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Abstract
We review functional MRI and other neuroimaging studies of language skills in children from infancy
to adulthood. These studies show developmental changes in the networks of brain regions supporting
language, which can be affected by brain injuries or neurological disorders. Particular aspects of
language rely on networks that lateralize to the dominant hemisphere; others rely on bilateral or non-
dominant mechanisms. Multiple fMRI tasks for pediatric patients characterize functional brain
reorganization that may accompany language deficits.
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Left hemisphere lateralization of language is a well-established concept in functional
neuroanatomy supported by the presence of structural brain asymmetries in anterior and
posterior language areas [1-3]. Such asymmetries are present prenatally [4,5] which is
suggestive of genetic underpinning of the left-hemispheric language lateralization bias.

Consistent with this, lesional and functional magnetic resonance imaging (fMRI) studies in
adults have clearly shown a left-hemisphere dominance for language: left perisylvian regions
in the frontal, and temporal and parietal lobes contribute to networks supporting many
components of language processing, including word recognition, syntax, and semantics [6-9].
In addition to this left-hemisphere specialization, processing prosodic information associated
with speech has been shown to rely more on right-hemispheric mechanisms [10-13]. The
developmental trajectory of these specialized networks is becoming more clearly understood
through imaging studies in children. For example, a recent functional MRI study by Dehaene-
Lambertz et al. [14] demonstrated that left hemisphere dominance of language function may
already be present in infancy; another study [15] that utilized optical topography revealed that
left-lateralization of language is already present in neonates. Also supporting the notion of
early functional specialization are magnetoencephalography (MEG) results [16], showing that
the left inferior frontal region discriminated speech sounds as early as 6 months of age. Redcay
et al. [17] used fMRI during passive listening in sleeping toddlers and 3-year-olds and found
that while both age groups activated superior temporal primary and secondary auditory
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cortices, the younger group showed increased activation in frontal, occipital, and cerebellar
regions. The authors suggested that these regions were supporting the rapid language
acquisition processes during that stage of development.

A number of other neuroimaging studies have focused on school-age children: for example, a
recent fMRI study [18] suggested that 6-year-olds, during passive listening to sentences,
display activation time courses that peak later than adults. Children also showed a longer time
delay between temporal and frontal activation than adults. The authors suggest that this is
evidence of slower and less automatic language processes. In a large cross-sectional group of
typically developing children ages 5−18, Holland et al. demonstrated increasing specialization
of language functions to the left hemisphere as age increases. However, lateralization changes
were more closely tied to the period of acquisition for language tasks than to general maturation.
The largest changes in lateralization occurred for skills that are acquired over a longer period
of development (such as verb generation), since children continue to improve their ability to
form and retrieve semantic associations into adulthood. Likewise, age-related changes in
lateralization were observed in a story processing task, which required children to process
syntactic structures that are mastered in mid-childhood (more details regarding this task are
presented below). In contrast, changes in lateralization with age were smallest (and statistically
non-significant) for tasks designed to reflect early-acquired language skills, such as word-
picture matching with early-acquired vocabulary [19]. In this same group of participants, using
a prosody recognition task, Plante et al. [20] showed a trend toward more rightward
lateralization with age. A few other studies have also supported a right-hemisphere
specialization for prosody in childhood [21,22]. All of these imaging studies suggest that some
degree of hemispheric specialization is present throughout development, but in younger
children this specialization may be less well-defined.

Effects of neuropathology on functional MRI of language
In a clinical context, information regarding lateralization of language function is used in
neurosurgical planning in both children and adults [5,23-28], so that resection of the eloquent
regions can be avoided. In addition, fMRI may reveal changes in the network of brain regions
supporting language skills related to seizure activity or injury. For example, in adult patients
with left middle cerebral artery (LMCA) infarctions functional recovery is marked by either
increases in activation in either right hemisphere homologues of classical left hemisphere
language cortex or in the areas adjacent the area damaged by the stroke. In children, studies
suggest that early insult to the left hemisphere may induce right hemisphere reorganization
similar to adults [29-34]. Jacola et al. [35] and later Tillema et al. [36] examined pediatric
patients with LMCA strokes occurring in the perinatal period using fMRI and the verb
generation task, and confirmed that these patients show preferential right hemisphere
activation, supporting the idea that a major left-hemisphere injury early in development has
made the full extent of left-lateralization (as shown in the normal population) very unlikely.
Patients in one of these studies also had lower full-scale and verbal IQ, suggesting a either a
relationship between atypical language organization in the brain and decreases in language
skill or the effect of prenatal or perinatal stroke on general intelligence [35].

Brain injuries occurring later in development may also have an impact on language networks,
but reduced neuroplasticity with age may result in decreased potential for reorganization.
Previous studies have documented deficits in expressive and receptive language skills [37,
38] following traumatic brain injury (TBI) in children. Because language skills are undergoing
rapid change during early childhood, they may be particularly vulnerable to disruption by brain
trauma. Karunanayaka et al. [39] examined the effects of traumatic brain injury on the
functional networks supporting language, attention, and working memory in children. Results
revealed significantly different levels of fMRI activation in perisylvian language areas between
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the groups of children with history of traumatic brain injury vs. children with other, not cranial
injury. These authors also found significant associations between the fMRI activation and
performance on language-specific neuropsychological and Glasgow Coma Scale (GCS) score.
In addition, a subtle rightward shift in lateralization in language regions was observed in TBI
patients with subtle brain trauma not associated with any white matter tract injury suggesting
that even minor injury may lead to significant brain plasticity.

The neural circuitry of language may also be affected by chronic neuropathology, in particular,
seizure activity in epilepsy [23,40,41]. Unlike stroke or TBI patients whose injury occurs at a
particular point in development, seizure activity produces a more protracted and chronic injury
to the brain. Adult data suggest that chronic epilepsy can exert profound and long-lasting impact
on language functions, resulting in decrease in language skills as measured by
neuropsychological tests of language function and academic achievement [42-45]. As in other
populations with localized brain injury, an atypical language activation pattern has been
observed in many adult fMRI studies [23,24,40,46-48]. Specifically, early onset of epilepsy
originating from the left hemisphere may lead to a bilateral or even right-lateralized distribution
of language functions [23,40,48-50].

Focusing on pediatric patients, Yuan et al. [41] used fMRI to examine language lateralization
using a silent verb-generation task in 18 epilepsy patients and compared them to 18 age/gender/
handedness-matched healthy participants. The children with epilepsy were much more likely
to show atypical lateralization, and there was a trend toward increasing left-lateralization with
age in healthy controls that was not observed in the epilepsy patients. In another study of
patients with epilepsy, Breier et al. [51], using MEG in a group of patients ages 9−45 years,
found that the degree of atypical language lateralization was correlated with lower scores on
tests of reading and spelling in patients with left-hemisphere-onset partial seizures.

These results in children with stroke, TBI, and epilepsy suggest a relationship between changes
in the functional neuroanatomy of language, and decreases in language skills in children with
neuropathology. Functional MRI during language tasks is an effective methodology for
visualizing these changes.

A battery of functional MRI language tasks for activation across hemispheres
In both adult and pediatric groups, as discussed above, a number of language tasks have been
employed to identify language processing regions in the dominant hemisphere, such as verb
generation [52-54] object naming, sentence comprehension, or single-word listening or reading
[27,55-58]. These fMRI studies, in general, revealed a left-lateralized language network of
frontal and temporal cortices (the traditional Broca's and Wernicke's areas). Here, we focus on
one of these left-lateralizing language comprehension tasks, semantic decision, along with two
other tasks that examine additional aspects of language processing in order to engage bilateral
and right-hemispheric language circuits. These tasks were chosen to be easy for children to
complete, and to elicit activation in a relatively short scan time.

Participants and Methods
Participants in our implementations of the three language tasks were 19 children and young
adults (12 females) ages 7−30 (ten participants younger than 13, four ages 13−17, five age 18
and up). All were right-handed native speakers of English with no history of
neuropsychological or learning disorders. Not all of the participants completed all three of the
language tasks successfully; they either exited early from the scanner (N = ...) or their data had
to be removed from the analysis due to excessive motion (N = ...).
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MRI methods—Three functional MRI paradigms were included in the scan session for each
participant (details below). Scanning was performed on a 3T Bruker Biospec 30/60 MRI
scanner (fMRI parameters: TR/TE = 2000/38 ms, FOV 25.6 × 25.6 cm, matrix 64 × 64, slice
thickness = 5 mm, resulting in a voxel size of 4×4×5mm, 25 axial slices. For the story
processing task the TR was 3000ms). MRI data analysis was performed using routines written
in IDL (Interactive Data Language, (ITT Visual Information Solutions, Boulder, CO). The
echo planar images (EPI) were corrected for Nyquist ghosts and geometric distortion using the
multi-echo reference method, and retrospectively corrected for motion using a pyramid co-
registration algorithm and spatially normalized into Talairach space. A general linear model
and a paired t-test were implemented to identify voxels activated by each task for each
participant. After Talairach transformation, random-effects analysis was performed to
determine significant group activations.

Semantic decision/Tone decision (SDTD) task
In this task, participants hear single words and make a button-press response if the item has
target semantic properties, alternating with a control tone decision task where participants
responded with a button-press to a target sequence of tones. This and similar tasks are known
to activate numerous brain areas involved in language processing, including left inferior frontal
and prefrontal cortex, superior and middle temporal regions; adult studies have also elicited
activation in medial temporal regions, angular and posterior cingulate [23,27,55,56,58]. The
clinical utility of this fMRI task in presurgical evaluation has been established in adults: one
fMRI study utilizing the SDTD task in patients with left temporal lobe epilepsy has already
shown 100% sensitivity and 73% specificity of this task in predicting significant naming
decline after epilepsy surgery when language was lateralized to the left hemisphere [27]. Other
study recently showed that language lateralization determined with fMRI and the SDTD
strongly correlated with results from verb generation fMRI as well as intracarotid amobarbital
procedure (IAP; Wada test) [27]. In healthy children 5−10 years old, Balsamo et al. [59] found
a left-lateralized pattern of activation using a similar task, and our preliminary data below
confirm this pattern. Recently, Blumenfeld et al. [60] examined a semantic judgment task in a
group of children ages 9−11 years, and found correlations between level of activation and
performance accuracy on the task. This fMRI task is designed to identify patients’ dominant
hemisphere for language and localize basic language processing regions, and therefore detect
potential changes in this architecture resulting from epileptic activity or injury.

In the pediatric version of the task we have implemented, 16 participants ages 7−30 heard
single words (animal names) and made a button-press response if the item had target semantic
properties (i.e. the animal walks on four legs). This semantic decision task was presented in 5
40-second blocks alternating with tone decisions. Eight stimuli were included in each block
and performance data from button-press responses was recorded. Areas of activation in this
task in both groups included the cerebellum, left middle frontal gyrus and left inferior frontal
gyrus. This left-lateralized pattern of activation is consistent with previous studies employing
a similar task in healthy adults [23,27,55,56].

Along with demonstrating lateralization to the dominant hemisphere, fMRI has shown that a
number of language functions in children and adults are supported by bilateral networks, as
discussed above. Including additional neuroimaging tasks that activate wider language
networks offers a greater opportunity to understand possible changes in cortical language
organization across hemispheres. In addition, multiple language tasks may better characterize
the extent of eloquent cortex that may be near cortical regions targeted for surgical resection
[23,61].
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Processing Spoken Stories
The ability to process an aurally-presented story is supported by a network of auditory and
language-processing brain regions. Multiple aspects of language processing are engaged during
this naturalistic speech task, including speech perception, word recognition, syntactic
processing and discourse coherence. Due to the complexity of auditory input that comprises
natural speech processing, listening to speech sounds relative to non-speech sounds engages
bilateral primary and secondary auditory processing regions when observed with fMRI [63,
64]. Previous fMRI studies have examined the neural basis of story processing in children,
using a block-periodic, passive listening design contrasting short stories with tone sequences
[39,65-67]. Cross-sectional studies of story comprehension in children ages 5−18 revealed
multiple neural components and functionally connected regions that participate in the narrative
comprehension.[65,68] These authors postulated, based on results from 313 subjects and
analysis via independent components analysis, that story comprehension involves several
consecutive processes located in various anatomical and functional brain areas; it progresses
through several consecutive steps that include bilateral acoustic processing (bilateral superior
temporal gyri; BA 42), semantic processing (bilateral superior temporal gyri; BA 22 [8]), left-
lateralized fronto-temporal language network activation (either related to covert speech
generation,[54,65,69], syntactic processing at the sentence level,[70] or semantic decision and
subvocal rehearsal, [71]) re-processing in the superior temporal gyrus (non-domain-specific
integrative process) and, finally, higher-order semantic processing occurring in the bilateral
angular gyri.[65]. So while not all the networks supporting the many processing components
of the story processing task are bilateral, the majority are, and therefore this task should identify
shifts in language lateralization contralateral to the hemisphere less affected by injury or
epileptic activity.

Vannest et al. [40] compared a block-design passive listening story paradigm to an active-
response version including on-line performance monitoring (where participants answered
interspersed comprehension question about the story) and a sparse acquisition technique. Both
passive listening and active-response story processing tasks resulted in similar patterns of
activation in the primary auditory cortex, superior temporal gyrus bilaterally, and left inferior
frontal gyrus supporting multiple aspects of language processing in children. There was
increased activation in dorsolateral prefrontal cortex during the active-response task, which
was likely associated with maintenance and manipulation of sentence segments in working
memory across acquisition intervals in order to construct the complete story and answer
interspersed questions [72].

For children that are able to perform an active response version of the Story Listening task,
being able to map this more extensive network may be beneficial. However, a passive story
listening task also reveals brain regions involved in language processing, producing the same
degree of lateralization and an equally large effect size in the temporal language area. This
paradigm, therefore, may be appropriate for younger children or others who cannot perform
the comprehension task. Young pediatric participants, some of whom require sedation to
undergo an MRI procedure, may not be capable of actively generating responses to language
stimuli. A passive listening task has already been demonstrated to activate bilateral auditory
processing areas in such patients [17,73] and may still be used to yield meaningful measures
of language activation and lateralization.

Our recent implementation of the passive story listening task in the group of children and young
adults replicates these existing studies. This task, as in previous studies from our group [65,
68] was based on a periodic 30s on–off, block design. A different story, read by an adult female
speaker, was presented during each 30s on period (active). Each 30-second story contained 10
sentences with simple and a variety of syntactic constructions, and was designed by a Speech-
Language pathologist to be appropriate for children 5 and up (audio tracks of these stories are
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available for download at http://www.irc.cchmc.org/software/pedaudio.php). During the
control epochs, 1s duration tones were presented at random frequencies (400− 2500 Hz) and
intervals (1−3 s), to control for sublexical auditory processing. Five cycles of active and control
stimuli were presented for a total scan time of 5 minutes.

Areas of activation in this group include bilateral superior and middle temporal regions in both
groups which is consistent with a number of previous results in children and adults (refs).

Prosody discrimination
Discrimination of linguistic prosody (e.g., identifying statements versus questions when the
lexical content is the same) has been shown to rely on bilateral frontal and temporal mechanisms
[12,13], though language lateralization with this task has not yet been extensively tested in
children. Recently, Plante et al. [74] used a prosody-matching task in fMRI to show bilateral
insular, inferior/middle frontal, precentral sulcus, superior temporal gyrus and anterior
occipital cortex activations while Wartenburger et al. found right frontal activation using
optical topography as a result of perceiving prosody [22].

In our pediatric-appropriate task [13], participants were presented with audiovisual sentence
stimuli and indicated with a button press whether the sentence is a statement or question (the
sentences did not include interrogative words, so the decision regarding whether the sentence
is a question or statement must be based on prosody alone). Thirty sentences of each type were
presented, counterbalanced for sentence type in blocks of 5. The prosody discrimination task
alternated with a control semantic judgment task (indicate whether or not the sentence
discussed a person). This control task included the same sentence materials as the active task,
again arranged into blocks of 5 and counterbalanced so that identical sentence stimuli
(appearing once in the prosody discrimination task and once in the semantic task) were
separated by 6 blocks. This task was completed in approximately 10 minutes.

Areas of increased BOLD activation included right superior temporal gyrus, and right inferior
frontal gyrus extending into middle frontal gyrus. This right-lateralized network of activation
is consisted with other results in the literature employing similar tasks [13].

Discussion
For studies of language lateralization using fMRI in children, a combination of language tasks
is advantageous. Use of a single language paradigm with fMRI may not adequately reveal
hemispheric and regional organization of language, particularly in the developing brain. The
fMRI tasks described above are designed to activate left-dominant, bilateral, and right-
dominant language processing networks, making it possible to examine functional
reorganization that may accompany language deficits in patients with brain injury or chronic
seizures. This data may have clinical utility in surgical planning. Semantic decision, story
listening, and prosody discrimination are tasks suitable for children and can be completed in
a single scan session, producing activation patterns that span both hemispheres.

Some drawbacks to the fMRI technique for language localization are that it has relatively poor
sensitivity for single subject studies. While overall patterns such as lateralization have proven
repeatable in individuals, a high level of variability is present, both within and between
participants, and this may make interpretation of individual subject data difficult. Use of fMRI
data in combination with another imaging technique, such as magnetoencephalography, may
offer the most precise localization. Also, the multiple-task approach discussed above assumes
that children will be able to be compliant in the MRI scanner for the duration of 3 tasks. This
may be difficult for younger children. Byars et al. [75] discuss this issue of compliance based
on experience scanning children across a range of ages, and address some practical
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considerations in scanning children. As discussed above, the story listening task elicits
activation even in sedated or sleeping children and may be useful in many cases. Transcranial
doppler ultrasound or optical tomography may not require the level of participant compliance
that fMRI involves but reliability of these techniques is not documented, and localization
methods are poor at this stage [15,76-78].

fMRI offers a non-invasive, relatively child-friendly method for visualizing the impact of ictal
or anatomical lesions on the functional distribution of language in the brain , and developmental
changes in typically-developing children have been characterized [79], offering an age-
adjusted context in which to view neuropathology. When pediatric participants are able to
complete multiple language tasks, left, right, and bilaterally distributed language networks can
be most accurately assessed.
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Figure 1.
Group activation map for 16 healthy children and young adults performing the semantic
decision task, thresholded at z=1.96, cluster size 30 (p<.05 corrected via Monte Carlo
simulation). Images are in radiological orientation (the left hemisphere appears on the right
side of the image.)
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Figure 2.
Group activation map for 14 healthy children and young adults performing the story processing
task. Images are thresholded at z=1.96, cluster size 30 (p<.05 corrected via Monte Carlo
simulation) Images are in radiological orientation (the left hemisphere appears on the right side
of the image.)
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Figure 3.
Group activation maps for 15 healthy children and young adults performing the prosody
discrimination task, thresholded at z>1.96, cluster size 30 (p<.05 corrected via Monte Carlo
simulation) Images are in radiological orientation (the left hemisphere appears on the right side
of the image.)
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