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Abstract

The purpose of this study was to explore changes in activation of the cortical network that serves
auditory sentence comprehension in children in response to increasing demands of complex
sentences. A further goal is to study how individual differences in children’s receptive language
abilities are associated with such changes in cortical responses. Fourteen children, 10 to 16 years
old, participated in an event-related functional magnetic resonance imaging experiment using a
cross modal sentence-picture verification paradigm. We manipulated sentence difficulty and
length in a 2 x 2 factorial design. Task-related activation covered large regions of the left and right
superior temporal cortex, inferior parietal lobe, precuneous, cingulate, middle frontal gyrus and
precentral gyrus. Sentence difficulty, independent of length, led to increased activation in the left
temporal-parietal junction and right superior temporal gyrus. Changes in activation in frontal
regions positively correlated with age-standardized receptive vocabulary scores and negatively
correlated with reaction time on a receptive grammar test outside the scanner. Thus, individual
differences in language skills were associated with changes in the network in response to changing
task demands. These preliminary findings in a small sample of typically developing children
suggest that the investigation of individual differences may prove useful in elucidating the
underlying neural mechanisms of language disorders in children.
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Functional magnetic resonance imaging (fMRI) has proven highly valuable in describing the
neural substrate of language functions in healthy volunteers and in identifying differences in
neural activity across age groups and clinical populations. Recent studies have begun to
further explore the application of fMRI to capture individual differences in the neural
substrate of complex functions such as language and reading (Ben-Shachar, Dougherty,
Deutsch, & Wandell, 2007; Kherif et al., 2009; Prat, Keller, & Just, 2007; Seghier, Lee,
Schofield, Ellis, & Price, 2008). Mapping the neural correlates of individual variation is
important for developing clinical applications of fMRI, because diagnoses and treatment
recommendations are made at the individual level. In this exploratory study we aimed to
investigate inter-individual variation in the neural basis of language processing. In
particular, we were interested in whether dynamic changes in patterns of neural activation as
a function of task difficulty would be associated with individual differences in receptive
language abilities.

Language comprehension is a complex skill, essential for mature social communication and
for learning. However, whereas difficulties with language production are quickly apparent in
everyday social situations, difficulties with language comprehension may be quite subtle,
going unnoticed until a listener responds inappropriately, fails to comply with requests,
violates social expectations, or in other ways demonstrates misunderstanding. Individuals
vary in their skill and speed of language comprehension. Receptive language skills, and in
particular, grammatical understanding, are often significantly below age expectations in
children with language impairment (Bishop, 1982; Evans, 1996, 2002; Evans &
MacWhinney, 1999; Friedmann & Novogrodsky, 2004; Law, Tomblin, & Zhang, 2008;
Tomblin & Zhang, 2006). Children with receptive language difficulties that persist into
school age are at long-term risk for academic underachievement and psychiatric disorders
(Clegg, Hollis, Mawhood, & Rutter, 2005).

The cortical network that serves language comprehension in healthy adult volunteers has
been well described using fMRI, though the functions of component regions are still under
debate. Regardless of specific paradigms used, fMRI studies typically find robust activations
within the superior and middle temporal lobes (Ben-Shachar, Hendler, Kahn, Ben-Bashat, &
Grodzinsky, 2003; Ben-Shachar, Palti, & Grodzinsky, 2004; Cabeza & Nyberg, 2000;
Friederici, Ruschemeyer, Hahne, & Fiebach, 2003; Humphries, Binder, Medler, &
Liebenthal, 2007; Just, Carpenter, Keller, Eddy, & Thulborn, 1996; Keller, Carpenter, &
Just, 2001; Marinkovic, 2004). Activations in these areas are usually bilateral for auditory
stimuli and left lateralized for visual stimuli (Cabeza & Nyberg, 2000; Marinkovic, 2004).
Many studies also find activation of the left inferior frontal gyrus, (Ben-Shachar et al., 2003;
Ben-Shachar et al., 2004; Cabeza & Nyberg, 2000; Friederici et al., 2003; Hoen, Pachot-
Clouard, Segebarth, & Dominey, 2006; Humphries et al., 2007; Love et al., 2006; Peelle,
McMuillan, Moore, Grossman, & Wingfield, 2004; Yokoyama et al., 2007), though they
differ in terms of the specific anatomical areas activated. Beyond the temporal lobe and the
inferior frontal gyrus (considered as the canonical language network), other regions, such as
the angular gyrus (Caplan et al., 2002; Dronkers, Wilkins, Van Valin, Redfern, & Jaeger,
2004; Humphries et al., 2007) and dorsolateral prefrontal cortex (Reichle, Carpenter, & Just,
2000) are frequently activated during language comprehension.

Importantly, the neural network for sentence comprehension in adults has been found to be
highly dynamic (Just & Varma, 2007), varying in relation to both sentence complexity and
task demands. As syntactic complexity increases, the volumes of activation have been found
to increase within left hemisphere perisylvian regions, particularly inferior frontal cortex
(Caplan et al., 2002; Kaan & Swaab, 2002; Keller et al., 2001) and within right hemisphere
homologues of left hemisphere language areas (Just et al., 1996). In addition, Love et al.
(2006) have shown that the task of making thematic judgments about sentences recruits the
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inferior frontal gyrus extending to dorsolateral prefrontal cortex, regions that remained
inactive during passive comprehension of the same sentences (Love et al., 2006). These
findings highlight the flexibility of sentence comprehension neural processes and
demonstrate that activation patterns can rapidly change to meet changing task demands. The
increase in BOLD signal as a function of increased task difficulty has been termed neural
adaptability (Just & Varma, 2007). Studies of reading suggest that response to task difficulty
could be an important factor for individual differences in language abilities (Just & Varma,
2007; Prat et al., 2007).

Areas of cortical activation during sentence processing appear to be similar in school-aged
children and adults, though there are far fewer child-focused than adult fMRI studies.
Activations of the perisylvian regions and superior and middle temporal gyri are found in
sentence and story comprehension tasks (Ahmad, Balsamo, Sachs, Xu, & Gaillard, 2003;
Booth et al., 2000; Schmithorst, Holland, & Plante, 2006). A large study of children ages 5
to 18 years, using independent component analysis, found task-related components,
including primary auditory cortex, mid-superior temporal gyrus, hippocampus, angular
gyrus, and medial parietal lobe (Karunanayaka et al., 2007; Schmithorst et al., 2006). The
degree of laterality for story and sentence comprehension in children varies across
paradigms, with some studies finding left lateralized networks in the temporal and frontal
lobes (Ahmad et al., 2003) and others finding primarily bilateral activation (Schmithorst et
al., 2006). Booth and colleagues (2000) found that children showed greater left lateralization
of temporal activations than did adults, and increased left lateralization was associated with
poorer task performance (Booth et al., 2000). In a recent paper, Brauer & Friederici (2007)
found higher activation in children compared to adults for syntactic and semantic violations,
possibly due to performance differences also manifested in longer reaction times in the
children. Inferior frontal activation passed statistical thresholds in children, but not in adults.
The network for language comprehension has also been shown to vary as a function of age
within childhood (Karunanayaka et al., 2007; Schmithorst & Holland, 2007; Schmithorst et
al., 2006), gender (Schmithorst & Holland, 2007) and clinical population (Peterson et al.,
2002).

Dynamic properties of children’s neural network for auditory sentence comprehension have
not been previously well characterized. Based on the adult literature, we reasoned that the
network would show greater activation during comprehension of more difficult sentences.
We were particularly interested whether responses to task difficulty would be associated
with individual differences in age or receptive language skills. Thus, the overall goal of the
present exploratory study is to use fMRI examine the modulation of children’s cortical
responses to auditory sentences by sentence difficulty and length, and to explore the relation
between variations in the response of the network and individual differences in children’s
receptive language skills.

Fourteen healthy children between 10 and16 years of age (mean age = 12.5, standard
deviation 1.9) took part in the experiment. Six were boys, one was African-American, four
were Asian, and two were White-Hispanic. Five children were bilingual but all spoke
English as their primary language. Participants served as controls in a larger study on
language development in children with white matter injuries. All participants had no
neurological, developmental, medical, or psychological disorders and no contraindications
to obtaining an MRI scan. By report, they had no impairments of vision or hearing. The
children were recruited from the local public and private schools. Given our location in Palo
Alto CA, the group was weighted toward high socioeconomic status (SES). However, to
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explore individual differences in sentence comprehension, we chose children whose scores
varied on standardized measures of language. The protocol was approved by the Institutional
Review Board at Stanford University. Informed consent was obtained from parents and
assent from study participants prior to initiation of the study.

Behavioral measures—Participants underwent two testing sessions to assess language
skills, cognitive abilities, and executive function. Measures included in this study are as
follows:

The Wechsler Abbreviated Scale of Intelligence or WASI (The Psychological Corporation,
1999), is a widely used standardized test of intellectual ability, that measures both verbal
and nonverbal cognitive ability and yields a Full Scale 1Q composite score

Peabody Picture Vocabulary Test, Third Edition or PPVT-I11 (Dunn & Dunn, 1997) is a
widely used test of receptive vocabulary that generates a standard score. Each item consists
of four black-and-white drawings on a page. Participants are asked to identify which of the
four illustrations best represents the stimulus word presented orally by the examiner.

Comprehensive Evaluation of Language Fundamentals-Fourth Edition or CELF -1V (Semel,
Wiig, & Secord, 2005) is a norm-referenced test of expressive and receptive language skills.
We used CELF-1V Receptive Language Index to measure the child’s listening and
comprehension skills.

Test for Reception of Grammar-Second Edition or TROG-2 (Bishop, 2003) is a
computerized measure of grammatical understanding. The TROG-2 assesses syntactic
comprehension by presenting sentences in the auditory mode and using a four picture
multiple choice format with lexical and grammatical foils. The vocabulary is simple and
familiar to school aged children. Participants can press a button to hear the sentence as many
times as necessary. The test consists of 80 items, organized into 20 blocks of four sentences
of increasing syntactic difficulty. The level of difficulty of the items is designed to tap skills
of school-aged children and adolescents. The test can be scored in terms of the total number
of correct responses (out of 80), the number of blocks completed perfectly (out of 20), and
the mean reaction time for correct responses.

fMRI Task—The sentence verification task consisted of auditory presentation of sentences
followed by a picture. Participants were asked to judge with a button press if the picture
accurately depicts the sentence or not. Sentences and pictures were derived from the
TROG-2. In the scanner, we used a simple yes/no decision rather than the four-picture
presentation to reduce the possibility of the child’s moving their head and to reduce potential
confound activations from extensive eye movements. Sentences were divided into four
conditions, each consisting of three different syntactic constructions: short/easy, short/hard,
long/easy, long/hard (Table 1). The level of syntactic difficulty was assigned based on the
classification of the sentence type within the TROG-2, which orders the presentation of
sentences based on empirical data on the difficulty of that construction for children. Easy
sentence constructions came from the first eight blocks on the test. Hard sentences came
from the last ten blocks on the test. Minor changes in the auditory stimuli from the original
sentences in the TROG-2 were included to allow the number of words to be consistent
within the category. Short sentences were 5 to 7 words in length; long sentences were 8 to 9
words in length.

Subjects were instructed to indicate whether the sentence and the picture matched by
pressing the “true” or “false” button on a button box. The words Right and Wrong were on
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the screen to the left and right of the picture to remind the subject of the side for each
response. Each sentence was associated with one picture for a true response and one for a
false response. True and false trials were randomized for each subject, ensuring an equal
ratio and counterbalancing response type per item.

Stimuli were presented in an event related design using E-Prime (Psychology Software
Tools, Pittsburgh, PA). Each trial lasted 8.75 seconds (3.5 seconds for sentence presentation
and 5.25 seconds for picture presentation and button press). Longer sentences were
presented with shorter pauses between words to fit within the 3.5 second duration, which
still reflected a natural rate of conversation. Trials were preceded and followed by a fixation
cross that lasted a variable amount of time. Fixation periods allowed us to reliably estimate
baseline BOLD signals and subtract those away in the general analysis of “task related
activity”. However, the main contrasts of interest involved hard versus easy sentences, and
short versus long sentences. Such comparisons are largely invariant to the sensory
components as those exist in all 4 conditions, and therefore appropriately isolate the regions
involved in aspects of language processing, not sensory processing. A total of 96
presentations were divided into 4 runs of 24 stimuli, each run lasting 4 minutes and 40
seconds. Ten 4-run task lists were generated with the sentences in random order and
separated by randomized time intervals of fixation jittered in 1.75 seconds (from 0 to 5.25
seconds). The order of event types was counterbalanced using “optseq2”
(http://surfer.nmr.mgh.harvard.edu/optseq/), to minimize bias that might result from carry
over effects between successive events (Dale, 1999). Each subject was randomly assigned a
stimulus list.

Within the scanner, the auditory stimulus was presented through an Avotec pneumatic audio
presentation system. Pneumatic tubes were sealed directly on to earplug, successfully
reducing scanner noise while allowing the subject to clearly hear the sentences. The pictures
were projected onto a screen in front of the subject from an MR compatible projector.
Button press responses were recorded for later analysis. The entire task was preceded and
followed by 10.5 seconds of fixation to allow the signal to reach equilibrium and to obtain
an accurate fixation baseline.

fMRI Data Acquisition—Data was acquired on a 3T, GE Signa 750 scanner (GE
Healthcare Systems). The full session lasted about 40 minutes and started with a T1
weighted, 3-plane localizer. This image was used for subsequent prescriptions. We acquired
a T1 weighted inplane anatomy with 26, 4 mm thick slices (GRE, TR =34 ms, TE =2 ms,
flip angle 30 degrees, FOV = 22 cm, Matrix 256 x 192), aligned to the plane of the anterior
and posterior comissures. Before collecting functional data we ran a high order shim (Kim,
Adalsteinsson, Glover, & Spielman, 2002) to correct for inhomogeneities in the magnetic
field. T2* weighted functional images were collected using a spiral infout pulse sequence
(Glover & Law, 2001) (TR = 1.75 seconds; TE = 30 ms; flip angle = 70 degrees; FOV =
22cm; Matrix = 64 x 64; slice thickness = 4 mm) and the same prescription as the inplane
anatomy. A total of 160 volumes were collected in each sequence and the sequence was
repeated four times. The first six volumes (10.5 seconds) were discarded. A high resolution
T1 weighted IR-prep 3D FSPGR scan was collected following the functional scans (FOV =
24 x16.8 cm, Matrix = 256 x 192 x 130, 1.2mm slices, TI1 = 300ms, flip angle = 15 degrees,
1 NEX).

Data Analysis

Behavioral measures

Behavioral data were analyzed in MATLAB (The Mathworks, Natick, MA) and SPSS
version 16.0 (SPSS inc., Chicago, Illinois). For each subject, we computed the number of
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correct responses in total and for each sentence type. We also computed mean reaction time
to respond on correct trials only.

fMRI data pre-processing

Data were preprocessed and analyzed using SPM5 (http://www.fil.ion.ucl.ac.uk/spm).
Images were corrected for slice acquisition timing then realigned to the mean functional
image to correct for within-scan and between-scan motion. The inplane image was
coregistered to the mean functional image to correct for any movement between collection
of anatomical and functional data. The high resolution T1 weighted image was coregistered
to the inplane and segmented into gray matter, white matter, and cerebral spinal fluid. These
images were smoothed and used to generate a brain mask. The gray matter segmentation
was used to estimate the non-linear transformation to the MNI template. This transformation
was applied to the functional images and they were resampled to 3 x 3 x 3 mm3 voxels. The
images then were smoothed with an 8 mm Gaussian kernel to reduce spatial noise. Statistical
analysis was performed for each subject by calculating a general linear model for voxels
within the cortical regions of the brain mask. The four sentence types were convolved with a
canonical hemodynamic response function (HRF) and their temporal and dispersion
derivatives were estimated. Regressors were included for the 6 motion parameters, for each
run and for the overall mean. A highpass filter with a 128 second cutoff was used to remove
low frequency drift and an AR(1) correction was used for serial autocorrelation. Contrasts
were estimated for a 2 x 2 factorial design.

Voxelwise Group Analysis of the Distribution of Activation

Group level statistics were calculated using a random effects model with the contrast images
from each subject. We set the statistical threshold for all analyses at p < 0.001 (uncorrected
for multiple comparisons). Though a statistical threshold of p < 0.001 is common in imaging
studies we recognize that uncorrected analyses must be interpreted cautiously. In light of the
fact that this was an exploratory study with a limited sample size we elected not to use
SPM’s conservative voxelwise corrections because of the high probability of type 2 errors.
However, to reduce the risk of accumulating alpha errors, we analyzed clusters with a
minimal cluster size of 10 voxels. The analysis procedure is similar to that used in studies
with related objectives and similar populations (Brauer & Friederici, 2007; Prat et al., 2007).

Individual Difference Analysis

To investigate whether developmental changes in the cortical responses to sentence
difficulty, we constructed a model in which age was a covariate in the random effects model
comparing hard to easy sentences. To investigate changes in cortical responses to hard
versus easy sentences in relation to the individual’s receptive language skills, we constructed
three models which included PPVT-III standard score, CELF-IV standard score or TROG-2
mean reaction time as a covariate in the random effects model comparing hard sentences to
easy sentences. These analyses thus identify regions where the difference in the BOLD
response between hard and easy sentences is associated with the individual’s age, score or
performance on the behavioral assessment of receptive language. (For PPVT-111 and CELF-
IV, higher scores indicate stronger performance whereas for TROG-2 reaction time, lower
scores indicate stronger performance. We examined positive and negative correlations for all
three measures.) For TROG-2, reaction time data was available for 13 out of 14 subjects.
The other two models included all 14 subjects.
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Results

Behavioral Results

Table 2 includes the mean standardized scores on the WASI, PPVT-I1I and CELF-1V for
this sample of participants. As a group, the children were above average on these measures,
though scores ranged from average to superior. To examine correlations among the
measures, we used Spearman correlations because of small sample size. Examining
correlations among receptive language tests, we found that scores on the PPVT-I11 and
CELF-1V showed a modest correlation that did not reach statistical significance (r = 0.491, p
= 0.075). Table 2 also shows the mean number of correct trials and reaction time for the
TROG-2. The TROG-2 accuracy measurement was significantly correlated with CELF-1V
scores (r = 0.699, p = 0.008) and showed a modest correlation with PPVT-I11 scores that
approached significance (r = 0.513, p = 0.073). In contrast the TROG-2 reaction time
measurement was not correlated with either of the standardized test scores. Percent of
correct responses and reaction time on the TROG were not correlated with age.

Table 2 also includes the number of correct responses and mean reaction times for each
sentence type in the fMRI task. A repeated measures general linear model analysis revealed,
as expected, lower accuracy (F(1, 12) = 7.69, p = 0.017) and longer reaction time (F(1,12) =
33.21, p < 0.001) for long sentences than for short sentences. Similarly, accuracy was lower
(F(1, 12) = 11.12, p = 0.006) and reaction time longer (F(1,12) = 97.88, p < 0.001) for hard
sentences than for easy sentences. Reaction time showed a significant interaction between
length and difficulty (F(1, 12) = 21.03, p = 0.001) but accuracy did not (F(1, 12) = 0.05, p =
0.827). Using Spearman correlations, reaction times among all trial types were highly
correlated (r > 0.8, p < 0.001). Age did not show a significant positive correlation with
accuracy on the behavioral measures (r’'s = — 0.133 t0 0.513, p = 0.073 - 0.767) or a
significant negative correlation with reaction time (r’s = —0.014 to 0.265, p = 0.382 -
0.986). Neither standardized measure of receptive language skills showed a significant
correlation with task performance (r’s = —0.83 to 0.423, p = 0.149 to 0.861) or reaction time
(r’'s=-0.196 to 0.400, p = 0.176 to 0.979).

Distribution of Activations

In order to characterize the entire network recruited to perform the auditory sentence
comprehension task, we first generated a group statistical parametric map (SPM) comparing
the BOLD response on language trials to BOLD signal at baseline. Figure 1a shows a three-
dimensional rendering of the cortical surface. Regions with significantly greater BOLD
signal on all sentence conditions compared to fixation are colored red (p < 0.001). Table 3a
describes the areas of activation, peak z score, number of active voxels for the contrast, and
MNI coordinates for the peak activations. For sentence comprehension in comparison to
fixation, a large network of brain regions became active. Activation in the superior and
middle temporal cortex was bilateral; the extent of activation was greater in the left
hemisphere (Y coordinate = 9 to —60) than the right hemisphere (Y coordinate 15 to —45) but
signal change was greater in the right hemisphere (z = 6.99) than left hemisphere (z = 6.17).
Additional areas of activation included the insula, supramarginal and angular gyri, posterior
cingulate and precuneus. Notably, we did not find task-related activation in the left or the
right inferior frontal gyrus. To characterize network changes in response to sentence length,
we generated an SPM for the main effect of sentence length (Figure 1b and Table 3b).
Processing of long versus short sentences resulted in statistically greater activation
bilaterally in the inferior, middle and superior temporal gyri and insula. To characterize
network changes in response to increasing syntactic difficulty, we generated an SPM for the
main effect of difficulty (Figure 1c and Table 3c). Two localized clusters of voxels showed
significantly greater BOLD response to hard versus easy sentences, one in left middle
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temporal gyrus and one in right superior temporal gyrus and insula. The regions identified
by these two contrasts were distinct and did not show any areas of overlap. We used a 2 x 2
ANOVA to identify regions showing an interaction of length by complexity. This analysis
was limited to task-related regions identified by the proceeding three contrasts. No regions
showed an interaction effect.

Individual difference in the cortical language network

Figure 2a depicts cortical regions where the difference between the magnitudes of the
BOLD response to hard sentences compared to easy sentences is negatively associated with
age. Table 4a describes areas of activation, peak t score, number of active voxels for the
contrast, and MNI coordinates for the peak activations for the same model. The two
significant clusers were in the right hemisphere, one cluster of 16 voxels in the fusiform
gyrus and one of 15 voxels in the middle frontal gyrus. The areas in which increased signal
was associated with length and difficulty did not overlap. We found no regions where
changes in the network were positively associated with age.

We repeated the random effect models of hard versus easy sentences, using three measures
of individual differences as covariates—PPVT-111 standard score, CELF-1V standard score,
and mean reaction time on the TROG-2. Figure 2b depicts cortical regions where the
difference between the magnitudes of the BOLD response to hard sentences compared to
easy sentences was positively associated with PPV T-111 score. Table 4b describes areas of
activation, peak t score, number of active voxels for the contrast, and MNI coordinates for
the peak activations for the same model. In the left hemisphere, 38 voxels showed this
positive association with PPV T-111 standard score, extending from the superior temporal
gyrus to the insula and the inferior frontal gyrus. In the right hemisphere, there were 44
significant voxels, which are located in the frontal operculum and claustrum (also depicted
in figure 2b). We found no regions of the cortex in which changes in the cortical responses
were negatively associated with PPVT-I11 standard scores. We also found no regions of the
cortex in which changes in the cortical response were positively or negatively associated
with CELF-1V scores.

Figure 2c depicts cortical regions where the difference between the magnitudes of the
BOLD response to hard sentences compared to easy sentences is negatively associated with
reaction time on the TROG-2. Table 4c describes areas of activation, peak t score, number
of active voxels for the contrast, and MNI coordinates for the peak activations for the same
model. We found 30 voxels in the left hemisphere positioned near the midline, extending
from the anterior cingulate to medial frontal gyrus, with a negative association with reaction
time on the TROG-2. Figure 2d depicts cortical regions where the difference between the
magnitudes of the BOLD response to hard sentences compared to easy sentences is
positively associated with reaction time on the TROG-2. Table 4d describes areas of
activation, peak t score, number of active voxels for the contrast, and MNI coordinates for
the peak activations for the same model. We found 29 voxels in the right inferior frontal
gyrus and precentral gyrus and 42 voxels in the near the juncture of the right middle frontal
gyrus, right inferior frontal gyrus, and insula with the positive association with reaction time
on the TROG-2.

Discussion

Results of this exploratory study suggest that the dynamic neural network for auditory
sentence comprehension in typically developing children and adolescents changes in distinct
ways as a function of sentence length and syntactic complexity. Increased bilateral temporal
activation was associated with sentence length. Increased activation of the left posterior
temporal lobe, right superior temporal gyrus and right insula was associated with syntactic
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complexity, though this effect was small and must be considered tentative until confirmed
with a larger investigation. Our results further suggest that regions of the frontal cortex
become more active in response to increasing task demands in children with superior
receptive language skills than in children with average language abilities, when receptive
language abilities are indexed by either standard scores on formal tests or processing speed
on a computerized comprehension task outside of the scanner.

The sentence-verification task was designed to characterize dynamic properties of the
language system and identify neural responses associated with individual differences in
functional communications skills. This task, popular in the adult aphasia literature, is more
natural and less meta-linguistic than other candidate tasks, such as grammaticality judgment.
It is useful for demonstrating individual differences on a trial-by-trial basis because it allows
for performance monitoring in terms of both accuracy and reaction time. We used three
different syntactic structures in each of the stimulus categories. By extending the range of
constructions we are likely to extend the range of behavioral and neural responses. Our
paradigm was not designed to map specific cognitive functions to specific regions; rather it
was designed to detect changes in the overall network response to varying stimulus and
subject characteristics.

Sentence comprehension (compared to fixation) activated a bilateral network of cortical
regions. Left lateralization for language processing tends to be greater in verbal fluency,
verbal working memory and reading tasks than it is in auditory sentence and story
comprehension (Gaillard et al., 2004; Gaillard et al., 2000; Holland et al., 2001; Schmithorst
et al., 2006). These findings suggest that under naturalistic circumstances, the right
hemisphere is actively involved, possibly equally to the left, in language comprehension.
What is as yet unclear is to what extent the two hemispheres are redundant or processing in
distinctive manners.

Though still an area of considerable debate, left lateralization, particularly in the inferior
frontal gyrus, is often found in comprehension tasks that examine the processing of specific
complex syntactic constructions (Ben-Shachar et al., 2003; Ben-Shachar et al., 2004),
require detection of syntactic violations,(Friederici et al., 2003) or place high demands on
verbal memory (Fiebach, Schlesewsky, Lohmann, von Cramon, & Friederici, 2005). In
general the inferior frontal gyrus is implicated in language tasks with high processing
demands. Though we did not find inferior frontal gyrus activation at the group level, the
individual differences analysis demonstrated that children with better receptive language
skills showed a greater increase in activation in the inferior frontal gyrus on complex
sentences than children with average receptive language skills. This finding suggests that the
children with the strongest language abilities are activating higher order brain functions
when performing a more complex task.

Main effects of both length and difficulty were present in both hemispheres suggesting that
increasing task demands draw upon greater resources from both the left and right
hemisphere. Many fMRI studies of syntactic complexity hold sentence length constant
(Friederici et al., 2003; Just et al., 1996; Keller et al., 2001). In this study we included the
sentence length manipulation as a comparison condition for syntactic complexity to
determine whether sentence length, in and of itself, would be associated with increased
activations in superior and middle temporal lobes and/or parietal and frontal regions, relating
to increased processing or memory requirements. We found long sentences increased
activation only within the temporal lobe, probably due to increased auditory, linguistic and
semantic processing. We found no overlap between areas associated with length and areas
associated with complexity. Wernicke’s area showed increased activation in response to
complex versus easy sentences, suggesting that irrespective of individual differences in
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strategy that likely arise from this multimodal paradigm, the left posterior superior temporal
lobe is important for the comprehension of syntactically complex sentences in children.
Along with Wernicke’s area, a right hemisphere homologue showed a significant effect of
sentence complexity at the group level, highlighting that language comprehension in our
task required both hemispheres to dynamically adapt to the stimuli.

We found significant negative associations between age and responses to task difficulty in
the right fusiform gyrus and right middle frontal gyrus, even though we did not find age
effects in the analyses of behavioral data in the laboratory or in the scanner. Age effects on
patterns of activation in sentence or narrative processing have been found in some small
studies (Booth et al., 2000; Karunanayaka et al., 2007; Schmithorst, Holland, & Plante,
2007; Szaflarski et al., 2006) though none have specifically examined the relationship
between age and adaptability. Our results suggest that as the task demands increase younger
children rely more heavily on the fusiform gyrus and middle frontal gyrus to handle the
increased difficulty. Increased responses in the fusiform gyrus could indicate that younger
children in comparison to older children rely more heavily on visual and semantic
information for comprehension as the sentences become more difficult (Schmithorst,
Holland, Plante et al., 2007). This interpretation is consistent with Booth et al (2000) in
which increased activation of visual association areas in children compare to adults was
attributed to children relying more heavily on visualization to comprehend language. Given
that task performance was not associated with age, the negative association between age and
adaptability appears to reflect that the alternative strategy that younger children use is not
incompatible with accurate comprehension.

In this sentence comprehension paradigm, we found that two of the measures—PPVT-I11
and reaction time on TROG-2--were associated with change in the extent of activation for
hard versus easy sentences. The regions where changes were related to receptive language
abilities included a left hemisphere perisylvian and a right hemisphere deep gray matter
area. Processing speed was negatively associated with changes in response to task difficulty
in the anterior cingulate and medial frontal gyrus. These were not regions identified in the
general task-related maps probably because the participants with relatively weaker language
abilities were not activating them differentially in comprehending hard versus easy
sentences. Interestingly, these frontal lobe regions are often associated with memory, error
monitoring and attention (Badre & Wagner, 2002, 2007; Love et al., 2006; Rushworth,
Walton, Kennerley, & Bannerman, 2004; van Veen & Carter, 2002). Processing speed was
positively associated changes in response to task difficulty in the right hemisphere, including
right inferior frontal gyrus (BA44, 45). This result is analogous with findings in the reading
literature; poor readers show greater activation in right hemisphere BA 44, 45 than do good
readers (Simos et al., 2002) Thus, slow language processors, like poor readers, may be
recruiting superfluous, suboptimal or compensatory regions in response to increasing task
difficulty (Shaywitz & Shaywitz, 2008). We recognize that the associations between skill
level and activation patterns do not necessarily establish a cause-effect relationship; both
processes may be related to another underlying process. To elucidate the underlying
mechanisms that explain individual differences in children’s language abilities it will be
important to measure variations in the neural response to difficulty on a variety of linguistic
tasks using ROIs defined on individual brains.

This study was limited by its small sample size and the restricted range of cognitive abilities
and relatively high socioeconomic status of the participants. Because we were unable to use
corrected p-values these exploratory results should be interpreted cautiously. We plan to
attempt to confirm these findings in a larger sample of typically developing children with a
greater range of cognitive and language abilities. However, the implications of this study
provide an intriguing account of the relationship between individual differences in brain
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activity and individual differences in receptive language abilities. Based on these findings,
future studies employing individual brain analysis methods and larger samples will allow for
the investigation of the specific brain regions in which neural responses to task difficulty is
related to language skills.

In summary, we have shown that sentence comprehension in children and adolescents is
served by a dynamic and distributed network that varies as a function of stimulus demands,
receptive language abilities and age. In future work we will extend the methods to include
clinical populations, particularly children with language disorders, to determine the degree
of network adaptability and sources of individual variation. We also recognize that a
dynamic network must rely on rapid communication among brain regions. Though we found
bilateral activations, we do not know to what extent the left and right hemisphere are
functioning in parallel and to what extent information is being sent from one hemisphere to
the other. In the future, we will study children with white matter lesions to begin to address
this issue. Finally, we are intrigued to learn if the sentence comprehension network changes
as a function of education or interventions for children with poor receptive language skills.
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Right Hemisphere Left Hemisphere

Figure 1.
Three dimensional rendering of the cortical surface displaying regions of significant activity

in red for: (a) Sentence Comprehension vs. Fixation, (b) Long vs. Short Sentences, (c) Hard
vs. Easy Sentences. p < 0.001 uncorrected, minimum cluster size > 10 voxels.
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Figure 2.

Three dimensional rendering of the cortical surface displaying in red regions where cortical
responses to increasing sentence complexity was significantly associated with (a) age
(negative correlation); (b) Peabody Picture Vocabulary Test-111 (PPVT-I11) standard scores
(positive correlation); (c) Mean reaction time on the Test of the Reception of Grammar 2"d
edition (TROG-2) (negative correlation); (d) Mean reaction time on TROG-2 (positive
correlation). All p < 0.001, minimum cluster size > 10 voxels.
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Examples of Stimuli used in the Sentence Verification Task during functional Magnetic Resonance Imaging

Sentence condition

Syntactic constructions included, using terminology
from the Test of Reception of Grammar-2

Examples

Short/easy . Reversible in and on . The cup is in the box.
. Three elements . The dog stands on the table.
. Reversible subject-verb-object . The man is chasing the dog.
Short/hard . Reversible passive . The sheep is pushed by the boy.
. Pronoun gender/number . The lady is pointing at them.
. Singular/plural inflection . The cows are under the tree.
Long/easy . Four elements . The horse sees the cup and the book.
. Relative clause in subject . The man that is eating looks at the cat
. Not only X but also Y . The man is not only running but also pointing
Long/hard . Pronoun binding . The man sees that the boy is pointing at him

Relative clause in object

Center-embedded sentence

The girl chases the dog that is jumping

The scarf the book is on is blue
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Table 2
Behavioral test scores and task performance
Measure Mean SD Range
Standardized Test Scores
WASI Full Scale Intelligence 121.8 12.8 102.0-144.0
PPVT-III 116.2 9.3 103.0-134.0

CELF-IV Receptive Language Index  114.6 10.2  96.0-134.0
TROG-2 Performance

Mean number correct (out of 80) 76.8 1.6 73-79

Mean reaction time in milliseconds 2829 546 1987 -3695
In-Scanner Sentence Comprehension

Mean number correct (out of 24)

Short/Easy 222 15 19.0-24.0
Short/Hard 20.5 1.4 18.0-23.0
Long/Easy 20.9 2.8 15.0-24.0
Long/Hard 19.0 2.0 14.0-22.0
Mean reaction time in milliseconds
Short/Easy 1851 377 1106 - 2428
Short/Hard 2003 408 1073 - 2466
Long/Easy 2169 422 1294 -2613
Long/Hard 2670 500 1851 -3349

CELF-1V = Clinical Evaluation of Language Fundamentals. Fourth Edition
PPVT-I1l = Peabody Picture Vocabulary Test, Third Edition
WASI= Wechsler Abbreviated Scale of Intelligence

TROG-2 = Test for Reception of Grammar, Second Edition
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