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Abstract

Changes in the distribution of language function in the brain have been documented from infancy

through adulthood. Even macroscopic measures of language lateralization reflect a dynamic process

of language development. In this review, we summarize a series of functional MRI studies of

language skills in children ages of 5 to 18 years, both typically-developing children and children with

brain injuries or neurological disorders that occur at different developmental stages, with different

degrees of severity. These studies used a battery of fMRI-compatible language tasks designed to tap

sentential and lexical language skills that develop early and later in childhood.

In typically-developing children, lateralization changes with age are associated with language skills

that have a protracted period of development, reflecting the developmental process of skill acquisition

rather than general maturation of the brain. Normative data, across the developmental period, acts

as a reference for disentangling developmental patterns in brain activation from changes due to

developmental or acquired abnormalities. This review emphasizes the importance of considering age

and child development in neuroimaging studies of language.
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Introduction

Language is a cognitive function of the highest order. Language deficit may be one of the

earliest indicators of neurological impairment, often presenting as the first sign of a

developmental delay. Additionally, a number of acquired neuropathologies can adversely

impact language, including epilepsy, stroke, tumor, or traumatic brain injury. Recent functional

magnetic resonance imaging (fMRI) studies in adults have supported the results of much older

lesion studies, revealing that language functions are primarily based in neocortical areas in

inferior frontal and posterior temporoparietal areas. However, normal developmental changes

in the cortical representation of language capabilities have just begun to be mapped.
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In this review, we summarize results of neuroimaging studies of language in children, with a

focus on a large-scale study in more than 300 healthy children. We used fMRI to map the

developmental trajectories of the neural substrates underlying language development in

children ages 5 to 18 and to assess hemispheric lateralization trends across age that are

associated with developing language skills. We then compared these results with similar fMRI

studies examining some of the same neural networks in children with stroke, traumatic brain

injury, and epilepsy. These studies allow for examination of a central issue concerning the

biological foundations of language: whether typical left hemisphere lateralization of language

results from pre-existing functional asymmetries or emerges in association with the

development of language skills. Additionally, comparisons with data from children with

varying degrees of brain injury during development provide insights about the neuroplasticity

of language.

(Levistsky & Geschwind, 1968) first suggested that a structural asymmetry of the posterior

language area supported the left hemisphere lateralization of language. Subsequent work

revealed a leftward structural asymmetry for the anterior language regions as well (Falzi et al.,

1982; Albanese et al., 1989). These asymmetries emerge as a function of prenatal brain

development (Wada et al., 1975; Chi et al., 1977), suggesting that the bias for left hemisphere

language lateralization is present early in development. However, how these structural

asymmetries relate to functional lateralization over the course of language development has

only recently been investigated. A recent functional MRI study by (Dehaene-Lambertz et al.,

2002) demonstrated that left hemisphere dominance of language function may already be

present in infancy, and an additional study from (Pena et al., 2003) revealed some evidence

for left-lateralization in neonates (using Optical Topography). Also supporting the notion of

early functional specialization are magnetoencepholography results (Kuhl et al., 2006),

showing that the left inferior frontal region discriminated speech sounds as early as 6 months

of age. In older children (ages 5−7), (Ahmad et al., 2003) found a left-lateralized pattern of

activation using fMRI comparing listening to speech to a backward speech control condition.

(Balsamo et al., 2002) found similar results with an auditory semantic decision task in 5−10

year olds. (Blumenfeld et al., 2006) used a semantic judgment task in a group of children ages

9−11, and examined correlations between level of activation and performance accuracy on the

task. Increased accuracy was associated with increased fMRI signal ininferior and middle

temporal gyri; decreased performance accuracy correlated with increased activation in inferior

and middle frontal gyri. These patterns of activation were left-lateralized in the frontal cortex,

but not in the temporal cortex.

All of these imaging studies suggest that some degree of left-lateralization is present throughout

development; however, they were not designed to reveal changes in functional organization

across development. A few studies (including the data we will review below) examine changes

in the neural basis of language that occur with age. (Wood et al., 2004) used fMRI to test 48

children ages 6−15 and 17 adults performing verb generation (described below) and verbal

fluency tasks (generate words in response to a presented initial letter). Forty children were

judged to have a left-lateralized activation pattern (one child right-lateralized and seven were

bilateral), but degree of lateralization (right or left) increased with age only in the verbal fluency

task. (Chou et al., 2006) tested children ages 9−15 performing a semantic judgment task and

found a bilateral, but left-dominant, activation pattern. The left superior and middle temporal

gyri, right inferior frontal gyrus, and left medial frontal gyrus showed increased activation with

age when making judgments on related pairs of words. The authors attribute these changes to

the emergence of more extensive networks of semantic information as children learn. Most

recently, using data from typically-developing children as a reference point, researchers are

investigating how brain injuries that occur with varying severity and at varying points during

language development affect the neural substrates of language (Booth et al., 2000; Staudt et

al., 2001; Staudt et al., 2002)
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Language Development in Normal Children

Using fMRI we can examine the physiological correlates of the progression of language

acquisition in children. By selecting skills for study that are acquired relatively early and skills

that require a protracted time period for proficiency, we can examine the extent to which

lateralization is affected by stage of acquisition. A range of language tasks is required to fully

assess development of the various aspects of language, whether for clinical evaluation or basic

neurobiological investigations (Wilke et al., 2006). In order to contrast age with skill

acquisition, we designed four tasks, two of which test language skills acquired prior to age

five, and two of which test skills that continue to develop after age five. These tasks focus on

word-level (lexical) and sentence-level (sentential) processing skills. Specifically, the tasks

involve (1) syntactic prosody, (Blonder et al.) story processing, (3) word-picture matching, and

(Blonder, Bowers et al.) verb generation. The developmental and theoretical framework for

the four proposed language tasks is diagrammed below in Figure 1. Note that the contrast of

early and late acquired skills and the secondary contrast of syntactically and semantically-

loaded tasks offers a meaningful way to contrast language domains with early versus late age

of acquisition. In this review, we do not examine the recent literature on neuroimaging of the

orthographic and phonemic aspects of language. The reader is referred to the works of (Booth

et al., 2004) (Binder et al., 2006; Pugh, 2006), and others for further insights about developing

neural substrates supporting these facets of language so critical for reading proficiency.

Components of Language

Sensitivity to syntactic prosody (i.e., the component of spoken language that involves

modulation of pitch and timing in conjunction with syntactic structure) is among the earliest

language skills to develop, before the age of five in normally developing children. The ability

of infants to perceive the prosodic characteristics of speech is believed to assist them in

segmenting the acoustic stream into words, clauses, and sentences (Gerken et al., 1994; Mandel

et al., 1994; Mandel et al., 1996; Jusczyk, 1997); though, note that a full mapping of prosody

to syntactic structure continues to develop in older children (Choi & Mazuka, 2003) Other

aspects of sentence-level processing have a longer time course for development. Although

preschool children are able to comprehend simple sentences, correct interpretation of sentences

with complex syntax develops into the school years (Emerson, 1979; Bridges, 1980).

Therefore, a listening task that is designed to include complex syntactic constructs would tax

young listeners who are still in the process of mastering these structures.

Vocabulary and semantic knowledge, although clearly having developed to some extent by the

age of five, continue to develop through the school-age years. Vocabulary develops throughout

the life span, both in terms of the number of lexical items and the range of semantic properties

associated with those items. However, by developing a picture-based, vocabulary identification

task that uses words commonly acquired prior to age three (Fenson et al., 1993), we can create

a lexical task that reflects early developing vocabulary skill. In contrast, a task that requires a

child to use semantic associations (e.g., verb generation) among words demands skills that

continue to develop through childhood.

In addition to educing a representative range of language functions, the tasks have been

designed to have relevance to clinical testing of language and to be compatible with fMRI

scanning. In particular, the verb generation task selected has now been used widely to assess

hemispheric dominance for language with fMRI in studies of adults (Xiong et al., 1998; Benson

et al., 1999) and children with epilepsy (Hertz-Pannier et al., 1997; Holland et al., 2001;

Liegeois et al., 2002). We have also demonstrated previously that the verb generation task

reveals changes in hemispheric lateralization of the supporting neural substrates with age in

typically-developing children (Holland, Plante et al., 2001). The Story Processing task is also

now used for clinical fMRI procedures involving language mapping because it has been shown
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to produce a bilateral activation of language association areas and is well suited to identifying

pathological asymmetries in language activation associated with neurological pathologies

(Wilke et al., 2003).

Here we present data from the literature and from our own, large-scale normative study of

language development in children from ages 5 to 18. To emphasize changes in the neural

substrates of language processing in the developing brain we focus on age-related changes in

regions classically associated with language functioning. Specifically, we focus on changes in

lateralization involving Broca's and Wernicke's areas and their right hemisphere homologues.

The picture emerging from the collective functional neuroimaging data is a dynamic one in

which language lateralization is a function of maturation, language domain, and rate acquisition

of specific language skills. Some evidence also supports biological specialization of the

dominant hemisphere for language, though this remains an open question.

Language Networks in Children with Neuropathology

Results from typically-developing children offer a framework in which to view the effects of

neuropathologies on the neural basis of language. To this end we will describe a study of

pediatric patients where the left hemisphere is profoundly injured very early in development.

We then examine more subtle injuries occurring somewhat later during language development

and finally examine the effects of chronic seizure activity. All of these data, considered

alongside the normal results presented above, shed light on the flexibility of the left-hemisphere

specialization for language.

Pediatric patients with left middle cerebral artery infarctions occurring in the perinatal period

were examined using fMRI and the verb generation task to investigate patterns of language

organization (Staudt, Grodd et al., 2001; Jacola et al., 2006). In adult patients with aphasia-

producing lesions of a similar etiology, functional recovery is marked by increases in activation

in either right hemisphere homologues of classical left hemisphere language cortex or in areas

outside of the infarcted area ipsilateral to the stroke hemisphere. The limited available studies

in children suggest that early insult to the left hemisphere may induce a right hemisphere

reorganization in children similar to adults (Muller et al., 1998; Booth, MacWhinney et al.,

2000) (Brizzolara et al., 2002) (Papanicolaou et al., 2001), but some incongruities exist among

studies. Based on this literature, we hypothesize that left MCA stroke patients will show

preferential right hemisphere activation, because a major left-hemisphere injury early in

development has made the full extent of left-lateralization (as shown in the normal population)

impossible.

Brain injuries occurring later in child development may also have an impact on language

networks, but reduced neuroplasticity as a function of age may result in decreased potential

for reorganization. Another study from our group examined the effects of traumatic brain injury

(Naidich & Brightbill) on the functional networks supporting language, attention, and working

memory in children(Karunanayaka et al., In Press). Although language skills have received

relatively less attention than other aspects of behavioral and neuropsychological recovery

following TBI, they may underlie observed problems in academic performance, social

competence, and peer integration. Previous investigators have documented deficits in

expressive and receptive language skills (Anderson et al., 1997; Morse et al., 1999) following

TBI in children. Unlike the data on recovery from stroke, existing data suggest that TBI in a

younger child results in potentially more severe sequelae than is the case for older children

(Anderson, Morse et al., 1997; Ewing-Cobbs et al., 1997). Because language skills are

undergoing rapid change during early childhood, they may be particularly vulnerable to

disruption by brain trauma.
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Children with mild, moderate or severe TBI, who were six years of age (or older), and at least

12-months post injury were selected for the fMRI study. fMRI results from this group of

pediatric TBI patients were compared with results from the same fMRI paradigms in our normal

cohort of healthy children. In this case, we expected to see more subtle differences in functional

networks, suggesting less reorganization than in the MCA stroke cohort.

The neural circuitry of language may also be affected by chronic neuropathology, in particular,

seizure activity in epilepsy. Unlike stroke or TBI patients whose injury occurs at a particular

point in development, seizure activity may produces a more protracted, though lower dose of

injury to the brain. Adult data suggests that epilepsy can exert profound and chronic impact on

language functions, and one manifestation of such impact is the “atypical” language

distribution pattern that has been observed in many adult fMRI studies (Springer et al., 1999;

Billingsley et al., 2001; Gaillard et al., 2002; Adcock et al., 2003; Brazdil et al., 2005).

Differences in the neural substrates of language between pediatric epilepsy patients and healthy

children have recently been highlighted by Yuan et al. using the same fMRI language paradigm

as in the normative group described above (Yuan et al., 2006). We will review language

lateralization and reorganization patterns in the epilepsy group using a quantitative group

comparison to contrast fMRI imaging results between the pediatric epilepsy patients and

healthy control subjects.

The review of functional neuroimaging data from the same language paradigm in children over

an equivalent age span but with neurological status varying from normal to devastating left

hemisphere disruption provides a clinical laboratory for studying neuroplasticity of language

during development. By examining this spectrum of neuropathologies and development using

the same fMRI language paradigms, we can construct a complete picture of language

development in the brain under various influences.

Methods

Subjects

Normal, healthy control subjects included 313 children (152 boys, 161 girls) who were

successfully scanned as part of this IRB-approved study and yielded high-quality neuroimaging

data for the analyses described here. Exclusion criteria were: previous neurological illness;

learning disability; head trauma with loss of consciousness; current or past use of

psychostimulant medication; pregnancy; birth at 37 weeks gestational age or earlier; or

abnormal findings at a routine neurological examination performed by an experienced pediatric

neurologist. All subjects were native monolingual English speakers. A complete age and gender

breakdown of the subjects is detailed in Table 1. Two hundred and eighty seven of the subjects

were right-handed, 23 were left-handed, and 3 were ambidextrous according to the Edinburgh

test for handedness (Oldfield, 1971). The racial/ethnic background of the subjects was: 279

Caucasian, 22 African-American, 2 Asian, 2 Hispanic, 1 Native American, 7 Multi-Ethnic. All

subjects were pre-screened for any conditions (such as the presence of orthodontic braces)

which would prevent an MRI scan from being acquired. All subjects received the Wechsler

Intelligence Scale for Children, Third Edition (WISC-III) or the Wechsler Adult Intelligence

Scale, Third Edition (WAIS-III) and the Oral and Written Language Scales (OWLS) (Carrow-

Woolfolk, 1995). Mean age = 11.9 ± 3.75 yrs. (range = 4.9 − 18.9 yrs.); Mean Wechsler Full-
Scale IQ = 111.3 ± 14.1 (range = 70 − 147); Mean OWLS = 107.5 ± 14.1 (range = 66 − 151)
(Schmithorst & Holland, 2006).

In addition to the normal cohort, we present data from a group of ten patients with an infarction
of the left middle cerebral artery distribution (MCA stroke, n=10) during the perinatal period.
Each of these patient's symptoms were consistent with perinatal left MCA infaction and
resulted in a referral to a pediatrician or pediatric neurologist. All of these patients were native
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English speakers and were included in the study based on history, clinical examination, and
radiological evidence of left MCA chronic ischemic stroke. A control group of healthy subjects
was constructed from our normal cross-sectional cohort described above and matched for age,
sex, and handedness when possible.

A group of eight children with traumatic brain injury (TBI, n=8) occurring between 36 to 84
months of age were also tested using fMRI. There was no documentation in the medical chart
or in parent interview of child abuse as a cause of the injury in this group. English was the
primary spoken language in the home for all eight children. Children in the TBI group must
have had a TBI requiring overnight admission to the hospital and either evidence of altered
neurological status on the Glasgow Coma Scale (GCS) (i.e., total score < 15) or abnormalities
on imaging (MRI or CT scan). Thus, the lowest GCS score recorded at the time of
hospitalization provided a measure of injury severity in the TBI group. GCS scores are
generated by combining ratings of eye opening, best verbal response, and best motor response
at the time of evaluation. Consistent with previous investigations, severe TBI was defined as
one resulting in a GCS score of 8 or less at any point since injury, and moderate TBI was
defined as a GCS score of 9 − 12 or a score of 13−15 accompanied by evidence of brain insult
(on CT scan, MRI, or neurological exam). Mild TBI was defined as a GCS score of 13 or 15
with no imaging abnormalities. However, based on the recruitment criteria described above,
children with a GCS score of 15 and normal imaging were not enrolled in the present study.
Children who sustained non-blunt head trauma (e.g., projectile wounds, strokes, drowning)
were excluded. Details of the TBI cohort can be found in(Karunanayaka, Holland et al., In
Press).

Eighteen pediatric patients (age 8−18 years, 10 males, 8 females) diagnosed with epilepsy
(Epilepsy, n=18) by a pediatric neurologist are also included in this review of fMRI of language
development. Patients’ demographic and clinical information is summarized in Yuan et al.
(Yuan et al., 2006). Among the eighteen subjects who completed the fMRI scanning, seventeen
had a complete history of information about seizure onset age, EEG, MRI structure, and
epilepsy classification. Fifteen subjects were diagnosed with partial epilepsy (including two
with secondary generalized seizures). Two subjects had the diagnosis of idiopathic generalized
seizure with normal MR imaging and bisynchronous epileptiform potentials on EEG. The
majority (n=15) of this patient group had focal or multifocal epileptiform discharges on EEG,
with the other two subjects failing to present any EEG abnormalities. MRI imaging was
abnormal in seven, and MRI observation showed close agreement (with one exception) with
the abnormality localized by EEG when lesions were present.

MRI Scanning

MRI scans for the normal control group, the MCA stroke cohort, and the TBI cohort were
obtained using 3 Tesla MR imaging systems located at Cincinnati Children's Hospital Medical
Center. An MRI-compatible audiovisual system was used for presentation of the stimuli as
well as for a movie during the preparation (e.g. shimming) and acquisition of the whole-brain
anatomical scans. Details of the techniques used to obtain fMRI data from younger children,
as well as the success rates, are given in Byars et al. (Byars et al., 2002). EPI-fMRI scan
parameters were: TR/TE = 3000/38 ms; BW = 125 kHz; FOV = 25.6 × 25.6 cm; matrix = 64
× 64; slice thickness = 5 mm. Multiple axial slices covering the entire cerebrum were acquired
(the first 10 were discarded to allow the spins to reach relaxation equilibrium) for a total scan
time of 5 min. 30 sec during the verb generation task. Techniques detailed elsewhere (Byars,
2002 #11) were used to acclimatize the subjects to the MRI procedure and render them
comfortable inside the scanner. In addition to the fMRI scans, whole-brain T1-weighted MP-
RAGE scans were acquired for anatomical coregistration.
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MRI/fMRI scans for the epilepsy patient group were performed on a 1.5 Tesla, GE Signa
Horizon MRI. Each fMRI scan consisted of 100 single-shot EPI gradient echo images acquired
with TR/TE = 3000/40 msec, FOV=220 × 220 mm, matrix = 64 × 64 (Yuan, Holland et al.,
2006). Six sagittal slices were acquired in each hemisphere for each time point, leading to a
total of 1200 slices of fMRI data. Slice thickness was 5 mm with a 1 mm gap. The slices were
positioned such that the outermost slice on each hemisphere extended to the most lateral aspect
of the temporal lobe.

Language Activation Tasks

The fMRI tasks were designed to have relevance to clinical testing of language and to be MRI-
compatible. In particular, the verb generation task (described below) has been used widely to
assess hemispheric dominance for language with PET and fMRI in studies of adults and
children (Petersen et al., 1988; Desmond et al., 1995; Worthington et al., 1997; Benson,
FitzGerald et al., 1999; Hertz-Pannier et al., 2000). The difficulty of the language tasks used
in this study were tailored for the youngest in the cohort (5 year olds) because all subjects are
required to perform the same task. Finally, all fMRI language testing paradigms used in this
study were based on a block-periodic design in which the language task of interest was
alternated with a control task. The specifics of each task are as follows:

Story Processing Task.(Karunanayaka et al., 2007)—The Story Processing task
involved auditory presentation of five simple stories, each composed of 10 sentences. One
story was presented during each 30-s task period. The 30-s task periods were interleaved with
30-s rest, or control, periods, during which the subject performed an appropriate control task
as described below. Stories contained vocabulary used as part of the Word-Picture Matching
task (described below) and contained sentences of varied syntactic constructions. The subject
was instructed to listen to the stories so that he or she could answer questions about them after
the scans. Performance data were obtained at the end of the scanning session by asking the
subject to answer two multiple choice questions about each story.

Although story comprehension obviously involves multiple skills, the inclusion of complex
syntactic structures was designed to increase the relative processing load for this aspect of
language. Thus, we refer to this sentential task as one that is syntactically-loaded for children.

Syntactic Prosody Task.(Plante et al., 2006)—The Syntactic Prosody task involved the
auditory presentation of a target sentence (taken from the stories in the Story Processing task)
to the subject, who was required to pick the target sentence out of a set of sentences (also from
the stories) that were low-pass filtered (400 Hz cutoff) so that the words were not recognizable
but syntactic prosody was preserved. Each target sentence was presented between two and four
times in a set of 10 sentences, the balance of which were foils. The subject pressed a push
button each time a target sentence was recognized; responses were recorded by computer.

Word-Picture Matching Task.(Schmithorst et al., In Press)—The Word-Picture
Matching task involved the simultaneous visual presentation of two simple line drawings of
common objects. The objects were selected from the MacArthur Communicative Development
Inventories (Fenson, Dale et al., 1993) in order to ensure that the majority of 5-year-old children
would be familiar with them. Simultaneously with the visual presentation of the pairs of object
line drawings, the name of one of the objects was presented via the headphones. The subject
used the push buttons to indicate whether the picture on the right or the left matched the name
that was heard. Button responses were recorded by computer. Picture pairs and names were
presented at 3 s intervals.
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Verb Generation Task. (Holland, Plante et al., 2001)—The Verb Generation task is
based on a task initially developed for PET imaging (Petersen, Fox et al., 1988) that involves
the auditory presentation of a series of concrete nouns. The subject hears a noun every five
seconds and is required to covertly generate as many verbs associated with that noun as possible
during the 5 second interval. For example, if the noun “ball” were presented, the subject might
generate the verbs “throw,” “kick,” and “hit.” The subject was instructed to think the verbs
silently, without saying them, in order to minimize the motion artifact associated with speech.

Control Tasks

The control period tasks are critical to the interpretation of the activation data. As Binder
(Binder, 1997) and others have noted, cognitive activity continues during rest periods and the
careful design of the control interval task can result in fMRI data that is much more succinct
and easy to interpret. The control interval activity has three purposes: a) to control for sensory
and motor components of the stimulation task activity (for example, the auditory processing
involved in listening to words or stories and the visual processing involved in looking at
pictures); b) to distract the subject from unintentional continued engagement in the activation
task during the control interval and; c) continue to engage the subjects’ attention without
stimulating language behaviors. With these goals in mind the control tasks were designed to
replicate, as nearly as possible, the sensory and motor demands of the activation tasks in order
to control for non-language related contamination of the activation maps.

Tone Tasks—This control task involved the random auditory presentation of pure tones of
150, 200, 250, 500, 700, 900, and 1000 Hz. During control intervals for the Story Processing
task, the subject listened to tones of 1 s duration played at unequal intervals of 1 to 3 s. In the
Syntactic Prosody control periods, the subject was given a distinct target tone (frequency
modulated beeper tone) and was asked to press the left push button each time the target tone
was heard within a larger series of pure tones.

Image Discrimination Task—The Image Discrimination Task was used during the control
interval for the Word-Picture Matching task. It involved the presentation of pairs of images of
unnamable designs (line drawings). During task training, the target drawing was identified to
the subject. During the scan, the subject was required to press the push button corresponding
to the side on which the target image was displayed, similar to the task requirements in Word-
Picture Matching. Tones, as described above, accompanied the images displayed at regular 3
s intervals during the Image Discrimination Task in order to control for the auditory stimulation
provided by the spoken word in the Word-Picture Matching task.

Bilateral Finger Tapping Task—This task was used as the control task for the verb
generation task. Like verb generation, the sensory-motor response to bilateral finger tapping
has been extensively investigated in the clinical literature and in previous studies of epilepsy
patients (Schapiro et al., 2004). In order to parallel the initiation of response when a noun is
presented in the Verb Generation task, the subject is asked to tap his or her fingers for one
cycle when a target tone is heard. This control task accomplished three objectives: 1) to control
for the auditory stimulation present in the Verb Generation task; 2) to prevent the subject from
continuing to generate verbs during the control period; and 3) to provide a reference area of
activation within the motor strip as an independent means of validating subject compliance.

Stimulus Presentation and Response Recording

Audio stimuli were digitally recorded at a professional recording studio and visual stimuli were
white line drawings on black background. Audio and video stimuli were presented to the
subjects using an MRI compatible audio/video system with binocular goggles. For the
Syntactic Prosody task and the Word-Picture Matching task, stimuli were presented and
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responses were recorded using the MacStim program (Version 2.5.7, White Ant Software,
West Melbourne, VIC). Stimuli for the Story Processing task and Verb Generation task were
presented from a prerecorded CD running synchronously with the MRI scanner. Performance
on these two tasks was assessed by administering two recognition memory tests after scanning
had ended, one for the content of the stories and one for the nouns that were presented.

fMRI Processing & Data Analysis

Image reconstruction, post-processing, and the group statistical analysis were performed with
modern methodology using Cincinnati Children's Hospital Imaging Processing Software
(CCHIPS@) written in Interactive Data Language (IDL) (Research Systems Inc., Boulder, CO,
(Schmithorst et al., 2000). The EPI images were corrected for Nyquist ghosting and geometrical
distortion (due to B0 field inhomogeneity) based on a multi-echo phase reference scan
(Schmithorst et al., 2001). The reconstructed EPI-fMR images were corrected for drift using
a quadratic baseline correction on a pixel-by-pixel basis. Artifacts due to subject motion were
also corrected using a pyramid iterative co-registration algorithm (Thevenaz et al., 1998). The
images were then transformed into Talairach coordinates (Talairach & Tournoux, 1988) using
a linear affine transformation previously validated for the age range 5−18 years (Muzik et al.,
2000; Wilke et al., 2002).

The fMRI data was post-processed using a general linear model (GLM) (Worsley et al.,
2002) and implemented in CCHIPS/IDL on a pixel-by-pixel basis to identify the activated
brain regions in a given experiment. For each subject, a pixel-by-pixel Pearson's correlation
coefficient (between BOLD signal and the HRF-convoluted time course) was calculated and
converted to the corresponding z-score maps using the Fisher's z-transformation. A composite
group activation map was then computed from the individual z maps based on a one-sample
t-test (for each pixel across all subjects) for the significance of a pixel in the group. A statistical
parametric map was generated based on these t-statistics. The composite t-score map can be
used to identify brain regions for the entire group with the most significant contrast between
the active (language) and the control tasks as shown in Figure 2. This methodology accounts
for both intra-subject and inter-subject variance and is commonly referred to as a random-
effects analysis. A cluster method was used to improve the specificity by adjusting the inflated
alpha for multiple comparisons (Xiong et al., 1995). In addition, Monte-Carlo simulation was
used to determine the p-value corresponding to a specific combination of cluster size and z-
threshold.

An age and sex matched group of subjects was selected as a subset from our cross-sectional
study of language development in children as a reference group for comparison with the
pathlogical populations (Wilke et al., 2003; Schmithorst et al., 2005; Plante, Holland et al.,
2006; Szaflarski et al., 2006; Szaflarski et al., 2006). For each pathological cohort of children,
we then performed an analysis as described previously in our group studies (Yuan, Szaflarski
et al., 2006) to test the difference in BOLD signal activation between the normal cohort and
brain injured groups.

Regional Lateralization Index Calculation

A lateralization index (LI) was also calculated for each subject based on the individual z-score
maps. The LI represents a relative hemispheric difference for an individual that is self-
normalizing in terms of relative BOLD activity corresponding to the neuronal recruitment
necessary to perform the language task. This index is non-dimensional and provides a
convenient means of comparing groups of subjects across different scanning sessions and
scanners. As noted later, the brain areas included for LI calculation were determined so that
they were consistent across the populations while still conforming to the traditional standard
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of ROI selection for language lateralization. Every effort was made to insure that the
methodologies applied in the LI calculation of two subject groups were compatible.

Universal regions of interest (ROIs) were defined for LI calculation based on the composite
map of activation obtained from the fMRI Verb Generation task from all subjects in the cohort
of normal children and adolescents (N=313). These ROIs included a large region of interest
that encompasses Broca's area in the frontal lobe and the anterior and mediolateral aspects of
Wernicke's area in the temporal lobe, areas considered critical for language in the classic
models of cortical language representation. Because we retained all active voxels within and
contiguous to these areas, the frontal ROI included the entire inferior frontal gyrus (BA 44, 45,
47) and extensions into additional dorsolateral prefrontal regions, including portions of the
middle frontal gyrus (BA 46, 48, 49) and precentral gyrus (BA 46). The temporal ROI extended
from the temporal plane (BA 41, 42) inferiorly through the middle temporal gyrus to the margin
of the inferior temporal gyrus (including portions of BA 22, 21, 37) but did not include posterior
aspects of Wernicke's area (BA 22, 39). ROIs for the right hemisphere homologues were
established by reflecting the coordinates about the Y-axis (interhemispheric fissure). Figure 3
displays outlines of the ROIs defined using this procedure, which included Broca's and
Wernicke's areas as well as portions of the anterior cingulate and fusiform gyri. LIs were then
computed separately for each region as well as for the combined Broca and Wernicke ROIs.

Only voxels with z-scores greater than or equal to the mean z-score within an ROI for each
individual subject were used in the calculation of LIs. Pixels above this mean z-score threshold
were counted and a LI was defined as the difference in the number of activated voxels, summed
independently for the left and right ROIs, divided by the summed total of active voxels in the
left and right regions of interest. According to this formula, a positive LI indicated left
hemisphere lateralization and a negative number indicated right lateralization. Numbers close
to zero (i.e. −0.1 ≤ LI ≤ 0.1) indicated a bilateral language distribution. These LI values were
used to construct the lateralization growth curves for each task shown in Figure 4 as well as
the histograms shown in Figure 5.

Results

Overall Patterns

Figure 2 presents separate composite activation maps for each of the language tasks described
above. Not all of the 313 children performed all four fMRI language tasks, consequently the
composites were the average of slightly different numbers of subjects as follows: (1) Syntactic
Prosody (n=273), (Blonder, Bowers et al.) Story Processing (n=269), (3) Word-Picture
Matching (n=304), and (Blonder, Bowers et al.) Verb Generation (n=285). Some general
observations can be made concerning activation within the classic language regions and their
right hemisphere homologues as seen in Figure 2. Note that these images were presented using
the Radiology convention where the brain is viewed from the perspective of looking up through
the patient's feet while lying supine in the scanner. This causes the right side of the brain to
project on the left side of the images and vice versa.

Both tasks that involve syntactic processing (i.e. Syntactic Prosody and Story Processing,
Figures 2A & B) clearly produced a more bilateral distribution of activation in both the anterior
and posterior language areas than the tasks that involve semantic processing (Figures 2C and
D). Furthermore, the tasks that target language skills that develop in early childhood (i.e.,
Syntactic Prosody and Word-Picture Matching, Figures 2A &C) generated less activation on
average than the tasks designed to reflect later developing skills (i.e., story processing and verb
generation, Figures 2B & D). This finding is consistent with studies of motor, visual, and
auditory activity showing that the degree of activation corresponds to the degree of difficulty
of the task (Wexler et al., 1997; Metzner et al., 1999) (Thickbroom et al., 1999). Although the
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activation produced by the “easier” (i.e., early-developing skills) tasks was mostly
encompassed within the activation produced by the more difficult task of each type, several
unique areas of activation were also noted.

Age-Related Changes in Lateralization

In Figure 4 the LI for each individual is plotted as a function of age (in months) for each of the
ROIs (Broca's and Wernicke's areas) for each of the four tasks. Comparisons of the
lateralization plots across tasks revealed some overall trends. First, lateralization for lexical-
semantic tasks was stronger overall than lateralization for syntactically-loaded tasks. Both the
Word-Picture Matching task and the Verb Generation task resulted in left lateralization for
both Broca's and Wernicke's areas. This finding can be contrasted with the results for the
syntactically-loaded tasks. Lateralization for the Story Processing task varied with ROI. The
anterior language area showed less lateralization than the posterior ROI. Finally, both ROIs
showed largely bilateral representation in the Syntactic Prosody task.

Age-related changes in lateralization also varied across tasks. The largest change occurred in
the anterior language area for the verb generation task (R=.31100; p < .01). In this region, age-
related change accounted for 9.67% of the variance in the laterality index. Age-related change
in the posterior ROI was more modest, accounting for 1.65% of the variance (R=.1285, p < .
01). The Story Processing task also resulted in an age-related change (R=.1619; p < .01, 2.62%
of the variance) in the anterior language region. The posterior language areas did not show a
significant change with age (R=.0225, p = n.s.) for the Story Processing task. The Syntactic
Prosody and Word-Picture Matching tasks were associated with age-related shifts that
accounted for less than 1 percent of the variance in the laterality indices for both the anterior
and posterior language areas. The Word-Picture Matching task showed little change with age
in either anterior (R=.0424; p =n.s.) or posterior (R=.0031; p = n.s.) language regions. Similarly,
the laterality indices for the posterior language regions were relatively stable with age (R=.
0781, p = n.s.) for the Syntactic Prosody task. However, the Syntactic Prosody task was unique
in that the anterior language region showed a marginally significant trend towards increasing
rightward lateralization (R=.09165; p < .01). Additional, task-specific activations were found
for other regions but discussion of these is beyond the scope of this report.

Verb generation in Children with Perinatal Stroke

For the left MCA stroke patients described above, we also computed the composite activation
maps (not shown) and LI values. Several differences in the activation patterns compared to the
typically-developing group were evident for in the MCA stroke group. Notably, activation in
the MCA stroke group was concentrated in the frontal lobe of the right hemisphere. These
activated cortical areas mirrored the left hemisphere activation patterns for this task seen in the
healthy control group. No significant difference in size and strength of activation was seen for
the right hemispheric regions in the MCA stroke group compared with the homologous regions
in the left hemisphere of the control group, as measured by the number of voxels and respective
z-scores. However, activation in the MCA stroke group did appear to be more concentrated in
the dorsal part of the right frontal lobe (BA 46 and 9) compared with the control group. It is
noteworthy that Weschler full-scale (FSIQ) and verbal IQ (VIQ) values in the MCA stroke
cohort were more than a standard deviation below the values in the matched control group
with: FSIQ= 81 + 14.6 vs. 105 +11.5 and VIQ = 84 +14.3 vs. 104 + 12.4 in the MCA stoke
patients vs. matched controls.

We also found a difference in the activation pattern in the temporal lobe. In the control group
this activation was stronger in the left medial temporal gyrus (MTG), while the distribution
was more bilateral in the MCA stroke group, with an anterior shift relative to the normal left

Holland et al. Page 11

Int J Audiol. Author manuscript; available in PMC 2009 October 19.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



hemisphere pattern. This shift is most likely due to the structural changes with displacement
of the remaining vital left hemisphere structures in the stroke patients.

A comparison of the LI values for the MCA stroke cohort with the normal control group
revealed quantitative changes in the brain lateralization of language in these patients. The
greatest shift in lateralization occurred in the frontal lobes where only one MCA stroke subject
was left hemisphere dominant within this ROI, two were symmetric ( |LI|<0.1), and seven
subjects were right hemisphere dominant. For the Broca's Area ROI, the difference in LI was
significant between the patients and controls (p = 0.0014). A similar difference was observed
in the temporal lobes where the difference in the LI computed for the Wernicke's ROI was
highly significant (p = 0.004). Figure 5 demonstrates the lateralization shift between the MCA
stroke patients and the healthy control groups graphically for the combined ROIs within the
right and left hemispheres. Here one can clearly visualize the rightward shift in the LI for the
MCA stroke group (D) compared with the control group (A).

Verb generation in Children with Traumatic Brain Injury

Statistical parametric maps for the verb generation task in TBI group (not shown) and age-
gender matched control subjects without brain injury revealed activation in left inferior frontal
gyrus including Broca's area ( BA areas 44, 45 and 46), the left superior temporal gyrus and
the left middle temporal gyrus including Wernicke's area (BA 21 and BA 22), as well as some
homologues that were located contra-laterally in the right hemisphere. A strong left
hemispheric dominance of frontal and temporal language activation, consistent with our
previous studies (Holland, Plante et al., 2001; Szaflarski, Holland et al., 2006), was observed
in the composite maps for both the TBI and selected control group.

Although the TBI cohort showed similar left hemispheric activation (in Broca's area), the right
superior temporal gyrus (BA 22) and the right middle temporal gyrus (BA 21) showed
significantly different activation patterns. We found several regions where the control group
activation was greater than in the TBI group, including language related brain regions: superior/
medial temporal gyrus and angular gyrus (nominal z = 5.5, cluster = 15, corrected p< 0.001).
We also found language-related brain regions with greater activation intensity in the TBI group
as compared with the control group (nominal z = 4, cluster = 25, corrected p< 0.02) in the right
parietal-occipital- temporal junction, left middle temporal gyrus, left inferior frontal gyrus, and
the dorsolateral prefrontal cortex.

Correlation between BOLD Activation and neuropsychological test scores was performed on
a voxel-wise basis within and between groups in the TBI study. To test the significance of the
relationship between the verbal fluency score (NEPSY) and the language-related BOLD signal
activation in the combined population (both control and TBI), we conducted a simple
correlation analysis. Several key cortical areas demonstrated significant negative associations
in this analysis: the inferior frontal gyrus and superior/middle temporal gyrus bilaterally as
well as posterior cingulate cortex. A linear regression between the average z-score of BOLD
activation showed a significant negative correlation in these brain regions with the
corresponding NEPSY score (R = −0.5, p = 0.036) for all OI and TBI subjects. Notably no
significant positive correlations between BOLD signal and NEPSY score were found.

Similarly, a correlation analysis between the DAS verbal IQ (DAS-VIQ) score and the z-score
of the BOLD signal activation in the combined population was performed. DAS-VIQ was
negatively correlated with brain activation in the same brain regions as the NEPSY (this was
expected as NEPSY and DAS-VIQ scores were significantly correlated for the 23 subjects
recruited for the study). However, activation in the left angular gyrus showed a positive
correlation with the DAS-VIQ (R = 0.6, p = 0.01) and (R = −0.67, p = 0.003), respectively.
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We also conducted a within group correlation analysis between the GCS score and the BOLD
signal z-score (language-related areas) in the TBI group. Once again there was correlated
activation in the inferior frontal gyrus, middle and superior temporal gyrus, and the posterior
cingulate, and in addition, the angular gyrus also showed a negative correlation with Glasgow
Coma Scores (R = −0.82, p= 0.013), indicating that more severe injuries (i.e., lower GCS score)
were associated with greater activation in these regions.

Parameterizing brain activation during the verb generation task using the hemispheric LI as
defined above allows us to compare the subtle changes in language lateralization for the TBI
group with typical distributions of this parameter for the normal controls and MCA stroke
groups. The distribution of the hemispheric LI computed within the ROIs displayed in Figure
2 for the TBI group, is shown in the histogram of Figure 5 (C). Even with a relatively small
sample of TBI patients (n=8), the shift in LI nearly reached significance with a two sample t-
test (one-sided; p=0.066) and this shift is apparent in the displacement of the distribution of
the TBI group in Figure 5 (C).

Verb generation in Children with Epilepsy

For both pediatric epilepsy patients and age-gender-handedness matched healthy children
cortical activation during the verb generation task was observed in all subjects in the classical
language areas including the inferior frontal gyrus (BA 44, 45), superior and middle temporal
gyri (BA 41, 42, 21, 22), angular gyrus (BA 39), and supramarginal gyrus (BA 40). In general,
brain activation in Broca's area and Wernicke's areas was stronger and more concentrated in
healthy children than that in children with epilepsy.

Several notable differences were evident in the quantitative subject group comparison of
lateralization index (LI), summarized in Figure 5. Among the 18 children with epilepsy
examined in this study, six patients (33.3%) had bilateral language distributions (−0.1< LI <
0.1); eight patients (44.4%) had right-side language dominance (LI < −0.1) and only four
patients (22.2%) demonstrated left-side language dominance (LI > 0.1). In contrast, for the
same number of healthy children, only two subjects (11.1%) were bilateral while the vast
majority (n=16, 88.89%) were categorized as left dominant for language (LI>+0.1). When we
combined the bilateral and right-side dominant subjects together, they constituted the portion
of subjects who had “atypical” language lateralization. The percentage of subjects with
“typical” and “atypical” language dominance in the patient group were significantly different
(χ2=16.2, p<0.001) than that of age-gender-handedness matched healthy children. The Welch
Modified Two-sample t-test showed that the mean LI for the epilepsy patients was −0.038
(SD=0.152, n=18), a value significantly different (t=6.490, P<0.0001) when compared with
the age-gender-handedness controlled healthy children (Mean LI=0.257, SD=0.120, n=18).

Figure 5 shows the histogram comparing the distribution of LI values between 18 epilepsy
patients (B) and healthy subjects (A) selected from the normal group that performed the same
Verb Generation task. The lateralization indices from the two subject groups form two distinct
distributions. The distribution of LI for the epilepsy patients is shifted to the right hemisphere
so that its peak is close to zero; representing a bilateral distribution. This shift suggests
relatively more language activation in the right hemisphere for the pediatric epilepsy patients
than healthy controls.

A linear regression model was used to examine the relationship between lateralization index
(LI) and age. LI was found to increase with age with moderate strength of correlation (R2
=0.15) in the age-gender-handedness matched healthy children group, which was in line with
our previous report that included a larger cohort (Holland et al., 2004; Schapiro et al., 2004).
However, the correlation in our smaller group of healthy children did not reach statistical
significance (p=0.11). On the other hand, no correlation between LI and age was found for the
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epilepsy patients (R2<0.004, p=0.80). Comparison of residuals from the linear regression
found both groups were unbiased with a mean value of zero. No increasing or decreasing spread
about the regression line was observed as the age increased. The standard deviation of the
residual for the children with epilepsy (SD=0.15) was larger than the age-gender-handedness
matched healthy children group (SD=0.12).

Linear regression analysis was also conducted to study whether the age of seizure onset age
imposed any influence on the distribution of language function. No statistically significant
association was observed between LI and seizure onset age (n=17, R2 = 0.11, p=0.19).
However, LI was closely correlated (n=17, R2 = 0.234, p<0.05) with the duration between
seizure onset and fMRI scanning.

Discussion

In this review, we have discussed a series of studies that focus on the neural basis of language
during development, beginning with a large-scale study of typically-developing children from
age 5 to 18 years. In that study, we surveyed multiple language domains to provide a more
complete picture of developing language representation in the brain. Traditional models of
language that suggest a strictly left-hemisphere function are visibly challenged by these data.
Consistent with neuroimaging results in adults, language in children appears to be left-
lateralized rather than left-localized. However, the degree of lateralization is task- and area-
dependent. In the study discussed, lexical/semantic tasks tended to yield stronger patterns of
lateralization in anterior and posterior language regions than did tasks designed to emphasize
syntactic/prosodic processing. Therefore, models of brain lateralization must be qualified with
reference to the type of language task employed and the region of interest examined.

The normative results also make apparent that the degree of lateralization associated with
specific language regions and tasks can shift with age. In other words, younger healthy children
are more likely to have atypical (relative to adult findings) language distribution than older
healthy children, indicating an 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 the task that shows the most protracted period of development (verb
generation). Children continue to improve their ability to form and retrieve semantic
associations into adulthood. Likewise, the Story Processing task, which required children to
process syntactic structures that are mastered in mid-childhood, also showed age-related
changes in lateralization. In contrast, effect sizes for lateralization change with age were
smallest (and statistically non-significant) for tasks designed to reflect early-acquired language
skills.

We are able to use these data as a reference point for the results found for the verb generation
task in children with perinatal stroke(Jacola, Schapiro et al., 2006; Tillema et al., In Press),
traumatic brain injury (Karunanayaka, Holland et al., In Press), or epilepsy (Yuan, Szaflarski
et al., 2006) respectively. The earliest and most severe injuries to the left hemisphere (left MCA
stroke) showed the most drastic pattern of reorganization: the patients relied much more on
their right hemisphere as reflected in Figure 5. These results provide evidence that when the
left hemisphere is damaged early in language development, language processing mechanisms
can be established in/reorganized to the right hemisphere. When language tasks produced
activation in the right hemisphere in our stroke patients, these areas were homologues of the
traditional left hemisphere language areas. As the amount of right hemisphere activation varied
among patients, these findings suggest that language processing is redistributed to different
degrees among homologous brain regions in children who have suffered stroke involving left
hemisphere language areas. Thus, in children, either hemisphere can be activated by language
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tasks and provide support for language development. This is similar to results demonstrated
in adults with similar injuries.

This increased use of the contralateral hemisphere was not found for patients with more subtle
injuries later in development (e.g. TBI) ; though, their patterns of activation during the Verb
Generation task were significantly altered compared to control participants. In contrast with
the MCA stroke cohort children with TBI showed activation in the expected brain areas for
this language based task. This suggests that the severity and nature of the traumatic injuries
were not sufficient to require total neural reorganization. However, we did find significant
differences in activation between the children with TBI and typically developing children
during the Verb Generation task. Specifically, we found increased activation in the left inferior
frontal gyrus (Broca's area) and dorsolateral prefrontal cortex, likely associated with
monitoring and manipulation in working memory (Braver et al., 2001; Schmithorst, 2005).
Children with TBI may need to draw upon language and working memory resources not usually
required to perform the task. We also found decreased activation in the TBI group in the left/
right middle temporal gyrus (BA21), left/right superior temporal gyrus (BA 22/STG), and the
left/right angular gyrus relative to the comparison group. STG involvement has previously
been reported in semantic processing (Kuperberg et al., 2000; Friederici et al., 2003), as well
as processing of auditory input (Scott et al., 2000; Schmithorst, Holland et al., 2005), and the
angular gyrus has been involved in higher order semantic processing (Price, 2000), memory
rehearsal (Ravizza et al., 2004), and attention to verbal material. Overall, these results
demonstrate that disruption of functional language networks persists for months to years after
a TBI that occurs during peak years for language development.

Comparison of language lateralization during development in epilepsy patients and healthy
controls revealed yet another scenario for neuroplasticity of language in the developing brain.
Our results from the Verb Generation task showed that the language distribution patterns in
epilepsy patients differed significantly from those found in healthy control subjects in both
mean value and the variability of lateralization index. This pattern was also distinct from the
stroke and TBI groups who experienced a single discrete brain injury, either perinatally or later
in childhood. Intractable epilepsy in the left temporal lobe inflicts a chronic injury on key
language areas at a lower dose than can be expected from TBI or left MCA infarction.
Concomitantly we find that pediatric epilepsy patients have higher incidence of atypical
(bilateral or right hemispheric) language dominance than healthy controls, an observation that
has been consistently reported in previous adult studies. Unlike the conclusions by that
suggested seizure onset age is a significant predictor of language lateralization (Springer,
Binder et al., 1999; Saltzman et al., 2002), but in agreement with other studies, e.g.; (Janszky
et al., 2003; Brazdil, Chlebus et al., 2005; Thivard et al., 2005), our results did not demonstrate
any correlation between these two variables. However, duration since seizure onset was a more
reliable predictor for LI.

Another interesting finding in our studies is the possible divergence between healthy controls
and patients with epilepsy in the LI- versus-Age relationship. As discussed above, LI in healthy
children increases with age during development, indicating an increasing specialization of
language functions to the left hemisphere as age increases. From the perspective of neural
development, the lack of correlation of LI with age in epilepsy patients suggested a disruption
caused by epilepsy to the left hemisphere specialization of language functional areas as seen
in normal development. The variability of seizure onset age, the inhomogeneous epilepsy
pathologies, various lesion sites, intelligence, and socioeconomic status may have been
possible confounding factors due to the limited sample size in our study, but this overall pattern
is strongly supported.
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The question remains as to whether the atypical language lateralization in epilepsy patients is
due to the chronic effect of seizures on the brain, or whether preceding brain pathologies cause
both. The fact that the degree of atypical lateralization, as quantified by LI, shows a strong
correlation with the epilepsy duration seems to suggest a possible causal relation in which the
seizure activity in epilepsy subjects causes redistribution of language function in order to
compensate for injury to traditionally left dominant language areas or connections to them.

More work is needed to clarify the link between the hemispheric redistribution of language
networks and ultimate level of language skill. Perinatal stroke patients did not demonstrate
aphasic deficits. However, these patients did exhibit lower verbal and full-scale IQ than the
control group, suggesting that left hemisphere mechanisms may be necessary for completely
normal language skills. This finding supports very early (or even innate) specialization of these
networks. In the TBI patients, a similar relationship was observed between use of typical
language circuitry and language skill. Activation levels in most of the language circuitry were
negatively correlated with test performance on measures of verbal intelligence and fluency.
These findings suggest that additional neural recruitment directed at performing the task
translated into poorer rather than better performance.

Taken together, these results support the notion that the left-hemisphere functional
specialization for language begins early in development (even prenatally) and becomes more
focused over time as children's language skills become increasingly complex. If this process
is interrupted by a severe injury or seizures, right hemisphere mechanisms may be used to
support language processing, though it remains unclear whether the same level of language
skill can be attained with these mechanisms. Less severe brain injuries also affect language
skill and its neural underpinnings but do not necessarily drive engagement of the contralateral
hemisphere.

Further investigation of these patterns of lateralization and reorganization with a full range of
language tasks, as well as more specific patient populations, will help to build an even more
detailed picture of the neural basis of language throughout development with the goal of better
assessment and treatment of language problems associated with neurological injuries and
disorders.
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Figure 1.

Schematic diagram showing the developmental and theoretical framework for the four fMRI
language paradigms selected for this study. Rows group the tasks developmentally, and
columns group tasks by language domain.
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Figure 2.

Average composite maps of all subjects (N=313) undergoing each fMRI language task: A)
Syntactic Prosody task, n=273; B) Story Processing, n=269; C) Word-Picture Matching task,
n=304; and D) Verb Generation task, n=285. Color bars indicate the range of negative, base-10,
log p-values depicted in the color overlays. All colored pixels meet the criteria that the average
Z-score is significant at the level of p<0.001. Pixels are labeled from blue to red on a chromatic
scale by the negative base-10 logarithm of the p-value as indicated by the color bars. The lowest
value = 3.0 (i.e. p<10−3) corresponds to dark blue, and the highest value = 9.0 (i.e. p<10−9)
corresponds to bright red. Images are presented in the Radiological convention with the right
side of the brain projected on the left side of the images and visa versa.
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Figure 3.

Regions of interest (ROIs) used for computation of the lateralization index (LI) for Broca's
Area, Wernicke's Area, and the sum of these areas (hemispheric LI). These ROIs are
constructed from an outline of composite activation for the normal cohort performing the Verb
Generation task (Fig. 2A, n=285) and reflection of the activated volume from the left to the
right hemisphere.
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Figure 4.

Lateralization index as a function of age for 313 children, ages 5−18, included in the composite
maps shown in Figure 2. LI values are computed using total z-scores extracted from the ROIs
shown in Figure 2. Solid black lines indicate the linear regression fit to the data samples with
the equation of best fit and the R2 value of the fit shown on the figures. A) Syntactic Prosody
task, n=273; B) Story Processing, n=269; C) Word-Picture Matching task, n=304; and D) Verb
Generation task, n=285.
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Figure 5.

Histograms of LI values for pediatric epilepsy patients (n-18), MCA stroke patients (n=10)
and TBI patients (n=8) plotted together with the combined group of age-gender-handedness
matched healthy control subjects for each group. Note that LI=1 corresponds to left
lateralization while LI=−1 corresponds to right lateralization.
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