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Abstract

Listening and reading comprehension of paragraph-length material are considered higher-order
language skills fundamental to social and academic functioning. Using ecologically relevant
language stimuli that were matched for difficulty according to developmental level, we analyze the
effects of task, age, neuropsychological skills, and post-task performance on fMRI activation and
hemispheric laterality. Areas of supramodal language processing are identified, with the most robust
region being left-lateralized activation along the superior temporal sulcus. Functionally, this
conjunction has a role in semantic and syntactic processing, leading us to refer to this conjunction
as “comprehension cortex.” Different from adults, supramodal areas for children include less
extensive inferior frontal gyrus but more extensive right cerebellum and right temporal pole. Broader
neuroanatomical pathways are recruited for reading, reflecting the more active processing and larger
set of cognitive demands needed for reading compared to listening to stories. ROl analyses reveal
that reading is a less lateralized language task than listening in inferior frontal and superior temporal
areas, which likely reflects the difficulty of the task as children in this study are still developing their
reading skills. For listening to stories, temporal activation is stable by age four with no correlations
with age, neuropsychological skills or post-task performance. In contrast, frontal activation during
listening to stories occurs more often in older children, and frontal activation is positively correlated
with better performance on comprehension questions, suggesting that the activation of frontal
networks may reflect greater integration and depth of story processing.
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Introduction

The left lateralized Wernicke-Geshwind language network that is connected by the arcuate
fasciculus pathway/superior longitudinal fasciculus I11 and includes posterior superior
temporal gyrus (Wernicke's Area), inferior frontal gyrus (Broca's Area), and their homologues
(Catani et al., 2005; Frey et al., 2008; Friederici, 2009; Geschwind, 1972; Wernicke, 1874) has
been well characterized in adults. Imaging studies reveal a similar network in children across
a variety of language tasks (Ahmad et al., 2003; Balsamo et al., 2002; Burman et al., 2008;
Cao et al., 2006; Gaillard et al., 2003b; Holland et al., 2001; Schlaggar et al., 2002); however,
the influence of age, task performance, and task type on the neural correlates of language
remains unclear. Our study provides insight into the influence of these factors by utilizing a
novel developmental approach that is ecologically and clinically relevant.

Many pediatric studies use single words or short sentences; however, everyday communication
—including discourse and formal academic instruction—entails processing complex language.
In the present study we aim to examine the networks involved in processing “whole” language.
The language stimuli in our study are paragraph stories that require integration, inference, and
derivation of overall meaning based on previous knowledge, as well as phonological, syntactic
and semantic information. Thus, our stimuli have greater ecological validity than single words
or simple sentences. Although complexity may be operationally defined by various parameters
including syntax, semantics, or units (word, sentence, text), extent of activation increases with
greater linguistic complexity in left superior temporal cortex, left inferior frontal gyrus and, to
a lesser extent, within right homologues (Brauer and Friederici, 2007; Jobard et al., 2007; Just
et al., 1996). The greater demands for story comprehension compared to single words require
greater neuronal activation and support from secondary areas (Jobard et al., 2007). We examine
whether there are developmental differences in how the network is engaged for complex
language.

Our task design is novel because we adapt task difficulty to individual skill level. Our study
presents stories to children that are designed to match their developmental level with the aim
of broadly controlling for performance, which then allows for examination of differences in
activation associated with age. This approach is in contrast to previous studies that use a
common task typically aimed at the easiest level of comprehension. Each method has
advantages and drawbacks; however, from a clinical perspective, the common task method
may be unsuitable because it does not optimize the patient's performance. A task that is too
difficult or too easy may result in null or misleading activation and we find that success—in
the form of a usable dataset—is best achieved when the difficulty level matches one's
developmental level (Gaillard, 2004; Gaillard et al., 2004; Yerys et al., 2009).

We also conducted a novel analysis that has not been previously used with children. We make
a direct comparison of listening to a story versus silently reading a story. The comparison of
reading and listening is informative for identifying the neural correlates unique to each task as
well as those involved in supramodal processing of language. There is an evolutionary basis
for expecting neural differences associated with listening and reading, particularly when
examined during development. Ontogenetically, oral language is acquired earlier with virtually
all mammals engaging in a form of oral communication. Recent studies demonstrate that the
perinatal brain is selectively primed to process auditory information important and specific to
language (Dehaene-Lambertz et al., 2006; Telkemeyer et al., 2009). In contrast, reading is a
skill that is unique to humans and is explicitly taught. As such, the neuronal requirements for
listening to a story may be more streamlined and automatic than those required for reading a
story (Indefrey et al., 2004).
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Previous studies with children using single words or with adults using stories show that the
overlap between reading and listening activation lies along the superior temporal sulcus into
middle temporal gyrus (BA 21,22) (Gaillard et al., 2003a; Jobard et al., 2007; Lindenberg and
Scheef, 2007; Turkeltaub et al., 2003). Functionally, temporal lobe activation is critical for
lexical and semantic processing. The superior temporal sulcus is also involved in crossmodal
integration, a process needed for mapping auditory and visual cues (Calvert, 2001; Naumer et
al., 2008). In a study with adults, bilateral inferior frontal gyrus was also an area of overlap for
reading and listening (Jobard et al., 2007); however, this may not be found in children who
show variable engagement of the frontal lobes during listening tasks (Ahmad et al., 2003;
Carpentier et al., 2001; Karunanayaka et al., 2007). Consistent frontal activation in children is
found with a large sample size (>300) and by using a different analysis technique (independent
component analysis and structural equation modeling) than the standard group t-test
comparison (Karunanayaka et al., 2007).

Activation differences for listening over reading are localized mainly in the temporal lobe with
the largest differences occurring close to left primary auditory cortex and in right homologues
(Carpentier et al., 2001; Jobard et al., 2007; Michael et al., 2001). Activation differences for
reading over listening are more extensive. Areas include bilateral occipital lobe and anteriorly
along the superior temporal sulcus toward middle and inferior temporal gyrus to include the
fusiform gyrus and visual word form areas (Borowsky et al., 2007; Hickok and Poeppel,
2004; Jobard et al., 2007; Saur et al., 2008; Scott and Wise, 2004). Differences in frontal regions
include inferior frontal gyrus and supplementary motor area (Carpentier et al., 2001).
Activation of inferior temporal areas, including fusiform, is postulated as an association area
where there is an incorporation of a visual strategy during language processing (e.g., picturing
what is being comprehended) (Balsamo et al., 2006). Frontal activation during reading is
associated with several component skills including phonological processing and verbal
working memory (Bookheimer, 2002).

We use fMRI to study listening and reading comprehension in healthy children across a wide
age range and with a task aimed at each child's developmental level to expand the understanding
of neuronal changes associated with language development, particularly whole language,
which is the basis of common communication. Our approach is ecologically and clinically
relevant. A goal is to investigate the shared and unique components of the language network
engaged by different modalities in children as they develop language comprehension skills.
We also investigate the extent to which hemispheric laterality strengthens with age for each
task as a possible indicator of network maturation. Moreover, task and neuropsychological
performance are included in analyses to explore their relationship with activation. We
hypothesize that activation from the listening task will overlap with reading primarily in the
temporal lobe and to a lesser extent than adults in the frontal lobe. We expect that the reading
task will recruit a broader network than the listening task including frontal and occipital regions.
We also expect laterality will show a positive correlation with age and performance.

Seventy-four healthy, right-handed (Harris, 1947), English-speaking children participated in
the protocol. For the listening comprehension task, 59 subjects completed the task (31 boys;
mean age=8.72 years, range 4-12). Eleven were excluded due to movement, three due to
aborted scans because of technical difficulty, and one due to the child falling asleep in the
scanner. The criterion for removal due to movement was if the child moved more than a voxel
(3mm3) based on the standard output from the registration preprocessing step that provides six
movement parameters (SPM2, University College London, London). For the reading
comprehension task, 44 subjects completed the task (24 boys; mean age=10.04 years, range
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7-12). Six were excluded due to movement while 24 children did not perform the task because
they were not yet reading beyond single words (largely children younger than seven years old).
Thirty-six children completed both the reading and listening comprehension tasks (20 boys;
mean age=10.2, range 7-12).

Participants underwent a neurological examination by a child neurologist and had no history
of developmental, learning, neurological, or psychiatric disorders. The study was approved by
Children's National Medical Center Institutional Review Board, with informed consent
provided by the parents, and written assent provided by all children prior to any study
procedure.

Neuropsychological Testing

Intelligence and language skills were assessed in a separate session within a month prior to
scanning. Intelligence was assessed according to standardized administration with an age
appropriate measure; either the Differential Scales of Ability (DAS, ages 4-5) (Elliot, 1990)
or the Wechsler Abbreviated Scale of Intelligence (WASI, ages 6-12) (Wechsler, 1999). The
1Q measures contain several verbal and nonverbal subtests, providing a Full Scale 1Q (General
Conceptual Ability for the DAS), Verbal 1Q (Verbal Cluster), and Performance 1Q (Nonverbal
Cluster). Language measures were selected to assess a variety of expressive and receptive
language skills. Fundamental language skills were assessed with subtests from the Clinical
Evaluation of Language Fundamentals (Preschool Version (CELF-P, age 4) (Wiig and Secord,
2004) or Fourth Edition (CELF-4, ages 5-12) (Semel et al., 2003)) that comprise the Core
Language composite. Oral reading skills were assessed with the Gray Oral Reading Test:
Fourth Edition (GORT-4) (Wiederholt and Bryant, 2001), which measures growth in oral
reading based on rate, accuracy, fluency, comprehension, resulting in a composite Oral Reading
Quotient (ORQ). Phonological Awareness was assessed with subtests from the Comprehensive
Test of Phonological Processing (CTOPP) (Wagner, 1999), and verbal memory was evaluated
with the Story Memory subtest of the Wide Range Assessment of Memory and Learning
(WRAML) (Sheslow, 1990).

Functional MRI Paradigms

A protocol was followed to ensure that the children felt confident and comfortable about all
aspects of the scanning experience, with two mock scanning sessions prior to the actual imaging
session. In the scanner, subjects performed a listening to stories task and a reading stories task
as part of a larger battery of language tasks that were performed during the same scanning
session. Task order was randomized.

Tasks were created by adapting stories from standardized measures that included a narrative
(full stories available in the online supplement). These included the Children's Memory Scale
(Cohen, 1997), Dynamic Indicators of Basic Early Literacy Skills (DIBELS) (Good, 2002),
Gray Silent Reading Test (GSRT) (Wiederholt, 2000), and Gray Oral Reading Test: Fourth
Edition (GORT-4), Form B (Wiederholt and Bryant, 2001), which are all measures that were
created using large, diverse normative samples. Four ability levels (Level 1-Grade 1 and below,
Level 2 - Grade 2, Level 3- Grade 3, Level 4- Grade 4 and above) were created for the listening
to stories with grade level being the criterion. Due to the larger differences expected for reading
ability, six levels were created with grade being the criterion. The reading levels were:
Kindergarten and below, Grade 1, Grade 2, Grade 3, Grades 4-5, and Grades 6 and above.
Selections for the fMRI task at were the grade appropriate entry items from the normed
measure. To keep the number of levels manageable, the levels were designed for a relatively
large developmental window and thus, passages were meant to be well within each ability
level. The stories for the listening and reading tasks were adapted from the comparable level
of an alternate form of the standardized measure.
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For both listening and reading, the task paradigm consisted of alternating 30 second blocks of
experimental and baseline conditions. The task consisted of 10 blocks (five of each condition),
with total scan time for the entire task being five minutes. Two stories were presented over the
5 experimental blocks, thus one story spanned at least two blocks. For the listening to stories
task, the experimental condition consisted of pre-recorded sentences with a tone interspersed
at the end of sentences. Subjects were asked to press the button of the MR compatible response
box when they heard a tone in order to assure vigilance to the task. The baseline condition
consisted of reverse speech, designed to match the experimental condition for primary audition,
motor response, length of utterance, and volume of presentation. For the reading stories task,
the experimental condition consisted of sentences projected onto a MR compatible screen
above the child's head. Subjects were asked to covertly read the sentences on the screen and
press the button when they came to a period. If they finished before the screen changed, they
were asked to read it again. The baseline condition consisted of viewing black and white dots
to control for motor and eye movement. When the subject saw a white square appear on the
screen, they were to indicate via a button press. Post-scan questions were posed to measure
story comprehension. Ten questions (5 free recall/multiple choice and 5 recognition) assessed
story comprehension and indicated performance level.

Image Acquisition

Functional data was acquired using a 3.0 Tesla Siemens Magnetom Trio equipped with a
standard CP head coil. Anatomical images of participants were collected using a sagittal T1
MPRAGE sequence, slice thickness of 1.0 mm, TR of 1600ms and TE of 3.37 ms, which served
to screen for anatomical abnormalities and used as normative data for structural childhood
epilepsy studies. Blood oxygen level-dependent (BOLD) changes were measured using a
whole brain EPI sequence with parameters: TR=3000ms, TE =30ms, FoV=192mm, and
effective voxel size=3.0 x 3.0 x 3.0 mm3. Axial images were collected parallel to the anterior
commissure-posterior commissure plane, which served as an origin of reference. Whole brain
volumes consisted of 50 axial slices of 2.8 mm thickness with a 0.2 mm gap between slices.

Stimuli were presented using Windows compatible E-prime software version 1.1 (Psychology
Software tools, Inc., Pittsburgh, PA). All auditory stimuli were presented to subjects through
MR compatible headphones, which also facilitated communication between the subject and

MR technician and reduced in-scanner noise. Subjects' task held the button box in the left hand.

Functional MRI Data Analysis

Image data preprocessing and group analysis was performed using Statistical Parametric
Mapping software (SPM2) (University College London, London) and the Statistical Analysis
Toolbox through Matlab (The MathWorks, Inc; Natick, MA). Images were realigned, spatially
normalized to the MNI standard anatomical space, spatially smoothed using an 8mm full width
at half maximum Gaussian kernel and temporally filtered (high-pass filter: 128 seconds).
Individual t-maps were generated by comparing the experimental and baseline conditions on
a voxel-wise basis with movement parameters as covariates of noninterest. Movement was
included to control for any activation differences related to movement. After rejecting data
with excessive motion (> 1 voxel) as described above, no overall differences in motion related
to age group were found (p=.28). Specific comparisons revealed that the youngest age group
(Mean=0.16 mm, SD=0.2 mm) moved more in the x direction—by less than a millimeter—
than the middle age group (Mean=0.05mm, SD=0.4; p=.03). Group maps were generated from
individual activation maps using a random-effects model to obtain a whole brain activation
maps and determine the network of brain regions activated during each task examining all of
the subjects combined. The activation maps were thresholded at p<0.05 corrected for multiple
comparisons using Family Wise Error (FWE), and a minimum cluster size of 20 voxels.
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Region of Interest Analysis and Laterality

We based our regions of interest (ROI) on anatomical areas that are well established as primary
contributors to language processing and validated by invasive means, including the intracarotid
amobarbital test (IAT) and electrocorticography (Gaillard et al., 2002b). Three ROIs were
defined broadly by anatomic designations using the Wake Forest PickAtlas (Maldjian et al.,
2003). They included: 1) Anatomic Label for Inferior frontal gyrus (IFG, including BA 44, 45,
47), 2) Anatomic Label for Middle frontal gyrus (MFG, including BA 9, 46), and 3) Wernicke's
Area (WA, including BA 21, 22, 39). Anatomical ROIs were chosen to have an inclusive region
that would potentially capture any variability in activation related to development, yet, the
selection of specific regions reflect the understanding that it is uncommon to activate much
outside these areas for language processing (Mbwana et al., 2009).

In addition to anatomic ROIs, analyses were also conducted using functional ROIs that are
based on the activation in the primary language regions—IFG and WA—from the group map
and conjunction results. The functional ROIs were smaller than the anatomical ROIs because
they are limited to the most common activation, yet the functional ROIs still covered arelatively
broad cortical region. In addition, no IFG functional ROI was analyzed for the listening task
because the group map rendered only a 29 voxel ROl and individual activation was too variable.
We conducted our analyses with functional ROIs to ensure that our results were not influenced
by reduced sensitivity based on having an overly inclusive anatomical ROl and to determine
if the ROI based on the conjunction rendered different results.

Lateraility index (LI) is computed by comparing the voxels active in each hemisphere: LI =
(ZLyvoxels — ZRvoxels) / (ELyoxels T ZRvoxels). Values range from —1 to 1 with higher positive
values indicating greater left lateralization. We utilized a bootstrap method (Wilke and Lidzba,
2007; Wilke and Schmithorst, 2006) to calculate L1 and report the “weighted mean” of LI
values which is equal to the arithmetic mean of all possible LI values. We categorized language
dominance such that left hemisphere dominance is defined by LI values >0.2, right hemisphere
dominance is defined by LI values < —0.2, and bilateral representation are LI values between
—0.2 and 0.2 (Binder et al., 1995; Gaillard et al., 2002a; Pujol et al., 1999).

Statistical Analyses

Results

Descriptive statistics were used to characterize demographic, neuropsychological, task
performance, and LI variables. To examine the relationships among these variables the
appropriate parametric and nonparametric two-tailed correlation analysis (depending on the
nature and distribution) were conducted. Multivariate analysis of variance (MANOVA)
examined age and regional differences in LI. A 3 (WA, IFG, and MFG) by 2-way (reading
versus listening) ANOVA was used to assess the effect of region of interest and task type on
degree of lateralization. Regression analyses performed were conducted using SPM2 to
correlate activation with age, neuropsychological skills, and task performance. Age group
comparisons were also conducted by ANOVA and conjunction analysis in SPM2 to determine
unique and common activation. Subjects were segregated into three age groups according to
the three listening levels: 4-6 years-old, 7-9 years-old, and 10-12 years-old.

Neuropsychological Data

Subjects' cognitive skills fell in the average to above average range for all measures, with no
significant differences among age groups (p>.05, Table 1). Moreover, no significant

differences in skills were evident for the subsets of children who completed particular tasks;
59 children for listening to stories (Mean FSIQ=115, SD=14, range 80—156), 44 children for
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reading stories (Mean FS1Q=117, SD =15); and 36 children who completed both (Mean
FSIQ=118, SD=15).

Stories Task

Task Performance and Neuropsychological Skills—Subjects answered post-task
questions with 78% accuracy indicating good task compliance and comprehension of material
(Table 1). Performance on post-task questions was positively correlated with immediate story
memory (p<.05) and age (p<.05), but age and story memory were not significantly correlated
(Table included in supplementary material). There was a trend for performance on post-task
questions to be positively correlated with Verbal 1Q (p=.07), CTOPP Phonological Awareness
(p=.07) and CELF Core Language (p=.09).

Functional Activation

Group Map: Activation was robust along the left superior temporal sulcus and to a lesser
extent, within right homologues (FWE p<.05, >20 voxels in cluster; Table 2, Figure 1). Small
clusters of activation in the left inferior frontal gyrus (BA 45, 47; 31 voxels) and left
orbitofrontal cortex (BA 11; 26 voxels) are also activated. On an individual basis, 38 children
had frontal cortex activation in IFG and/or MFG (BA 44, 45, 46 or 47).

Laterality: Subjects were predominantly left lateralized for the three regions of interest (IFG,
MFG, and WA) (Table 1, Figure 1). Fifty-four children (92%) were left lateralized in WA
(average L1=0.58). Of the subset of subjects who had frontal activation, 81% were left
lateralized for IFG and 73% were left lateralized for MFG (average L1=0.70 and 0.64,
respectively). To examine the strength of laterality independent of hemisphere dominance, we
used the absolute value of LI and found that the degree of lateralization was comparable among
regions, IFG Mean Absolute L1=0.64; MFG Mean absolute LI1=0.58; and WA Mean Absolute
L1=0.55 (p>.10).

Age: Using a threshold of p<.001 and minimum of 20 voxels in a cluster, no significant clusters
of activation were correlated with age. Moreover, there were no age group differences in
laterality based on either categorical dominance or Mean Absolute LI (p>.10, Figure 2).
However, with age as a continuous variable, there is a trend for age to be positively correlated
with lateralization of WA LI (p=.098, supplemental figure). The effect size of age was small
(Cohen's f2=.03). The variance in LI was affected by region and sample size: IFG was the most
variable, but does not appear so in younger groups where the number of subjects with activation
was less. There was a trend for fewer younger children to activate frontal regions (p=.09): 41%
of 4-6 year olds, 72% of 7-9 year olds, and 71% of 10-12 year olds. In Wernicke's, where
there were equal samples per age group, variance was similar across age (p>.05).

Task Performance, Neuropsychological Skills, and Activation—No significant
clusters of activation were correlated with post-scan task performance. There was a trend for
core language skills to be positively correlated with L1 in MFG (p=.08), but no other
associations between any other neuropsychological skill and region of interest were evident
(p>.05). Post-scan test performance was not correlated with LI of any region (p>.05).

Based on observed patterns of frontal activation, we examined whether children who activated
frontal regions showed performance differences. Children who engaged frontal areas to
perform the listening task had better post-task recall comprehension (83% vs 70%, p<.05), but
groups performed similarly on recognition questions (76% vs 78%, p>.05). However, these
two groups of children (frontal vs. non-frontal engagers) did not differ across cognitive skills
(WASI, CELF, CTOPP, or WRAML, p>.05).
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Reading Comprehension

Task Performance and Neuropsychological Skills—Subjects answered post-task
questions with 87% accuracy indicating good task compliance and comprehension of material
(Table 1). Stronger performance on post-task reading questions was positively correlated with
FSIQ, Performance 1Q, CTOPP Phonological Awareness, WRAML Immediate Story Memory
(p<.05) and reading ability (p=.05), with a trend for Verbal 1Q (p=.07) and CELF Core
Language (p=0.10). Post-task performance was not significantly correlated with age (p>.05).

Functional Activation

Group Map: Activation during the reading task was robust along the left superior temporal
sulcus extending inferiorly into fusiform area (BA 20) (Table 2, Figure 1). Right homologous
regions for superior and middle temporal gyrus were also active, but to a lesser extent. In
addition, bilateral (left greater than right) activation was evident in the cerebellum, occipital
lobe, and inferior and middle frontal gyri (BA 6, 44, 45).

Laterality: As a group, subjects were left lateralized for the three regions of interest (IFG,
MFG, and WA) (Table 1, Figure 1). Thirty-one children (71%) were left lateralized for IFG,
29 (66%) were left lateralized for MFG, and 38 (87%) were left lateralized in WA. Strength
of laterality independent of hemisphere dominance was comparable among regions: IFG Mean
Absolute L1=0.51; MFG Mean absolute L1=0.44; and WA Mean Absolute L1=0.58 (p>.05).

Age: Age was negatively correlated with activation in IFG bilaterally and basal ganglia (p<.
001, uncorrected, >20 voxels in cluster). There were no age differences in degree or categorical
dominance of laterality (p>.05, Figure 2). The variance in LI was also similar across age (p>.
05).

Task Performance, Neuropsychological Skills, and Activation—Across several
analyses, the relationship between activation, lateralization of activation, and cognitive
performance was examined. Reading skills were negatively correlated with activation in right
middle frontal gyrus (BA6/9) (p=.001, uncorrected, >20 voxels in a cluster). No
neuropsychological skills were associated with laterality across any region (p>.05). Post-scan
test performance on recall questions was positively correlated with IFG LI (p<.05).

Comparison of Listening and Reading

For the 36 subjects ages 7-12 who completed both the reading and listening comprehension
tasks, direct task comparisons revealed both overlapping and distinct areas for each task (Figure
3). A conjunction analysis revealed that both tasks strongly activated the left superior temporal
sulcus (p<.05, FWE, 1625 voxels, (green in Figure 3, Table 2)). In addition, the conjunction
analysis showed overlapping activation in the right cerebellum (119 voxels), right STG (72
voxels), and left IFG (BA 47; 29 voxels). Activation differences showed that the reading task
invoked a broader network than the listening task including bilateral occipital, right greater
than left IFG (BA 47), as well as superior frontal gyrus (BA 6) (p<.05, FWE). The listening
task activated the junction of the right angular/fusiform gyrus (BA 39/37 (p<.05, FWE, 174
voxels) to a greater degree than the reading task. The overall distribution of patterns of language
dominance was similar to those described above; however, discordance for language
dominance across the two tasks was evident. Seven (27%) children were discordant for
laterality within IFG, while five (14%) children were discordant within WA.

The 3 x 2 ANOVA revealed a main effect of region such that MFG was less lateralized than
IFG and WA (p<.05), while IFG and WA had comparable degrees of lateralization (p>.10;
Figure 4). For task type, there was a trend for reading to be less lateralized than listening (p=.
08). There was no significant interaction between ROI and task type.
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Comparison of Anatomical and Functional ROls

LI values using functional ROIs including the conjunction ROI were higher than LI values
using the anatomical ROIs for WA (p<.01, Supplemental Table); no differences in LI values
based on functional ROIs were evident for IFG. Despite these differences in magnitude of WA
LI, results remained unchanged related to laterality differences associated with task,
performance, or age.

Discussion

Supramodal

We find that children engage the same fundamental cortical regions of the language network
as adults; however, there are influences of age, task, and methodology on neural activation.

activation: Developmental implications

In children as young as four years old, we find a supramodal area of robust activation along
the superior temporal sulcus as well as less extensive activation in the left inferior frontal gyrus
and right cerebellum. This conjunction represents cortex that is common to listening and
reading independent of modality, complexity, or performance and reflects a stable area of the
language network. Functionally, these regions have a role in semantic and syntactic processing
(Bookheimer, 2002; Pugh et al., 1996), leading us to refer to this conjunction as
“comprehension cortex.”

The principal portion of the comprehension cortex is comprised of the temporal lobe including
Wernicke's Area. Specifically, activation is in the left posterior aspect of the superior temporal
lobe and extends down the superior temporal sulcus into middle temporal gyrus. This temporal
region is smaller than the region activated in the listening task alone, but nevertheless is a broad
region of interest and comparable to the temporal supramodal areas in studies with adults
(Jobard et al., 2007; Lindenberg and Scheef, 2007). Our finding of activation in the right
cerebellum is also similar to the studies with adults, albeit our cluster size is larger. In contrast,
in the frontal lobe, studies with adults demonstrate a more extensive area of supramodal
activation than children in our study. Adult activation includes several regions of the inferior
frontal gyrus (BA 44, 45, 47) and superior precentral gyrus/supplementary motor area while
our study with children shows a modest area of activation within BA 47. Children also
demonstrate a supramodal area of right temporal activation in BA 38 at the temporal pole that
is not evident in adult studies.

The overlap between previous adult studies and our study with children further supports the
comprehension cortex as a stable and reliably active region of the language network. Stability
is also supported by the absence of significant relationships among magnitude or laterality of
temporal activation with age, neuropsychological functioning, or task performance. In
comparison, a series of studies with a large cohort of children find age-related changes in
language lateralization; however, their results vary according to ROI and task (Holland et al.,
2007). Findings on the task most similar to our study—story listening—are comparable to our
results where no age related differences for the ROI in the temporal lobe are found. Although
age-related changes for an anterior ROI are detected, the effect size is small (Cohen's 2 =.03)
—which is comparable to our study—and reaches significance with a large sample size of over
300 children but not in our study of 67 children. Therefore, age-related changes in lateralization
are modest and more likely to be reflected in frontal regions rather than temporal regions.

The supramodal regions that are unique to children—Ileft IFG, right temporal pole, and right
cerebellum—may reflect the developmental timing of cognitive skills and the neural structures
that underlie them. Previous anatomical studies show that frontal cortex and other association
areas have protracted development compared to other areas of the brain (Chung et al., 2003;
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Giedd etal., 1999; Gogtay et al., 2004; Sowell et al., 1999; Yakovlev and Lecours, 1967) which
parallels the developmental progression of executive functioning skills that are also on a
protracted developmental trajectory (Denckla, 1994; Diamond, 2006; Huizinga et al., 2006).

Frontal activation is less lateralized and more variable on an individual basis, across age, and
by task than temporal activation. Children over age six engage frontal regions more often than
children between the ages of four to six while listening to stories. Other studies with children
detect frontal activation to a greater degree for listening to stories than our study, which may
be related to methodological differences. One possible issue is that other studies use tones as
a baseline task while we use reverse speech (Holland et al., 2007; Karunanayaka et al., 2007).
Reverse speech may be processed by children—especially at younger ages—as unknown
language and attempts to process an unknown language activate prefrontal regions (Lindenberg
and Scheef, 2007; Wang et al., 2003). Thus, the contrast of the baseline and experimental
conditions might render decreased frontal activation. Also, detection of consistent frontal
activation in children is not demonstrated by traditional group comparison analysis—which is
used in our study—but is identified with a different statistical approach using structural
equation modeling and independent components analysis (Karunanayaka et al., 2007).
Nonetheless, it is evident that frontal areas are more vulnerable to individual and developmental
differences.

We find that frontal activation is associated with differences in neuropsychological
functioning. Children of any age who engage frontal areas during listening are more accurate
on post-scan task recall, suggesting that using frontal regions of the language network may
facilitate better comprehension. For reading, greater left lateralization of IFG is associated with
post-scan task performance. Frontal activation may reflect active engagement in the form of
expressive not just passive listening, allowing for deeper semantic processing. While left
posterior temporal areas help with accessing lexical and syntactic information, ventrolateral
prefrontal cortex is involved in semantic processing and unification (Bookheimer, 2002;
Snijders etal., 2008; Vigneau et al., 2006). Greater activation of left prefrontal cortex correlates
with better performance including strength of verbal encoding (Wagner et al., 2001; Wagner
et al., 1998) and better reading comprehension (Shankweiler et al., 2008). Connectivity
analyses further support and characterize the synchrony between frontal and temporal regions
of the language network (Allen et al., 2008; Chow et al., 2008; Frey et al., 2008; Karunanayaka
etal., 2007; Powell et al., 2006). Bitan and colleagues (2007) suggest that changes in activation
may represent developmental shifts in strategy, specifically from reliance on sensory auditory
representations to phonological segmentation and covert articulation. As processes relevant to
these types of tasks mature, there is a decreased reliance on primary sensory processing,
allowing children to become more fluent readers with better comprehension skills. In summary,
comprehension is better for individuals who engage IFG and other prefrontal cortical regions
during the listening task, which may be due to better integration of information. Integration
represents how one's thoughts become organized, which is one aspect of executive functioning.

A supramodal area in our study with children, but not reported in adult studies, is right
hemisphere activation in the temporal pole. This region is an association area that integrates
social, emotional, and lexical information (Sabsevitz et al., 2005; Zahn et al., 2007). Similar
to the IFG findings, this age-related difference in supramodal activation occurs within a
hetromodal area important for higher-order cognitive processing.

Age-related differences found in the cerebellum and reduced laterality of MFG implicate
working memory as a possible marker of developmental and performance differences. Working
memory is a component skill of executive functioning that moderates language development
(Alloway and Gathercole, 2006; Gathercole et al., 2006). The right cerebellum appears to be
a more robust area of supramodal processing for children than adults. The cerebellum has a
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role in verbal working memory and phonological processing (Ackermann et al., 2007; Booth
etal., 2007) and is also a region that reaches maturity late in childhood (Diamond, 2000). Thus,
the larger area of supramodal activation for the cerebellum when processing language may be
because the cerebellum is burdened to a greater extent in children than in adults. In addition,
middle frontal gyrus is the least lateralized region of interest across tasks for this group of
children. More bilateral engagement of MFG likely reflects high working memory demands
when processing language (Gabrieli et al., 1998).

Although by age four the language network is left lateralized and engages the same broad
network as older children and adults, differences in our study are in association areas and related
to higher-order skills that are known to continue to be refined later in development.

Task-related differences

Activation differences between reading and listening reflect varying task demands. Reading
invokes anterior regions, right homologues, and visual processing areas to a greater extent than
listening. In addition to engaging a broader network, laterality is lower on average and more
bilateral activation is evident than for the listening comprehension task. However, laterality
does not differ by age. The reduced leftward asymmetry for reading compared to listening may
reflect the engagement of homologous regions to aid performance during paragraph reading,
which is necessary as reading is a developing skill in this age range of children. Other
developmental studies show that with better skills, there is less activation. The magnitude of
activation in posterior brain regions decreases as phonological processing becomes more
automatic with age (Church et al., 2008) and increased reading ability correlates with decreased
activity in the right extrastriate cortex (Turkeltaub et al., 2003). Other studies find recruitment
of homologous regions when language tasks are more difficult (Brauer and Friederici, 2007;
Just et al., 1996); an observation supported by our findings that greater right activation and
right lateralization are associated with worse reading skills and post-scan test performance,
respectively.

The broader network for reading than for listening also likely reflects the different cognitive
demands and strategies inherent to reading and are maturing in children. The most obvious
difference is the engagement of inferior temporo-occipital areas, including fusiform gyrus (BA
37), that process words and utilize visual strategies in analyzing language. Hypoactivity of this
region is a sensitive marker of dyslexia (Maisog et al., 2008). Within the extensive imaging
literature with reading tasks, engagement of these posterior areas as well as frontal areas varies
with the numerous lexical and word form variables such as word frequency, word length,
orthographic complexity, and morphology (Berninger et al., 2008). The broader network for
reading generally reflects a fundamental difference in active versus passive processing of
language as well as incorporating the additional layer of orthographic representations.

In addition to differences in network activation, comparing consistency in laterality across
regions between the two tasks informs how language dominance is determined. Up to 25% of
children have inconsistent laterality for the two tasks despite similar stimuli and methods for
calculating laterality. There is no discernable pattern for which region—IFG or WA—or task
is likely to be categorized as atypical. In addition, the LI values fall across a wide range and
were not just values close to the boundary (0.2) used for categorizing dominance. This suggests
that a percentage of people exhibit mixed dominance across different tasks and argues for use
of a panel of tasks to increase reliability of determining language dominance using fMRI
(Gaillard et al., 2004).
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Methodological issues: Limitations and clinical implications

Two methodological issues of our study also have important clinical implications when using
fMRI to determine language dominance for surgical planning. First, anatomical ROIs cover a
large cortical area. This is potentially a drawback because a large region of interest may collapse
distinct areas of activation that represent different functional demands of the task into one
calculation for laterality. However, we deliberately chose the anatomical approach because we
expect variability in location of activation related to development and aim to apply these
methods to patient populations whom we know have variability in location of activation
(Mbwana et al., 2009; Rosenberger et al., 2009). A possible disadvantage of functional ROIs
is that they often encompass a smaller area and may fail to capture this variability in activation
that may lie outside the group map—thus impacting LI calculations. The functional ROIs
render a higher—more left lateralized—average LI value than the anatomical ROl method,
which is expected given that the functional ROl is predicated on activation that is common to
the group. However, no other analyses are affected by the different methods for ROI selection;
the associations between laterality and other variables (i.e., age, performance,
neuropsychological skill) are unchanged. Therefore, given our concern of failing to capture
variability with development, there may be reason to use the anatomical ROI in studies with
patients that may have greater variability in location of activation.

The second issue is our decision to utilize a developmentally appropriate task by giving children
of different ages different stimuli. Our study is the first developmental neuroimaging study to
use this approach. By targeting our stimuli to the developmental level of the child we mirror
their everyday functioning, which increases our success in obtaining a good study (Yerys et
al., 2009), allowing us to image children as young as four years old. A concern with our
approach is that differential content may account for activation differences. However, if content
drives activation differences, we should find an age effect for listening and reading which we
do not observe. A study with the specific aim of examining the impact of linguistic complexity
during reading and listening also indicates that our results are not simply a reflection of using
different stimuli (Jobard et al., 2007). Their study finds differences in unimodal areas such as
visual and auditory cortex, which are not the areas where we report differences. Alternatively,
studies that use a task aimed at the youngest age level may not be burdening the language
system of older children to the same degree and thus, it is possible that their age-related
differences may be related to performance differences for the task. Our aim to control for
performance was successful as indicated by having no age group differences on post-scan task
performance. Thus, using a developmentally appropriate task does not appear to confound our
results, but rather provides a clinically useful tool that optimizes performance. Similar to other
neuroimaging studies with children (Holland et al., 2007; Schlaggar et al., 2002), a limitation
of our study is that our population had high average 1Q. No single approach is ideal and
conducting developmental studies presents challenges (Berl et al., 2006); however, flexibility
with developmental level of task stimuli has great relevance for conducting neuroimaging
studies with young and cognitively impaired populations.

In our two tasks that have similar levels of linguistic complexity presented orally and in written
form, the common and unique areas of activation provide insights into language development
with tasks that are clinically and ecologically valid. Developmental functional imaging studies
that use tasks that are reflective of everyday communication provide an opportunity to further
understand the complexities of language functioning and their neural correlates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

3-D Rendering of whole brain activation for Listening Comprehension and Reading
Comprehension tasks for children ages 4-12 years old (FWE Corrected, p<.05, >20 voxels in
cluster). Right sagittal view (on left), Left sagittal view (on right); and axial slices in
neurological convention (left is left hemisphere).
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Figure 2.

Boxplots of Absolute Mean LI value for Age Group for Wernicke's Area (WA), Inferior Frontal
Gyrus (IFG), and Middle Frontal Gyrus (MFG). (A) Listening Comprehension Task. (B)
Reading Comprehension Task.
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Figure 3.

Task-Dependent Activation for subjects who completed both Listening and Reading
Comprehension tasks; yellow activation shows areas recruited by the Reading Comprehension
task; blue activation shows areas recruited by the Listening Comprehension task; green areas
represent activation overlap between the two tasks (FWE Corrected, p<.05, >20 voxels in
cluster).
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Lateralization of Listening and Reading
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Figure 4.
Main effect of task and ROl on mean laterality for 36 subjects who completed both Listening
and Reading tasks. Regions of Interest (ROI): Wernickes' Area (WA), Inferior Frontal Gyrus
(IFG), and Middle Frontal Gyrus (MFG). Post-hoc, MFG is less lateralized than IFG and WA
(*p<.05).

Brain Lang. Author manuscript; available in PMC 2011 August 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Berl et al.

Table 1

Page 22

Neuropsychological performance, LI, and Post-Task Question performance across regions for the sample and by
age group. Cognitive performance was not different across age. SS=Standard Score (Normative Sample Mean
=100, SD=15); ss= scaled score (Normative Sample Mean = 10, SD=3).

Total Sample Mean (SD)
n=67

4-6y.0. Youngest n=17

7-9y.o. Middle n=23

10-12 y.o. Oldest n=27

Correct (%)

GCA or Full Scale 1Q (SS) 115 (14) 111 (11) 121 (15) 113 (14)
CELF Core Language (SS) 112 (13) 110 (16) 112 (8) 114 (14)
GORT4 Oral Reading 117 (18) - 118 (17) 117 (18)
Quotient (SS)
CTOPP Phonological 102 (12) 104 (9) 103 (10) 100 (15)
Awareness (SS)
WRAML Immediate Story 12 (3) 12 (4) 12 (2) 11 (3)
Memory (ss)
Listening WA LI (n=59) 0.52 (0.28) 0.46 (0.32) 0.52 (0.31) 0.57 (0.22)
Listening IFG LI (n=38) 0.50 (0.46) 0.68 (0.17) 0.58 (0.43) 0.36 (0.54)
Listening MFG LI (n=38) 0.38 (0.49) 0.46 (0.38) 0.36 (0.48) 0.36 (0.55)
Reading WA LI (n=44) 0.51 (0.36) - 0.53 (0.39) 0.50 (0.33)
Reading IFG LI (n=44) 0.41 (0.42) - 0.40 (0.34) 0.41 (0.48)
Reading MFG LI (n=44) 0.32(0.38) - 0.30 (0.38) 0.33(0.38)
Listening Recognition 77 (19) 71 (27) 77 (16) 79 (18)
Correct (%)
Listening Recall Correct (%) 79 (21) 69 (20) 76 (24) 85 (18)
Listening All Questions 78 (16) 71 (20) 76 (17) 82 (16)
Correct (%)
(I?;';\ding Recognition Correct | 87 (15) - 87 (14) 88 (15)

0
Reading Recall Correct (%) 86 (17) - 89 (11) 82 (20)
Reading All Questions 87 (13) - 88 (11) 85 (15)
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