brain region that has constantly been shown to
be involved in complex sentence processing (for a review, see
Friederici, 2011). To ensure that only the relevant anatomical struc-
University Pickatlas (Maldjian et al., 2003) based on the Talairach
Daemon database (Lancaster et al., 2000). To correct for multiple
comparisons, only clusters yielding a peak-level of p < 0.05, family-
wise error-corrected for the search volume, are reported.
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Table  1
Overview of sentences from the TROG-D.

Sentence structure Example Word order

Passive construction Das Mädchen wird vom Pferd gejagt.
The girlNOM is chased by the horseACC.

SPatVOAg

Subject-relative clauses Der Junge, der das Pferd jagt, ist dick.
The boyNOM, whoNOM the horseACC chases, is fat.
Das  Mädchen jagt den Hund, der groß ist.
The girlNOM chases the dogACC, thatNOM is big

S1S2AgOPatV2V1

S1AgV1OPatS2V2

Sentences with three arguments Die Frau malt dem Jungen das Mädchen.
The womanNOM paints the boyDAT the girlACC

SAgVO1RecO2Theme

Object-topicalized sentences Den braunen Hund jagt das Pferd.
The brownACC dog chases the horseNOM.

OPatVSAg

Object-relative clauses Der Junge, den der Hund jagt, ist groß.
The boyNOM, whoACC the dogNOM chases, is big

S1OPatS2AgV2V1

TROG-D = German version of the Test for the Reception of Grammar; S = subject; V = verb; O = object; NOM = nominative; ACC = accusative; DAT = dative; Ag = agent (actor);
Pat  = patient (undergoer of action); Rec = recipient.

Table 2
Mean scores of subtests for each age group and age effects.

Age group Mean (%) Standard deviation Age effect

Passive constructions 5–6-year olds 90.18 19.65 r = 0.07
7–8-year olds 91.67 12.08

Subject-relative clauses 5–6-year olds 89.29 27.58 r = 0.26
7–8-year olds 97.62 7.52

Sentences with three
arguments

5–6-year olds 83.06 19.31 r = 0.33*

7–8-year olds 94.05 13.47

Object-topicalized
sentences

5–6-year olds 68.75 30.14 r = 0.16
7–8-year olds 78.57 27.71

Object-relative clauses 5–6-year olds 46.43 30.97 r = 0.15
7–8-year olds 50.00 25.00
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* p < 0.05.

. Results

.1. Sentence interpretation and working memory

Mean percentage of correct answers according to each sentence
tructure and age effects are summarized in Table 2. Significant
orrelations between performance and age could be found for sen-
ences with three arguments (r = 0.33, p < 0.05).

The principle component analysis on the different sentence
tructures of the TROG-D language test confirms two different fac-
ors underlying performance values. The appropriateness of the
actor analysis and the distinction between these two factors are
alidated by the Bartlett’s Test of Sphericity (�2

10 = 44.74, p < 0.001)
nd the Kaiser-Meyer-Olkin Measure (KMO = 0.68). While the first
actor (Factor 1) accounts for 45.5% of the variance in the observed
ariables, the second factor (Factor 2) accounts for another 21% of
ariance.

The following variables highly load on Factor 1: passive

onstructions, subject-relative clauses, and object-topicalized sen-
ences. Sentences with three arguments highly load on Factor 2.
bject-relative clauses load on both factors almost equally (an
verview of factor loadings can be found in Table 3). To corroborate

able 3
actor loadings after the principle component analysis.

Factor 1 Factor 2

Passive constructions 0.743 0.080
Subject-relative clauses 0.763 −0.060
Sentences with three arguments −0.063 0.910
Object-topicalized sentences 0.806 0.252
Object-relative clauses 0.511 0.619

old font marks factor loading > 0.5.
Fig. 1. Correlation between factor scores for the second factor and scores of the
Mottier Test (number of correct responses).

that one of these factors represents verbal working memory-
related aspects of sentence processing, correlations between factor
scores and the values of the Mottier Test were computed. A signif-

icant correlation could be found for Factor 2 (r = 0.41, p < 0.01; see
Fig. 1), but not for Factor 1 (r = 0.27, p = 0.60), indicating that Factor
2 is related to verbal working memory.
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Fig. 2. Results of the voxel-based morphometry analysis. Significant correlations are plotted on a template representing gray matter between the ages 4 and 8 years; positive
correlations could be found between Factor 1 and GMP  (upper panel) in the left inferior temporal gyrus and in left inferior frontal gyrus (in red); a positive correlation
between the Factor 2 and GMP (lower panel) could be found in the left parietal operculum/superior temporal gyrus (in blue). (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of the article.)
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.2. Results of the voxel-based morphometry analysis

In a next step, we examined whether individual scores of
hese different factors predict GMP. A multiple regression anal-
sis considering the entire brain revealed a positive relationship
etween Factor 1 and GMP  in the left inferior temporal gyrus

ncluding the left hippocampus (ITG; main peak at x = −42, y = −16,
 = −23). When the search volume was restricted to the left IFG,

 positive correlation between GMP  and Factor 1 was  also found
main peak at x = −56, y = 20, z = 19). A positive relationship between
actor 2 and GMP  was evident in the left parietal operculum
xtending into the left posterior superior temporal gyrus (STG;
ain peak at x = −44, y = −24, z = 21). No negative correlations
ere observed. Significant clusters of these effects are depicted in

ig. 2.
In contrast to the performance-related effects, a positive rela-

ion between age and GMP  was evident in the left middle frontal
yrus (MFG; main peak at x = −33, y = 35, z = 27). A negative relation

etween age and GMP  was observed for subcortical areas (main
eak at x = −9, y = −21, z = −9) and in the left cuneus (main peak at

 = −9, y = −78, z = 7; see Fig. 3). The full set of significant clusters
an be found in Table 4.
5. Discussion

The results of the present study reveal a relationship between
inter-individual variability in 5–8-year old children’s brain
morphology and specific cognitive abilities underlying complex
sentence comprehension. More specifically, we found the brain’s
gray matter (GMP) in the left IFG, ITG, and in the left parietal oper-
culum extending into the posterior STG to be positively correlated
with different aspects of sentence comprehension.

5.1. Different aspects of sentence comprehension

A principle component analysis confirms two factors hypothe-
sized to contribute to the variance in the sentence comprehension
data. Passive constructions, subject-relative clauses, object-
topicalized sentences, and object-relative clauses load on Factor 1.
German speaking listeners typically prefer to assign the agent role
to the first noun phrase and the patient role to the second noun

phrase (for a detailed discussion about thematic role assignment in
German, see Bornkessel and Schlesewsky, 2006; Fanselow, 2000;
Primus, 1999; Wunderlich, 1997). However, in passive construc-
tions, object-topicalized sentences, and object-relative clauses, the
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Table  4
Overview of significant clusters.

MNI  coordinate

Hemisphere Region BA X Y Z Cluster size z value

Positive correlation between age and GMP
Left MFG 5 - 33 35 27 292 3.83

-  28 36 15 3.67
Negative correlation between age and GMP
Left Substantia

Nigra
- 9 - 21 - 9 2546 5.14

Right  9 - 22 - 11 5.06
Right  Thalamus 10 - 7 1 3.92
Left  Cuneus 23 - 9 - 78 7 815 4.38
Positive correlation between Factor 1 and GMP
Left ITG 20 - 42 - 16 - 23 491 3.99

-  48 - 16 - 38 3.94
Hippocampus - 33 - 10 - 15 3.56

Left  IFG 44/45 - 56 20 19 18 3.31*
Positive correlation between Factor 2 and GMP
Left Parietal Operculum 13 - 45 - 24 21 716 4.44

STG 41 - 44 - 27 6 3.77
Parietal Operculum 13 - 39 - 19 25 3.63

174 voxels threshold at p < 0.001 to achieve family-wise error control at p < 0.05; * = small volume corrected; BA = Brodmann area; MNI  = Montreal Neurological Institute;
G gyrus;
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MP  = gray matter probability; MFG  = middle frontal gyrus; ITG = inferior temporal 

gent role is assigned to the second noun phrase (see Table 1).
herefore, listeners need to suppress the preferred word order
strategy and must exploit morphological case-marking that con-
eys the crucial information about the thematic relationship.
lthough subject-relative clauses follow the typical word order,

he interpretation of these sentences requires thematic role assign-
ent for two subjects. Again, without processing morphological

nformation, the listener cannot identify who is doing what to
hom. Considering this grammatical commonality of these four

entence structures, we propose that factor scores of Factor 1
eflect children’s difficulties identifying and maintaining the mor-
hological information necessary for correct thematic roles. This

uggestion is supported by data showing that morphological infor-
ation cannot be reliably processed up to 7 years of age (Dittmar

t al., 2008; Schipke et al., 2012) and that, consequently, children

ig. 3. Age effects of the voxel-based morphometry analysis. GMP correlates pos-
tively with age (upper panel) in the left middle frontal gyrus (in cyan); GMP
orrelates negatively with age (lower panel) in bilateral subcortical areas and in the
eft  cuneus (in yellow). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)
 IFG = inferior frontal gyrus; STG = superior temporal gyrus.

rely on a word order instead of a structural interpretation (Lindner,
2003).

Factor 2 contains loadings of sentences with three arguments
and additional loadings of object-relative sentences. A correla-
tion between factor scores for this component and scores of the
Mottier Test (Mottier, 1951) confirms that Factor 2 most likely
represents verbal working memory-related aspects of sentence
processing, which are especially represented by performance in
these two types of sentences. Likewise, the processing of case
marking is mandatory for sentences loading on Factor 2. How-
ever, in these sentences, insufficient verbal working memory
capacity may  prevent the processing of case-marking information,
since not all arguments can be held active in working memory
long enough, and thus thematic roles may  have to be assigned
before conflicting information is evaluated (for a detailed dis-
cussion, see Gibson, 2000). While in the sentences with three
arguments the amount of arguments may  exceed storage capac-
ities in general, object-relative clauses require the establishment
of long-distance dependencies. To process these dependencies,
the listener has to store the first noun phrase until the end of
the sentence while processing a non-canonical relative clause.
Thus, the comprehension of these sentences fails when storage
capacities are limited in time and/or influenced by interven-
ing sentence material (cf. Gibson, 2000; Gordon et al., 2006;
Lewis et al., 2006; Van Dyke and McElree, 2006). Considering the
high working memory load of these two  sentence structures and
the correlation with the Mottier Test (Mottier, 1951), we sug-
gest factor scores of Factor 2 to represent sentence processing
differences due to differences in verbal working memory
capacities.

5.2. Brain regions involved in sentence comprehension

Functional imaging studies indicate that the processing of
increased sentence complexity induces increased activity in the
left IFG (for a review, see Friederici, 2011). The left IFG can be
subdivided into cytoarchitectonically distinct areas: the pars oper-
cularis, the pars triangularis, and pars orbitalis (Amunts et al., 1999;

Brodmann, 1909). While the left pars opercularis has been sug-
gested to be involved in structural hierarchy building, a combined
activation of the left pars opercularis and the left pars triangu-
laris has been assumed to support thematic role assignment (for
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 review, see Grodzinsky and Friederici, 2006; Bornkessel and
chlesewsky, 2006). This assumption is supported not only by
erman studies investigating activation patterns induced by non-
anonical sentence structures (Bornkessel et al., 2005; Fiebach
t al., 2005; Friederici et al., 2006; Grewe et al., 2005; Röder et al.,
002), but also by studies of other languages that involved moved
rgument structures which engaged the pars triangularis/pars
percularis (Ben-Shachar et al., 2004, 2003; Caplan et al., 2008;
onstable et al., 2004; Cooke et al., 2002; Just et al., 1996; Kinno
t al., 2008; Newman et al., 2010; Santi and Grodzinsky, 2010, 2007;
tromswold et al., 1996).

The left pars triangularis and the left MTG  are connected via
 ventral pathway through the extreme capsule fiber system
Frey et al., 2008; Saur et al., 2008), and it has been suggested
hat the interaction between prefrontal and temporal areas is
ssential for the integration of contextual information (Dapretto
nd Bookheimer, 1999; Kaan and Swaab, 2002). The MTG  and
eighboring parts of the ITG are proposed to be part of a brain
etwork that stores lexical-semantic information (Crinion et al.,
003; Hickok and Poeppel, 2007, 2004; Leff et al., 2008), since
hese regions become active while processing semantic sentence
mbiguity (Rodd et al., 2005) and during semantic working mem-
ry tasks (Fiebach et al., 2007). Taking these functional findings
ogether, the left IFG is proposed to be involved in the processing
f non-canonical sentence structures, which requires the consid-
ration of contextual information provided by the ITG for thematic
ole assignment. Therefore, we suggest that the increased GMP  in
hese areas either provides a better neurophysiological basis for
he acquisition of those mechanisms guiding the processing of non-
anonical sentences, or it results from increased exposure to these
ypes of sentences.

.3. Functional factors and gray matter probability

The correlation between the functional factors and GMP  in the
rain regions discussed—to support sentence comprehension—is
traightforward. Factor 1 reflecting children’s difficulties in iden-
ifying and using morphological information for thematic role
ssignment is correlated with GMP  in the left IFG and the left
TG, that is, in brain areas known to support syntactic and the-

atic processes (Grodzinsky and Friederici, 2006; Bornkessel and
chlesewsky, 2006). In contrast, Factor 2 is assumed to reflect per-
ormance variance introduced by different verbal working memory
apacities. Scores of this factor positively correlate with GMP  in
he left parietal operculum extending into the left posterior STG.
his result is consistent with patient data showing that the struc-
ural disintegration of the posterior STG after a stroke predicts
oth decreases in auditory short-term memory capacity and the
bility to comprehend spoken sentences (Leff et al., 2009). In addi-
ion, this finding fits functional data showing that inferior parietal
egions and the posterior STG show increased activation while
rocessing sentences with increased verbal working memory load
Meyer et al., 2012; Novais-Santos et al., 2007), which suggests
hat this area serves as a phonological buffer storing verbal mate-
ial. Therefore, high GMP  in this area may  reflect higher storage
apacities.

Developmental changes of gray matter were evident in the
eft MFG, subcortical areas, and in the left cuneus. In contrast,
orrelations between behavioral performance and GMP  appear
ndependent of age. These findings suggest that increased GMP
ssociated with increased performance cannot be explained by
ge-related changes, but appear to be subject-specific for our age

roup. More generally, the positive correlation between GMP  and
ehavioral performance is in line with previous studies show-

ng gray matter thickening in the left IFG and bilateral posterior
erisylvian regions in children aged between 5 and 11 years
ve Neuroscience 15 (2015) 48–57

(Sowell et al., 2004), as well as a positive correlation between the
intelligence quotient and cortical volume, especially in prefrontal
areas of children aged between 5 and 17 years (Reiss et al., 1996).
The exact underlying neurophysiological mechanisms resulting in
the observed GMP  are yet unclear. It is known, however, that early
gray matter maturation is marked by progressive changes such
as an overgrowth of cell bodies (Petanjek et al., 2008), dendritic
sprouting (Simonds and Scheibel, 1989), and an overgrowth of
synaptic connections (Huttenlocher and de Courten, 1987; Rakic
et al., 1986). Regressive changes such as synaptic pruning start
to prevail, for example in the prefrontal cortex, around 9 years
of age (Rakic et al., 1986). Values of gray matter measurements
represent a combination of the extent of the cortical surface, cor-
tical thickness, and myelination in adjacent white matter (Hutton
et al., 2009; Mechelli et al., 2005), and recent studies have shown
that not all cortical dimension develop at the same rate (Raznahan
et al., 2011; Wierenga et al., 2014). During early childhood, cortical
volume expands due to both cortical thickening and an increase
in surface size (Raznahan et al., 2011). However, while cortical
thickness decreases from 7 years of age in most regions, cortical
volume and cortical surface peaks later—between 8 and 13 years
of age (Wierenga et al., 2014). As mentioned in the introduction,
progressive changes are assumed to provide the basis for max-
imal learning opportunities, especially in language-related areas
(Johnson, 2011; Simonds and Scheibel, 1989). This assumption fits
structural data showing a linear increase of the absolute gray mat-
ter volume in the lateral prefrontal areas between 5 and 18 years,
whereas gray matter density (i.e., the proportion of gray mat-
ter relative to other tissues of this region) does not significantly
change within this age range in this region (Taki et al., 2013). Since
changes in gray matter volume are associated with synaptic forma-
tion and elimination (Huttenlocher, 1979; Paus, 2005), increased
GMP  observed in our study, especially in the left IFG, may mirror
increased local synaptic connectivity which may  be due to a greater
maturity of these regions leading to a superior cortical basis for lan-
guage learning and better performance. Alternatively, it has been
shown that trajectories of cortical maturation are associated with
intelligence whereby individuals that are more intelligent show a
prolonged phase of cortical increase (Shaw et al., 2006). Follow-
ing this finding, increased GMP  can also reflect a latter onset of
gray matter reduction and thus a higher plasticity in these areas,
which results in an extended sensitive period for learning. Due
to missing longitudinal and training studies, it remains unclear
whether and to what extend cortical properties in children can
be altered by exposure to specific sentence constructions. Animal
studies, for example, have shown that environmental enrichment
is associated with increased amount of synapses (Diamond et al.,
1966, 1964). Therefore, it cannot be excluded that increased GMP
associated with increased performance results from increased
exposure.

6. Conclusion

This study utilized structural MRI  to elucidate the relation
between cortical properties and the development of cognitive mile-
stones. More specifically, this study demonstrates the relationship
between gray matter in different brain substrates and differential
cognitive abilities underlying complex sentence processing in 5–8-
year-old children. We show that the ability to assign thematic roles
against a preferential interpretation strategy and verbal working
memory-related performance for complex sentence comprehen-

sion are differentially associated with GMP  in brain areas known
to be involved in complex sentence processing in adults. How-
ever, it remains an open question whether the increased GMP  in
these children reflects differential cortical prerequisites of these
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rain regions or differential trajectories of cortical development.
urther research using longitudinal methods should address this
ssue.
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