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For children with intractable epilepsy, surgery provides significant reduction in seizure 

frequency, with no significant declines in intellectual or behavioral functioning (Datta, et al., 

2011).  Prior to surgery, children must undergo a thorough assessment to determine the location 

of the seizure-focus and to evaluate risks of post-operative impairment (Lee, 2010).  Currently, 

fMRI offers one of the most reliable and least invasive means of localizing language prior to 

surgery (McDonald, Saykin, William & Assaf, 2006).   

Dichotic listening, a behavioral task in which subjects are asked to listen to two 

competing stimuli simultaneously, offers a possible alternative for children who cannot complete 

fMRI studies.  Previous studies have relied on research-based listening tasks and the type of 

quantitative analysis of the fMRI rarely available in the clinical setting.  Instead, this study 

examined how well dichotic listening results predict language lateralization from fMRI within a 

clinical setting.   
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Data were gathered through a records review of 13 children with intractable epilepsy 

referred to Austin Neuropsychology through the epilepsy treatment team at Dell Children‟s 

Medical Center.  Overall, children classified as atypical language dominance on the fMRI studies 

showed lower levels of right ear advantage on the dichotic listening measure.  Despite this trend, 

a discriminant analysis using the dichotic listening results to predict fMRI classification showed 

no significant improvement over chance classification. A secondary analysis examined factors 

related to a child‟s ability to complete an fMRI language study, comparing 12 children from the 

original sample with 6 children referred through the same process and over the same time period 

who could not obtain a successful fMRI determination of language lateralization. Overall, 

children who successfully completed the fMRI language studies showed a trend of lower levels 

of difficulty with behavioral regulation and higher levels of intelligence.   

Although the non-significant results highlight the limitations of dichotic listening as a 

clinical tool, the failure rate within the total sample, along with the information about the roles of 

intelligence and behavioral regulation, may help spur the development of alternative methods of 

language lateralization. 
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Introduction 

Nearly six percent of children will experience a seizure at some point during the first two 

decades of life (Camfield, 1997).  Of these children, the majority will experience a single seizure 

provoked by the high fevers that often accompany childhood illnesses (Annegers, Blackely, 

Hauser, & Kurland, 1990).  Although dramatic and frightening, these seizures rarely require 

medical intervention or indicate more pervasive disease (Owen, 2009).  Some children, however, 

will go on to experience multiple, unprovoked seizures, with approximately one percent of the 

population developing epilepsy during childhood (Owen, 2009).   

Characterized by recurrent, unprovoked seizures, epilepsy is one of the most common 

neurological conditions, with an estimated 181,000 new cases diagnosed each year (Westerveld, 

2008).   Despite this relatively high prevalence within the population, children with epilepsy do 

not represent a large, homogeneous group.  Epilepsy is a catholic diagnosis, encompassing a 

wide variety of etiologies, physical manifestations, comorbidities, and clinical courses 

(Westerveld, 2008).  In regards to etiology, the International League Against Epilepsy (ILAE) 

provides three broad classifications: symptomatic, if the cause is known; idiopathic, if the cause 

is unknown and presumed to be genetic; or cryptogenic, if the cause is unknown and presumed to 

be hidden (Commission of Classification and Terminology of the ILAE, 1989).  While brain 

malformations, birth trauma, infection, and intracranial hemorrhage are common potential causes 

of symptomatic epilepsy in infants and children, for the majority of children with epilepsy the 

etiology is unknown (Lee, 2010).  Mirroring the diversity of etiologies, the physical 

manifestations of epilepsy are sometimes startlingly varied, ranging from the brief sensory 

disturbances associated with simple, partial seizures to the loss of consciousness and violent 

spasms associated with tonic-clonic seizures.   
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Although defined by the seizures, epilepsy is a pervasive disease that affects many 

aspects of a child‟s life, and children diagnosed with epilepsy experience a range of cognitive, 

emotional, and social impairments (Bulteau, et al., 2000; Parrish, et al., 2007; Slick, Lautzehiser, 

Sherman, & Eyrl, 2006).  But here too, the diversity is considerable.  Epilepsy is more prevalent 

among children with intellectual disabilities (Epilepsy Foundation, 2011) and, as a group, 

children with epilepsy show impairment in many areas of cognition (e.g. Bjornaes, Stabeel, 

Henriksen, & Loyning, 2001; Ellenberg, Hirtz, & Nelson, 1986; Farwell, et al., 1985). Yet, many 

children with epilepsy show normal cognitive development (e.g. Camfield, 1997; Farwell, et al., 

1985; Lee, 2010). 

 The diversity in the intellectual abilities of children with epilepsy underlies the long-

running and ongoing debate about the relation between seizure activity and cognitive impairment 

(e.g. Owen, 2009; Sullivan & Gahagan, 1935). Working from an understanding of seizure 

activity as non-specific manifestations of underlying neurological abnormalities, many 

researchers have suggested that these impairments are simply further symptoms of the same 

abnormality that causes the seizures (Loring & Meador, 2009; Camfield, 1997; Ellenberg, et al., 

1986).  This understanding of epilepsy views seizures as relatively benign events, symptomatic 

of disease but not harmful in themselves (Camfield, 1997).  Increasingly, however, clinicians are 

recognizing the dynamic nature of the disease and the association between seizure activity and 

impairments in cognitive and social functioning (Hakimi, Spanaki, Schuh, Smith, & Schulz, 

2008; Wasterlain, 1997).  The implication, that poor seizure-control could result in progressive 

deficits (Farwell, et al., 1985; Nolan, et al., 2003; Wasterlain, 1997), is particularly important for 

children diagnosed with intractable epilepsy.  Although the majority of children with epilepsy 

achieve good seizure control through the use of Anti-Epileptic Drugs (AEDs), approximately 
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sixteen percent of children with epilepsy continue to experience breakthrough seizures (Wathern, 

2008).  Despite the range of drugs available for treatment, only twenty percent of patients who 

fail to respond to one of the first two pharmacological treatments will achieve good seizure 

control through medication (Kwan & Brodie, 2000).  This generalization of resistance beyond 

the specific drug chosen, combined with concerns about the possible negative ramifications of 

uncontrolled seizures, has led to the development of guidelines to help physicians diagnose 

intractable epilepsy and provide appropriate treatment options for patients (Kwan, et al., 2009).  

Prompt treatment may be particularly important for young children, as some research 

findings suggest that the interactions between seizure activity and periods of critical neurological 

development leave children at increased risk for progressive cognitive impairment (Wathern & 

Delalande, 2009).  Recognition of the potential harmful effects of seizure activity on the 

cognitive development of young children has led to the suggestion that in addition to 

successfully stopping seizures and managing side effects, one of the primary goals of epilepsy 

treatment should be the elimination of seizure activity at the youngest possible age, in order to 

limit cognitive and behavioral impairments (Wathern & Delalande, 2009). 

In accordance with these concerns, epilepsy surgery has increasingly become an 

important option for the treatment of intractable epilepsy (Lee, 2011).  First used in nineteenth-

century England, surgery is a fairly well-established option for the treatment of intractable 

epilepsy (Cross, 2010) and has been found to be an effective means of providing seizure relief to 

adults with intractable epilepsy, leading to both immediate (Wiebe, 2001) and long-term 

(Mohammed, et al., 2012) improvement.   

Despite this evidence of effectiveness, surgery has yet to become a standard treatment 

option for children with intractable epilepsy (Cross, et al., 2006).  The application of surgery as a 
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routine treatment for childhood epilepsy has been slowed, in part, by the differences between 

childhood and adult epilepsy.  When compared with adults, children present with more 

challenging etiologies (Hamiwka, et al., 2005; Wyllie, et al., 1998) and require more extensive 

surgeries, often requiring resection of multiple lobes or an entire hemisphere (Harvey, et al., 

2008).   

Although outcomes vary by the location of seizure-focus and the type of resection, 

epilepsy surgery has shown significant reduction in seizure frequency in forty to eighty percent 

of children (Datta, et al., 2011; Devlin, et al., 2003; Freitag & Tuxhorn, 2005; Hamiwka, et al, 

2005).  In addition, the majority of children show no significant cognitive deterioration following 

surgery (Datta, et al., 2011; Freitag & Tuxhorn, 2005; Korkman, et al., 2005), with some studies 

even showing significant improvement in cognition (Loddenkemper, et al., 2007) and behavior 

(Devlin, et al., 2003).  

Successful surgery depends on the ability to fully resect, or remove, the area of the brain 

from which the seizures generate (Hamiwka, et al., 2005), while avoiding damage to functional 

areas.  Thus, prior to surgery, children must undergo a thorough assessment to determine the 

location of the seizure-focus and to evaluate risks of post-operative impairment (Lee, 2010).  

After locating the epileptic focus through a combination of neuroimaging, EEG monitoring, and 

invasive monitoring with intracranial electrodes (Loddenkemper, 2009), the presurgical 

assessment focuses on determining the locations of areas responsible for key cognitive functions, 

such as language and memory (Duchowny, 2008).   

Knowledge of language lateralization allows surgeons to determine the feasibility of 

removing the epileptic focus while preserving areas that support language functioning 

(Baxendale, 2002).  Although language functions are typically lateralized to the left hemisphere, 
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approximately six percent of the population shows atypical language organization, with language 

lateralized to the right hemisphere or supported by both hemispheres (Springer, et al., 1999).  

Patients with epilepsy show much higher rates of atypical language organization (Hamberger & 

Cole, 2011; Binder, et al., 1996), with the link between early brain injury and atypical language 

suggesting that early onset of epilepsy may result in the reorganization of language (Springer, et 

al., 1999). 

Since its discovery in the 1940‟s, the intracarotid amobarbital procedure (IAP), or Wada 

test, has served as the primary mechanism for the lateralization of language prior to surgery 

(Krakow, 2006).  Essentially, by anesthetizing one hemisphere at a time, the IAP attempts to 

determine the hemisphere that supports language and memory functions.  Despite the clarity of 

its results and its wide-spread usage with adults, many young children cannot complete this 

invasive, and sometimes frightening, procedure (Szabo & Wyllie, 1993). 

  In recent years, fMRI has emerged as an alternative, offering many advantages, 

including noninvasive techniques and greater spatial resolution (McDonald, et al., 2006). In 

children, word generation and verb generation tasks have been shown to be reliable means of 

lateralizing language, with the verb generation task showing the highest levels of intraindividual 

reliability (Billingsley-Marshall, Simos, & Papanicolaou, 2004). Studies of children with 

epilepsy comparing the fMRI results to the IAP have found high levels of agreement (Anderson, 

et al., 2006; Hertz-Pannier, et al., 1997), though with some reservations about the limited number 

of cases with atypical language organization (Baxendale, 2002).   More recently, a study 

comparing fMRI results to findings from cortical stimulation noted both high sensitivity and low 

specificity, with the fMRI over-identifying areas of language functioning (de Ribaupierre, et al.,  

2011)  
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Although researchers report successful fMRI studies of language with children as young 

as six (McDonald, et al., 2006), young children or children with developmental delays frequently 

cannot tolerate longer studies or complete the more cognitively demanding tasks necessary to 

lateralize language (Faro & Mohammed, 2006).  In addition to these practical constraints, 

researchers have raised concerns about the differences in activation patterns seen with different 

language paradigms (Binder, 2006), about the difficulty in activating the language areas within 

the anterior temporal lobe (Binder, et al., 2011), and about the effects of recent seizure activities 

on fMRI results (Altman & Bernal, 2006; Jayakar, Bernal, Medina, & Altman, 2002). 

Dichotic listening, a behavioral task in which subjects listen to two competing stimuli 

simultaneously, offers a possible alternative for children who cannot complete fMRI studies.  

Although it does not offer the spatial resolution available through fMRI, dichotic listening has a 

long history of use in language studies (Bryden, 1988a), has been shown to correspond with 

cortical organization (Thomsen, Rimol, Ersland, & Hugdahl, 2003), and has good agreement 

with results from small studies comparing it to the Wada (Hugdahl, Carlsson, Uvebrant, & 

Ludervold, 1997) and fMRI criteria (Bethmann, Templeman, Bleser, Scheich, & Brechmann, 

2006; Fernandes, Smith, Logan, Crawley, & McAndrews, 2005; Hund-Georgiadis, Les, 

Friederici, & von Cramon, 2002).  Also, one small study, recently found good correlations with 

dichotic listening across Wada, magnetoencephalography (MEG), and near infrared spectroscopy 

(NIRS) (Honda, et al., 2011). 

 Current research in the use of fMRI to study cortical organization of language supports 

the conceptualization of language lateralization as a continuous, rather than a dichotomous, 

variable (Binder, et al., 1996).  In fact, the vast majority of people show activity in both 

hemispheres during fMRI language studies.  Within this understanding of language 
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lateralization, most recent research relies on language lateralization indices to describe the 

balance of organization of language within the left and right hemispheres (e.g. Binder, et al., 

2011; Hertz-Pannier, et al., 1997; Szaflarski, et al., 2002). 

This conceptualization of language lateralization is at odds, however, with the traditional 

classification of language through Wada Testing as left, right, or bilateral (Hugdahl, et al., 1997).  

Furthermore, the conceptualization of language lateralization within the research does not fully 

correspond with the clinical purpose of fMRI language testing for pre-surgical assessment of 

children with intractable epilepsy.  Clinically, fMRI provides information about the risk of 

postoperative language impairment by assessing the presence of eloquent cortex within the same 

hemisphere as the seizure focus.  When language is lateralized to the same area as the seizure 

focus, surgery may be ruled out or restricted in a manner that provides less potential for seizure 

relief.  Furthermore, recent studies have begun to investigate the low levels of specificity seen in 

clinical fMRI (de Ribaupierre, et al., 2011), with postoperative studies of language functioning 

showing that the resection of areas of minor activation does not result in language deficits (Lee, 

2010).   

Within this scenario, the widespread activation within fMRI studies conflicts with the 

clinical need for a dichotomous decision about the presence or absence of eloquent cortex.  

Recently, Fernandes and colleagues (2006) showed good correlation between the magnitude of 

ear advantage on a dichotic listening task and language lateralization on fMRI, using a verb 

generation task with children with intractable epilepsy.  Expanding on this research, this study 

examined how well dichotic listening results predict language lateralization from fMRI within a 

clinical setting.  Specifically, this study considered whether a lateralization index derived from 
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the dichotic listening task provided a good predictor of the clinical determinations made by 

neuroradiologists reading fMRI results.   
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Method 

Participants 

Data for this study was collected through a retrospective file review of children from 

seven to twenty-one years of age, referred for presurgical evaluation to relieve intractable 

epilepsy.  This study was approved by the Departmental Review Committee in the Department 

of Educational Psychology, by the Institutional Review Board for the Protection of Human 

Subjects at the University of Texas at Austin, and by the Clinical Research Steering Committee 

for Seton Hospitals. 

Over the time period reviewed for this study, 22 children with intractable epilepsy were 

referred for both neuropsychological assessment and an fMRI language study.  Of those children, 

13 successfully completed the fMRI language study.  As part of this pre-surgical evaluation, all 

referred children also underwent vEEG monitoring and neuroimaging (structural MRI) to 

determine the location of the epileptic focus, as well as a neuropsychological battery that 

included assessment of sensory/motor functions, auditory/language functions, executive 

functions, intellectual ability, academic skills, and the dichotic listening tasks.  Subsequent to 

neuropsychological testing, the children completed an fMRI study to aid in localization of 

eloquent cortex.  In addition to these common measures, some of the children underwent Wada 

testing or direct electrical cortical stimulation to provide additional information about 

lateralization and localization of language functions.  Although not the primary focus of this 

study, comparison of these finding to fMRI and dichotic listening results was included when 

possible.  
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Functional MRI  

 Paradigms. 

 Verb Generation. During the fMRI, common English nouns were presented visually at a 

rate of one word per second.  The children were instructed to think of one or more verbs 

associated with each noun (e.g. “hit” or “throw” for “BALL”).  Fifteen nouns were presented 

visually during each task block.  These blocks were interspersed with control blocks during 

which the children looked at a string of visually presented symbols.   Although covert verb 

generation was used to avoid artifacts from motor activation and head movement, the children 

were given practice with overt verb generation prior to the scanning session.  

 

 Word Generation. During the fMRI, English letters were presented visually at a rate of 

one letter every five seconds.  The children were instructed to think of words that begin with the 

letter on the screen.  Three letters were presented during each fifteen-second task block.  These 

blocks were interspersed with control blocks during which children relaxed and looked at a cross 

that appeared on the screen. Again, although covert word generation was used to avoid artifacts 

from motor activation and head movement, the children were given practice with overt word 

generation prior to the scanning session. 

 The presentation of both the verb generation and word generation changed over the time 

period included in this study.  Both paradigms were initially presented in fifteen-second blocks, 

activation blocks alternating with control blocks, with ten repetitions of the activation-control 

task cycle.  Later, however, the presentation changed to thirty-second blocks, with five 

repetitions of the activation-control task cycle.  These longer blocks allowed the children more 

time to respond to the stimuli.   
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 Image Processing and Analysis. All data was collected using a 1.5T Siemens Espree 

MRI unit.  High resolution structural images were obtained, using a T1 MP Rage protocol with 

100 axial slices (1.0 mm with a resolution of .97x.97 mm in-plane).  For the functional sequence, 

an Echo-Plannar protocol (TE = 50, TR = 3000, field of view = 230, flip angle = 90) was used 

with 24 axial slices of 5 mm thickness with a 0.5 mm gap and a resolution of 2.74 x 2.74 mm in-

plane. 

 Image processing was performed by MRI technicians using the Dynasuite Neuro 

Program.  Functional images were corrected for motion, using normalized mutual information 

similarity and a rigid body 3D transformation, before stripping away non-brain voxels. Baseline 

correction were performed using high-pass temporal filters, and spatial filters, set to 6 mm.  

Following these pre-processing procedures, a general linear model was used to analyze the 

relation between the observed data (MR signal versus time) and the experimental design.  

       

Determination of Lateralization. Subsequent to image analysis performed by MRI 

technicians, a neuroradiologist determined the lateralization of language in the following 

manner.  The neuroradiologist first checked the overlay of functional and structural images for 

alignment, using skull stripping to adjust the images.  The neuroradiologist then examined a 

record of movement during the fMRI to gather information about the usefulness of the images.  

For each paradigm, the neuroradiologist determined the activation thresholds for each child in 

order to maximize activation within the areas of interest and minimize noise in other areas.  

Areas of interest, related to the classical language areas, including Brocca‟s area and Wernicke‟s 

area, were located with reference to individual landmarks.  Once thresholds were set, the 
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neuroradiologist created regions of interest (ROI) around areas of activation associated with 

classical language areas and verified that the pattern of activation correlated with the block 

design of the paradigm.  After processing the images, the neuroradiologist examined the images 

associated with the language paradigms and categorized language functioning as left, right, or 

bilateral.  The neuroradiologist determined the language lateralization for each paradigm 

separately before making a global decision about the child‟s lateralization of language.  Although 

a departure from the lateralization indices used in most research studies (e.g. Fernandes, et al., 

2006; Thomsen, et al., 2003), this method of determining lateralization reflects common clinical 

practice and shows a strong concordance with categories based on lateralization indices (Leach 

& Holland, 2010). 

Reliability 

Cohen‟s Kappa was used to assess inter-rater reliability. The general study involved two 

neuroradiologists in the reading and interpretation of the fMRI studies, with each 

neuroradiologist reading the studies that occurred during his shift.  For the reliability study, ten 

fMRI studies were de-identified and independently rated by the other neuroradioglist.  As in the 

general study, each radiologist was asked to provide a rating of predominantly left, 

predominantly right, mixed, or inconclusive for word generation and verb generation, as well as 

for overall language lateralization.   

 

Neuropsychological Assessment 

 

Intellectual Ability.  Due to the wide range of age and intellectual ability within this 

population, estimates of intellectual ability were obtained from a variety of different measures, 
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including the Wechsler Intelligence Scales for Children – Fourth Edition (WISC-IV; Wechsler, 

2003), the Wechsler Adult Intelligence Scales – Fourth Edition (WAIS-IV; Wechsler, 2008), and 

the Wechsler Abbreviated Scale of Intelligence (WASI; The Psychological Corporation, 1999).  

Based on the intake interview with the parents, the neuropsychologist chose the measure that 

seemed most appropriate for the child‟s age and cognitive functioning.   For the most part, 

younger children completed the WISC – IV (age range 6-0 to 16-11), while older adolescents 

completed the WAIS-IV (age range 16-0 to 90-11).  One child, who had recently completed a 

cognitive assessment prior to this assessment, completed the WASI (age range 6-0 to 89-11), an 

abbreviated measure of intelligence.  Given the variety of measures, this study estimated 

intelligence scores from an average of scores on four tests common to all measures: Block 

Designs, Matrix Reasoning, Vocabulary, and Similarities. 

All of the Wechsler measures have been well normed and extensively tested to ensure 

reliability and validity.  Internal and test-retest measures of FSIQ are >= .96 for both full 

measures, across all age groups (Wechsler, 2003; Wechsler, 2008), while the WASI shows 

somewhat lower levels of reliability (The Psychological Corporation, 1999).  Validity studies 

have included professional review of content, the use of factor analysis to examine construct 

validity, and extensive studies of convergent validity with high correlations with other measures 

of cognitive ability and achievement (Wechsler, 2003; Wechsler, 2008). 

 

Executive Functioning.  Behavioral regulation was assessed using the Behavior Rating 

Inventory of Executive Function (BRIEF; Gioia, Isquith, Guy, & Kenworth, 2000).  The BRIEF 

uses a structured rating scale format to assess functional levels of executive functioning within 

the home or school environment for children ages five through eighteen.   Executive functioning 
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refers to the child‟s ability to monitor and regulate their behavior and cognition during goal-

oriented tasks (Schraw, 2003). On the parent version, parents rate their children on 86 items, 

using a three-point Likert scale (Never, Sometimes, Often).  The BRIEF provides eight clinical 

scales, as well as two indices scores (BRI – Behavior Regulation Index and MCI – 

Metacognition Index) and a Global Executive Composite (GEC).  For this study, the BRI will 

serve as a measure of self-regulation and the ability to modulate behavior and emotion with 

inhibitory control of impulsivity (Gioia, et al., 2000).  

The BRIEF was standardized on a sample of 1,419 parents matched with the population 

of the United States for key demographic variables including gender, age, ethnicity, and SES.  

Measures of internal reliability were quite strong, ranging from .80 to .98 using Cronbach‟s 

alpha, with the indices showing higher levels of reliability than the scale scores.  This same 

pattern persisted in measures of test-retest reliability, with alphas ranging from .70 to .97 (Gioia, 

et al., 2000).  

 The authors used confirmatory factor analysis to study the construct validity of the 

BRIEF, confirming the consistency of the structure of the scores (scales, indices, global 

composite) between the normative group and several clinical groups.  Convergent validity was 

established by strong correlations between scores on the BRIEF and scales on the Achenbach 

Child Behavior Checklist frequently associated with executive dysfunction (e.g. Attention 

Problems and Aggressive Behavior).    

Within the pediatric epilepsy population, research on the BRIEF shows a departure from 

the factor structure found within the normative sample, with some questions about the loading of 

the Monitor Scale on the BRI or MCI indices.  Despite this departure, the BRIEF was able to 
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detect symptoms of executive dysfunction within this population, with sixty-eight percent of 

children showing clinically significant elevations (Slick, et al., 2006). 

 

Ear Advantage.  Ear advantage was assessed using results from the Competing 

Sentences subtest and the Competing Words – Free Recall subtest of the SCAN – 3 for Children: 

Test for Auditory Processing Disorders (SCAN-3:C, Keith, 2009a) and SCAN-3 for Adolescents 

& Adults: Test for Auditory Processing Disorder (SCAN – 3:A,  Keith, 2009b).  These tests 

differed primarily in the age ranges, with the SCAN – 3:C providing norms for ages five through 

twelve and the SCAN- 3:A providing norms for ages thirteen through fifty.  Both tests were 

administered using a CD player equipped with a stereo Y-adapter that allows the simultaneous 

use of two pairs of headphones, so that both the child and the examiner could listen to the test 

stimuli. 

 Although dichotic listening tasks vary in the stimuli and directions, these subtests 

represent two formats similar to many of the classic tasks (Bryden, 1988a).  The Competing 

Words – Free Recall subtest consists of pairs of monosyllabic words presented simultaneously, 

one word in each ear.  All words are recorded at equal intensity, and within each pair, words 

were digitally manipulated to ensure equal duration.  The child is instructed to repeat both words 

that they hear, in any order.  After the presentation of two practice pairs, the subtest includes 

twenty trials.   Thus, each child hears twenty pairs of words, forty words altogether.  The 

examiner records the words reported after each trial and, for this study, derives two raw scores: 

the number correct from the right ear and the number correct from the left ear. 

 The Competing Sentences subtest consists of pairs of sentences presented 

simultaneously, one sentence in each ear.  All sentences are recorded at equal intensity and are 
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digitally manipulated to ensure equal duration. After the presentation of two practice pairs, the 

subtest includes twenty pairs of sentences.    For the first ten sentences, the child is instructed to 

repeat the sentence presented to the right ear.  For the next ten sentences, the child is instructed 

to repeat the sentence presented to the left ear.   The protocol provides a list of essential words 

for each target sentence, and after each trial the examiner records the number of essential words 

correctly reported.  Children only receive credit for words from the sentence to which they have 

been instructed to attend, a total of 45 words from each side. This subtest provides two raw 

scores: the number correct from the right ear and the number correct from the left ear. 

 The standardization study for the SCAN- 3 tests provides evidence of good interscorer 

reliability, with agreement ranging from .98 to .99 for both tests.  In contrast, measures of 

internal validity (.70 - .86) and test-retest reliability (.73) show some cause for concern (Keith, 

2009a; Keith, 2009b).  These levels of reliability are consistent, however, with ranges reported 

with research tasks (Speaks, 1988). 

A language lateralization index (LLI) was calculated separately for each subtest and for 

each child based on number of words reported correctly from the right ear (R) and from the left 

ear (L):  LLI = (R-L) / (R+L).  The language lateralization index has a range = +/- 1, with 

positive values indicating a right ear advantage (and left hemisphere language) and negative 

values indicating a left ear advantage (and right hemisphere language).  Although a variety of 

indices exist for quantifying asymmetry on dichotic listening tasks, most research comparing 

dichotic listening results with other lateralization methods relies on this method (Bethmann, et 

al., 2006; Fernandes, et al., 2005; Hund-Georgiadis, et al., 1997; Thomsen, et al., 2003). Still, 

recent studies (Moncrieff, 2011) have suggested that ear advantage scores (EA = R-L) may 
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provide a more sensitive index of language lateralization in children.  To evaluate the usefulness 

of the two indices, both were calculated and entered into separate analyses. 

 

Handedness.  The assessment of handedness consisted of several pantomime tasks of 

everyday actions.  While observing the child‟s arm and hand movements, the examiner asked 

each child to “Show me how you . . . throw a ball / hammer a nail / cut with a knife / turn a door 

knob / use scissors / use a eraser / write your name.”  The examiner then recorded the hand used 

for each task, often discontinuing after four or five tasks if the child was consistent in the hand 

used, and then used a binary variable (Right = 1, Left/Mixed = 2) to record the child‟s 

handedness. 

 

Analyses  

Given no indication of a pattern in the missing data, expectation maximization was used 

to account for missing data. Data were examined to ensure that all assumptions for multivariate 

analyses were met.  For the primary and secondary analyses, examination of the VIF showed no 

concerns about multicolinearity.  Box‟s M showed homogeneity of variance/covariance matrices 

for the groupings involved in both analyses. An examination of Mahalanobis‟s Distance showed 

two possible outliers for the primary analysis  (subjects 7 and 12); however, removing these 

outliers did not significantly change the analysis, so both were retained.  A similar process 

showed one possible outlier for the secondary analysis (subject  11).  In this case, an examination 

of the data showed that the subject had filled out a different version of the BRIEF (self-report), 

and his data were excluded from the analysis.   
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Finally, a scatterplot of the Mahalanobis Distances and paired chi-square values revealed 

a significant departure from multivariate normality, for both analyses, a violation confirmed by 

the high values of skew and kurtosis for the Language Lateralization Indices.  Given these 

violations, the classification accuracy, or hit rate, served as a proxy for formal significance 

testing, with a 25% improvement over chance classification considered “significant” (Hair, 

Black, Babin, Anderson, & Tatham, 2010).   

For the primary analysis, a discriminant analysis was used to determine the accuracy with 

which results from the dichotic listening tasks predicted classification of language lateralization.  

Independent groups were defined by fMRI results as (1) typical language (i.e. left-hemisphere 

language) and (2) atypical language (i.e. bilateral or right-hemisphere language), with the 

language lateralization indices serving as the discriminating variables.  Prior probabilities were 

computed from group size (Briellmann, et al., 2006). The discriminant analysis was then 

repeated, using the EA scores from the dichotic listening tasks in place of the language 

lateralization indices.   

Finally, a second discriminant analysis was used to describe the neuropsychological traits 

associated with being able to successfully complete fMRI language paradigms.  Independent 

groups were defined as (1) children who obtained successful language studies (2) children who 

failed to obtain successful language studies.  Unsuccessful studies resulted from a variety of 

problems including: inability to complete the language tasks in practice sessions, inability to 

tolerate the restricted motion needed for the scan, and lack of correlation between signal and 

tasks, suggesting an inability to complete the language tasks in the scanner.  Along with age, 

measures of general cognitive ability and behavioral regulation served as discriminating 
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variables.  Prior probabilities were calculated from group size, and the discriminant analysis was 

interpreted using the “hit rate,” as explained above.   

 

Power Analysis 

An initial power analysis, conducted prior to data collection using G*Power 3.1.5 (Faul, 

Erdfelder, Buchner, &Lang, 2009), showed that given the large effect size found in other studies   

(Pillai‟s V = 0.6), a sample size of N=12 would provide sufficient power (0.80) to detect 

significant results. .   

Unfortunately, probably due to the high variability within the dichotic listening results, 

effect sizes for the primary analysis ranged from Pillai‟s V of .003 - .284.  Given these small 

effect sizes, power levels for these analyses ranged from .05 to .40, depending on the number of 

dependent variables. Since adequate power levels, meaning that an analysis has an acceptable 

chance of correctly rejecting a false null hypothesis, are generally considered to fall in the range 

of .80 or higher, the power analysis suggests that this analysis was under-powered.  Although 

already necessitated by the violations of assumptions noted above, these low power levels further 

support the use of classification accuracy or “hit rate” as a more qualitative analysis. 
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Results 

Preliminary Analysis 

 As shown in Table 1, ten of the subjects showed typical language dominance (left 

hemisphere) as determined by the fMRI and 3 subjects showed atypical language dominance 

(right hemisphere or mixed). Although strongly associated with language dominance within the 

research literature (e.g. Bryden, 1988a; Szalfarski, et al., 2002; Bethmann, et al., 2007), an 

examination of handedness showed no clear relation to language dominance within this sample 

𝜒2
 (2, N=13) = 1.499, p = .473)  Of the children with typical language dominance, 7 were right-

handed, 2 were left-handed, and 1 showed mixed hand dominance.  Of the children with atypical 

language dominance, 1 was right-handed, 1 was left-handed, and 1 showed mixed hand 

dominance.  
 

In line with clinical assumptions, all of the children with atypical language had an 

epileptic focus within the left hemisphere, while only half of the children with typical language 

showed a left hemisphere focus.  Somewhat less in line with clinical assumptions about the 

reorganization of language following early insult, children with typical language showed a 

significant earlier average age of seizure onset t(6.947) = -4.763, p = .002 and a significantly 

longer duration of seizures t(10.868) = 2.513, p = .03. 
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Table 1 

Details of Subjects 

ID Age Age at 

Seizure 

Onset 

Hand 

Dominance 

fMRI 

Classification 

CW 

LLI 

Epileptic Focus Additional Testing 

11 14-3 6 M L  L. Temporal / 

Posterior Frontal 

Wada / Cortical 

Stimulation 

13 11-10 0 R L 0.04 R. parietal  

28 15-10 14 R R 0.17 L. frontoparietal  

30 7-0 6 R L 1.00 L. frontal Post-surgical Testing 

31 21-9 0 L L  R. Hemisphere Cortical Stimulation / 

Post-Surgical Testing 

33 11-10 5 R L 0.20 L. Hemisphere  

34 10-5 9 R L 0.05 L. Parietal  

35 14-6 11 L R 0.60 L. frontal Cortical Stimulation 

38 13-7 8 L L -0.22 Unknown  

55 15-6 11 M M -0.54 L. temporal  

56 15-8 8 R L 0.03 Unknown  

68 17-0 2 R L  R. temporal  

54 14-1 7 R L -0.17 R. posterior 

frontal / 

centropariental 

 

a
Competing Words Language Lateralization Index.  LLI = (R-L) / (R+L), Range = +/- 1 

Means and standard deviations for all variables are reported in Table 2.  As shown in 

Table 2, both groups showed, on average, scores on WISC-IV, WAIS-IV, or WASI subtests well 

below population averages of 10.  Intercorrelations among all variables were computed to 

provide a better overview of the data for qualitative analyses and are available in Appendix B. 
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Table 2 

Descriptive Statistics of Variables 

Variable Successful fMRI 

Mean (SD) 

N=13
a 

 

 Failed fMRI 

Mean (SD) 

N=6 

 Atypical Language 

N=3 

Typical Language 

N=10 
 

    

CW LLI .0761 (.57) .1204 (.35)  

CS LLI -.3069 (.60) .0284 (.10)  

IQ
b 

5.19 (1.70) 2.96 (1.24) 

Age 14.08 (3.69) 13.29 (3.99) 

BRI
c 

56.57 (29.66) 74.57 (16.48) 
a
For secondary analysis, only 12 subjects were included due to missing data 

b
As measured by average subtest scores from WASI, WAIS-IV, or WISC-IV: Vocabulary, 

Similarities, Block Design, and Matrix Reasoning; scaled scores with population M = 10, SD =3. 
c
As measured by the BRIEF; percentile 

 

Reliability. As explained previously, the reliability study required each radiologist to 

read fMRI studies originally read by the other radiologist.  As in the primary study, each 

radiologist was asked to provide a rating of predominantly left, predominantly right, mixed, or 

inconclusive for word generation and verb generation, as well as for overall language 

lateralization.  A copy of the rating sheet is available in Appendix C. 

   Cohen‟s Kappa was used to assess inter-rater reliability across the two radiologists 

involved in reading the fMRI studies.  An analysis of inter-rater agreement across all responses 

showed moderate agreement (percent agreement = 70%, Cohen‟s Kappa = .566).  A more limited 

analysis of inter-rater agreement for decisions on overall language lateralization showed higher 

but still moderate agreement (percent agreement = 80%, Cohen‟s Kappa = .667).  These results 

support earlier findings of good agreement between fMRI ratings based on visual inspection and 

those based on lateralization indices (Leach & Holland, 2010), although these findings do not 

approach the strong reliability for fMRI ratings shown in earlier studies (Rutten, Ramsey, van 
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Rijen, & van Veelen, 2002).  In addition to the small sample size, these findings may have been 

limited by experimental method in which studies were re-read with a set activation threshold, 

which discriminates between meaningful activation and noise, as determined by the initial 

radiologist.  

 

Primary Analysis: Discriminant Analysis Predicting fMRI Language Lateralization 

 A preparatory analysis examined the usefulness as predictors of Ear Advantage (EA), a 

simple difference between right- and left-ear reports, versus the Language Lateralization Index 

(LLI), the simple difference divided by the total number of reports.  This analysis showed no 

significant difference between EA and LLI, allowing for further examination to focus 

exclusively on the LLIs.   

Similarly, starting with the competing words (CW)  task as the foundational measure, the 

analyses showed no significant improvement in accuracy or “hit rate” with the inclusion of the 

competing sentences (CS) measure  Although the addition of the CS task did improve the effect 

size somewhat, the unequal variance between the groups on the CS task, combined with the lack 

of improvement in the primary measure of accuracy (“hit rate”) was deemed sufficient to focus 

the remainder of the investigation on the CW task.  Results for a discriminant analysis using only 

the competing sentences (CS) task are included in Appendix D. 

 As shown in Table 3, a discriminant analysis on the LLIs from the CW measure led to the 

correct classification according to the fMRI of 11 (85%) of the 13 subjects.  However, the cross-

validation classification, a more stringent measure of accuracy, showed a correct classification of 

only 77%.  Although both of these “hit rates” exceed the chance classification rate of 64%, the 
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cross-validation failed to show the necessary 25% improvement over chance classification ( > 

81% accuracy). 

 

Table 3 

 Discriminant Analysis Predicting fMRI Language Lateralization 

Predictors Hit Rate Cross-

Validation 

Chance Hit Rate 

Given Unequal 

Groups 

CW
a
 LLI

 
76.9% 76.9% 64% 

CW LLI + CS
b
 LLI  84.6% 76.9% 64% 

CW EA 76.9% 76.9% 64% 

CW EA + CS EA 84.6% 76.9% 64% 
a
As measured by the Competing Words subtest from the SCAN-C or SCAN-A 

b 
As measured by the Competing Sentences subtest from the SCAN-C or SCAN-A 

 

 Given that these results trend toward significance, the temptation exists to attribute the 

weak results to the small sample size and the decrease of power associated with the violations of 

normality assumptions.  And, in fact, both explanations may contribute to the lack of expected 

findings.  A qualitative examination of the data, however, reveals a wide variability of LLIs 

within groups.  On average the CW LLI scores show the expected difference between children 

with atypical language (.0761) and children with typical language (.1204), with children with 

atypical language showing less of a right ear advantage than children with typical language 

lateralization.  However, an examination of individual cases, as shown in Table 1, shows that of 

the ten children with CW LLI scores, five children with typical language and one child with 

atypical language showed DL scores in the direction suggested by fMRI findings.  Thus, two 

children classified as right hemisphere dominant by fMRI studies showed a right ear advantage 

on the CW LLI and two children classified as left hemisphere dominant on fMRI studies showed 
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a left ear advantage on the CW LLI. The variability within these results points to some of the 

difficulties of using this particular measure of DL. 

  

Additional Testing. Results from the additional testing – Wada, Cortical Stimulation, and Post-

surgical testing – offer some interesting insights into a fuller picture of role of different language 

assessments with this population.  Although brief, these mini-case studies can help illustrate 

where measures converge and diverge. 

Results from Wada testing, which anesthetizing one hemisphere to determine the 

hemisphere that supports language functions, was available for only one of the children in this 

sample, subject 11.  He presented with a seizure focus in the left temporal, posterior frontal 

region, along with a fMRI language study showing left hemisphere dominance for language.  

Results from the competing sentences task (CS LLI = 0.01) showed slight right-ear advantage.  

For this child, Wada findings of left hemisphere dominance for language agreed with both fMRI 

results and DL results from the CS LLI.   Interestingly, the report from the cortical stimulation, 

which attempted to further clarify the location of language functions in relation to the seizure 

focus, noted no receptive language involvement in the left frontal area mapped.   

 Subject 35 presented with a seizure focus in the left frontal region, along with left 

handedness and a fMRI language study showing right hemisphere dominance for language.  In 

this case, although the competing sentences task showed a clear left-ear advantage (CS LLI = -

1.00), the competing word task showed a right-ear advantage (CW = 0.60).  In this case, cortical 

stimulation showed no left hemisphere language function within the grid area. 

Post-surgical results were also available for two additional children who completed both 

pre-surgical and post-surgical testing and for whom surgery affected a possible language area. 
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Subject 30 presented with a seizure focus in the left frontal region and a marked right-ear 

advantage on the competing words task (CW LLI = 1.00), with fMRI findings also showing left-

hemisphere dominance for language.  Following a left frontal resection the subject maintained 

verbal IQ and showed improvement in verbal memory on the TOMAL Memory for Stories 

subtest. 

 In contrast, during pre-surgical neuropsychological assessment, subject 31 presented with 

a right hemisphere seizure focus, along with slight left ear advantage on the competing sentences 

task (CS LLI = -0.08); however, fMRI findings suggested left-hemisphere dominance for 

language and cortical mapping of the right temporal area noted no receptive language 

involvement.  However, following a right side posterior temporal and parietal resection, the 

subject showed significant decline in verbal memory, as measured by the TOMAL Memory for 

Stories subtest, possibly suggesting the right-hemisphere language that was not activated during 

the simple paradigms used for the fMRI and cortical stimulation studies.  

 

Misclassification Analysis.  Further investigation of classification accuracy shows that, within 

the initial classification, all three misclassifications (subjects: 28, 35, and 55) resulted from the 

incorrect classification of children with atypical language, according to the fMRI.  These 

misclassifications mirror results seen in a meta-analysis of the use of fMRI for language 

lateralization (Baxendale, 2002), reflecting the dangers of equating relatively high accuracy rates 

with a level of sensitivity needed for individual diagnosis. Thus, although also seen in fMRI, 

these misclassifications suggest that clinicians should be highly cautious in using this dichotic 

listening task to determine language lateralization, particularly for children suspected of having 
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atypical language and in scenarios in which surgery would affect language areas within the right 

hemisphere.  

 

Secondary Analysis: Discriminant Analysis of Ability to Complete the fMRI Language 

Study 

 In order to more fully understand the role of behavior and cognition in fMRI studies of 

language, a secondary analysis examined how well characteristics such as IQ, behavioral 

regulation, and age could predict a child‟s ability to obtain a successful fMRI language study.  

Studies were defined as “undetermined” by the radiologist reading the fMRI, often with notes as 

to either a lack of signal-to-task correspondence (implying that the child may not have been 

performing the word- and verb-generation tasks during the set intervals) or difficulties with 

staying still in the scanner. 

  A preparatory analysis showed that the inclusion of age or behavioral regulation as 

predictors provided no improvement in predicting a child‟s ability to successfully complete the 

fMRI study of language  over a baseline discriminant analysis which included only IQ as a 

predictor. 

 As shown in Table 4, a discriminant analysis using an IQ composite led to the correct 

classification of 14 (77.8%) of the 18 subjects.  In addition, the cross-validation classification 

accuracy remained stable with a 77.8% hit rate.  Both the initial and cross-validation “hit rates” 

showed a greater than 25% improvement over the chance “hit rate” of 56%. 
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Table 4 

Discriminant Analysis of Ability to Complete the fMRI Language Study 

Predictors Hit Rate Cross-

Validation 

Chance Hit Rate 

Given Unequal 

Groups 

IQ
a 

77.8% 77.8% 56% 

IQ, AGE 77.8% 72.2% 56% 

IQ, BRI
b 

77.8% 77.8% 56% 

IQ, AGE, BRI 77.8% 72.2% 56% 
a
As measured by average subtest scores from WASI, WAIS-IV, or WISC-IV: 

Vocabulary, Similarities, Block Design, and Matrix Reasoning; scaled scores 
b
As measured by the BRIEF; percentile 

 

 Clinically, the predominance of IQ to the exclusion of the two other predictors is 

somewhat surprising.  Although not recorded as part of the database reviewed for this study, the 

clinicians who administered and observed the fMRIs reported a number of different difficulties, 

including problems that were both seemingly cognitive (e.g. the child having trouble with the 

word- and verb-generation tasks) to problems that were seemingly behavioral (e.g. the child 

being unable to remain still during the scan).   

 To further understand the role of IQ in fMRI studies of language, an additional analysis 

examined whether, given the verbal nature of the fMRI activation tasks, a discriminant analysis  

using an IQ variable based only on the scores from the VIQ subtests (Similarities and 

Vocabulary) might result in more accurate classification.  This substitution, however, did not 

increase accuracy, and the results can be seen in Appendix E. 
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Discussion 

This study aimed to examine the effectiveness of dichotic listening, both as a means of 

supporting fMRI findings and as an alternative method of language lateralization for children 

who are unable to complete successful fMRI studies.  Due to the cognitive and behavioral 

demands of fMRI, many children with the developmental delays commonly seen in children with 

intractable epilepsy cannot complete the language lateralization studies necessary to help localize 

language prior to surgery to remove the epileptic focus.  Although fMRI provides an excellent 

means of language localization, the difficulties associated with completing unsedated studies 

with the pediatric epilepsy population make the possibility of dichotic listening, a quick and 

inexpensive measure, an interesting alternative. 

 

Predicting Lateralization 

 To examine the usefulness of dichotic listening, this study used a discriminant analysis 

to investigate the relation between language lateralization indices (LLIs) on a competing words 

(CW) measure and results from fMRI studies of language lateralization in children with 

intractable epilepsy.  Overall, children classified as atypical language dominance on the fMRI 

studies showed lower levels of right ear advantage on the CW measure.  Despite this trend, a 

discriminant analysis using the CW LLI to predict fMRI classification failed to show a 

significant improvement over chance classification.  These results suggest that, despite a wealth 

of evidence linking dichotic listening with group findings about language lateralization 

(Bethmann, Templeman, Bleser, Scheich, & Brechmann, 2006; Fernandes, Smith, Logan, 

Crawley, & McAndrews, 2005; Hund-Georgiadis, Les, Friederici, & von Cramon, 2002), this 
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dichotic listening task does not have the accuracy necessary for use as a means of individual 

classification.  

These findings are contrary to previous research with children and adolescents (Hugdahl, 

et al., 1997; Fernandes, et al., 2006) which has shown good concordance between dichotic 

listening tasks and both Wada and fMRI findings.  One might attribute this study‟s non-

significant findings to the small sample size and the decrease of power associated with the 

violations of normality assumptions.  However, although those flaws may have contributed to the 

lack of significant results, qualitative examination of the data shows a general lack of 

concordance between dichotic listening scores and fMRI results, suggesting more pervasive 

problems with the measures employed in this study.  Additionally, an examination of descriptive 

statistics showed a negative correlation between the competing words task and another dichotic 

listening task, competing sentences, adding further doubts about the validity and reliability of the 

task itself. 

The present study also differed from previous research in a number of ways, most notably 

in the use of clinical measures for both fMRI and dichotic listening.  In regards to fMRI and in 

contrast to the lateralization indices used in most research studies (e.g. Fernandes, et al., 2006; 

Thomsen, et al., 2003), this study relied on the radiologists‟ reading of the fMRI studies, a 

common practice in clinical settings  (Leach & Holland, 2010). Similarly, in regards to dichotic 

listening, and in contrast to the fused word tasks used in other research studies (Hugdahl, et al., 

1997), this study relied on a commercially available measure of dichotic listening, the 

Competing Words subtest taken from the SCAN-C or SCAN-A.  Although representative of a 

more realistic examination of the relation between dichotic listening and fMRI within a clinical 
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setting, the measures employed within this study may have lacked the sensitivity and reliability 

of the research measures employed in previous research. 

 

Misclassification 

One commonality between this study and previous fMRI research was the tendency to 

misclassify children with atypical language as typical.  In their review of the use of fMRI within 

the pediatric epilepsy population, both Baxendale (2002) and Swanson and colleagues (2010) 

noted that the patients with atypical language representation accounted for the majority of cases 

with discordant fMRI and IAP results.  Similarly, in this study, all three instances of 

misclassification involved categorizing children with atypical language on the fMRI as having 

typical language using DL.  Given the small sample of children with atypical language, these 

misclassifications point to the need for particular caution in interpreting dichotic listening results 

in children suspected of having atypical language – particularly problematic given the purpose of 

testing.   

 

Failed fMRI 

Despite the fact that fMRI language studies can provide a wealth of useful information, 

many children, particularly young children or those with developmental delays, lack the 

cognitive ability or behavioral regulation to complete these rather complex studies.  In collecting 

data, this trend became widely, and frustratingly, apparent.  Of the 22 children included in this 

study, over a third could not successfully complete the language study portion of the fMRI.  This 

statistic is even more compelling when considered in light of the fact that this data collection 
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only included children scheduled for an unsedated fMRI, while many other children were 

considered too young or too developmentally delayed to even attempt an unsedated fMRI. 

In order to examine factors related to a child‟s ability to complete an fMRI language 

study, this research used a discriminant analysis to investigate the relation of the successful 

determination of language lateralization through fMRI to behavior regulation indices (BRIs), 

age, and intelligence. Overall, children who successfully completed the fMRI language studies 

showed  higher levels of intelligence, as measured by an average of the four common subtests 

from the WASI,  WAIS-IV, or WISC-IV.  In accordance with this trend, a discriminant analysis 

using intelligence to predict completion of the fMRI study showed a significant improvement 

over chance classification. In addition, although not significant, children who successfully 

completed the fMRI study also showed lower levels of difficulty with behavioral regulation. 

An examination of the data suggests that the non-significant findings for the contribution 

of age most probably stem from restriction in range.  Although children referred for conscious 

fMRI ranged in age from 7 years old to 22 years old, all but two children were over the age of 

ten and, thus within an age range generally considered reasonable for typically developing 

children to complete an unsedated fMRI (Rosenberg, et al., 1997).  Thus, although younger 

children may in fact have more difficulty successfully completing an fMRI study, this sample did 

not include the range of ages necessary to support that rather reasonable assumption. 

The non-significant findings for the contribution of behavioral regulation are more 

difficult to explain.  While an examination of means does show that children who successfully 

completed the fMRI (M = 56.57) presented with fewer difficulties with behavioral regulation 

than those who failed (M =74.57), both groups showed high variability (successful SD = 29.66, 

failed SD = 16.48), likely contributing to the non-significant findings.  Of course, this variability 
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may be a simple artifact of the small sample size, but, it may also reflect a feature of the 

instrument used to measure behavioral regulation.  Ratings scales, such as the BRIEF, are always 

subject to raters‟ bias – with this measure, both the parents‟ view of their child‟s behavior and 

their expectations for their child‟s behavior.  Perhaps parents of children with intractable 

epilepsy show a great deal of variability in their expectations for their children: some may expect 

behavior in line with same-age peers while others moderate their expectations to account for 

their child‟s developmental delays or health struggles. Given these concerns, an alternative 

measure of behavioral regulation, either a laboratory measure of impulsivity or a rating scale 

completed by another party, may have provided an interesting, additional source of information. 

In investigating the usefulness of this data, this study also attempted to establish a cut-off 

score that clinicians could use to determine whether a child would be able to complete the fMRI 

language study.  Although the data did not divide precisely, a cut-off score of 4.50, roughly equal 

to a standardized score of 72, provided the most accurate classification, 89%. Although all the 

children who had unsuccessful fMRIs had IQ scores below 4.50, six out of the eight children 

with successful fMRIs had IQ scores above this cut-off.  Thus, while taking behavior and age 

into account, clinicians may be most successful in attempting fMRIs with children with IQ above 

approximately 72.  

The evidence of the role of intelligence in successful fMRI studies highlights one of the 

advantages of an assessment such as dichotic listening or functional transcranial doppler (fTCD), 

which offers the possibility of less cognitively demanding tasks (Knake, et al 2003). 

Furthermore, the suggestion of the importance of behavioral regulation lends support for 

methods such as magnetoencephalography (MEG), which allow for more movement and 

monitoring of compliance with task demands (Harvey, et al. 2008). 
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Limitations 

 Importantly, this study attempted to examine the effectiveness of dichotic listening within 

a clinical environment.  Clinical research allows for a real-world sample and the possibility of 

supplying results that are directly applicable to clinicians and hospitals that do not have access to 

the resources or techniques that may appear in more exacting studies.  Clinical research does, 

however, carry a number of inherent limitations. 

 In this study, the most prominent limitations arising from the clinical nature of the 

research resided in the measures used.  First of all and most importantly, the commercially 

available dichotic listening test employed within this study did not match the sensitivity of 

versions used in other studies within this area (Hugdahl, et al., 1997; Fernandes, et al., 2006).  

Also, as previously discussed, both the fMRI paradigms and the clinical readings of the fMRI 

were not in line with the current research standards.  Thus, although used as the standard of 

comparison in this study and described as the gold standard within the literature, these clinical 

fMRIs did not show high levels of reliability, further limiting their possible correlation with 

dichotic listening findings. 

 Beyond the measures, the small sample size included within this study, along with the 

lack of multivariable normality, invalidated the use of measures of significance and limited the 

study to a crude measure of accuracy.   

Even within this more limited analysis, given the sample size and the doubts about the 

measures used, the results of this study must be interpreted with caution.  The non-significant 

results may reflect a true inability of dichotic listening to predict language lateralization within 

this population, but the flaws within this study may have hindered the ability to detect significant 
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results.  Conversely, the findings of the role of intelligence in successfully fMRI studies may 

reflect a true predictive relationship, but the limitations of the sample may decrease the 

replicability of this finding. 

 

Conclusions and Implications 

Although the results from this study were far from conclusive, highlighting the 

difficulties of working with a small sample and within a clinical setting, the evidence of 

intelligence in predicting successful fMRI studies of language may guide radiologists in 

determining whether to attempt an unsedated fMRI, while the suggestion of the role of 

behavioral regulation may aid psychologists and others to better prepare children for the fMRI 

studies. 

In contrast, the poor predictive ability of the competing words dichotic listening task may 

provide a caution for neuropsychologists working with children with epilepsy.  These results 

may encourage neuropsychologists to investigate other, more sensitive dichotic listening tasks or 

to push for the further exploration of other non-invasive means of language lateralization. 

Beyond these analyses, however, the most striking result of this study lies in the simple 

statistic that over a third of those children selected for an unsedated fMRI could not complete the 

language study.  With reviews of fMRI touted as the new gold standard for language 

lateralization (Baxendale, 2002), clinicians might fairly wonder about the purpose of 

investigating any alternative technique. Given the effectiveness and availability of fMRI, why 

consider an alternative method such as dichotic listening with less specificity and less empirical 

support? 
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 The simplest answer lies in that statistic, in that failure rate.  While research within the 

field of fMRI continues to explore routes (e.g. sedated studies, motion correction, etc.) for 

serving children who cannot complete fMRI studies, alternative assessment such as dichotic 

listening, NIRS, MEG, fTCD, or even more sensitive forms of dichotic listening may provide 

important sources of information for those children. 
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Appendix A 

Literature Review 

 

Pediatric Epilepsy 

 Each year, nearly 300,000 people experience their first seizure (Epilepsy Foundation, 

2011).  Lasting anywhere from a few seconds to a few minutes, these seizures are the clinical 

manifestations of electrical surges, lightning storms, within the brain (Westerveld, 2008).  Most 

common during the first and last years of life, seizures occur more frequently during childhood 

or old age (Lee, 2010).  Most children who experience a single, provoked seizure – a 

consequence of high fever or head trauma – require no treatment for the seizure and will never 

experience another (Annegers, et al., 1990; Lee, 2010).  However, for some children, that first 

seizure is followed by others, and, by the age of twenty, approximately one percent of children 

will develop epilepsy, defined as having experienced two or more unprovoked seizures (Epilepsy 

Foundation, 2011).  For these children, the risk of additional seizures is high enough to warrant 

treatment (Owen, 2009). 

 

Classifications. Although this prevalence suggests that epilepsy is fairly common within 

the population, children with epilepsy represent a diverse group, with huge variations in 

frequency, intensity, and type of seizures.  In addition to this range of seizure semiology, or 

clinical symptoms, epilepsy encompasses a diversity of underlying etiologies, comorbidities, and 

expected clinical courses.  The diversity within the diagnosis of epilepsy becomes apparent in the 

intricacy and, at times, convolution of the methods used to classify different presentations of the 

disease.  
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 A full explanation of the classification systems used to categorize and diagnose seizure 

and syndrome types is well beyond the scope of this review.   A basic review is necessary, 

however, to create a foundation for understanding both the differences between adult and 

childhood epilepsy and the criteria used for determining appropriate treatments.  Thus, this next 

section will try to provide a barebones outline of three very complex classification schemes.  For 

a more complete explanation, readers should consult the guidelines produced by the ILAE‟s 

Commission on Classification and Terminology in 1981, 1989, and 2010.  Lee (2010) provides a 

good review of the first two systems. 

Currently, clinicians and researchers rely on three separate systems for the classification of 

epilepsy seizures and symptoms.  The traditional and most commonly used system derives from 

the recommendation made by the International League Against Epilepsy (ILAE) in 1969 and 

updated in 1981 (Commission on Classification and Terminology of the ILAE, 1981).  This 

system creates a classification based on the seizure semiology, the physical and 

electroencephalographic (EEG) manifestations of the seizures.  This classification recognizes 

seizures as either partial – if they are restricted to a cortical area within one cerebral hemisphere 

– or generalized – if they appear to begin simultaneously in both cerebral hemispheres.  Within 

these broad categories, this system further delineates by seizures the associated physical 

symptoms and EEG findings.  Table 1 provides a brief overview of seizure types within this 

traditional classification.   
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Table 1  

Traditional Classification of Epileptic Seizures       

 

Partial Seizures 

 Seizure Type    Seizure Semiology 

 Simple     unilateral hemisphere involvement 

      May include: motor-signs, somatosensory  

      symptoms, autonomic symptoms 

 Complex     Similar semiology as simple partial but with 

impairment of consciousness 

 Partial Seizures evolving to Generalized Seizures 

      Begins as a complex or simple partial seizure but 

rapidly generalizes to include both hemispheres  

Generalized Seizures 

 Seizure Type    Seizure Semiology 

 Absence    Sudden interruption of ongoing activity, blank stare 

Myoclonic Seizures   Brief, shock-like contractions may be generalized or 

confined to one area 

Clonic Seizures   Convulsive seizures with repetitive jerks 

Tonic Seizures    Rigid, sustained muscle contraction 

Tonic-clonic    Convulsive seizures that include periods of 

repetitive jerks alternating with periods of muscle 

contraction 

Atonic Seizures   Sudden loss of muscle tone 

 

Adapted from Commission on Classification and Terminology, International League Against 

Epilepsy, 1981. 

 

 The traditional classification scheme reflects the diversity of seizure manifestations 

associated with epilepsy, from the sensory auras of simple, partial epilepsy to the loss of 

consciousness, large motor movements, and substantial recovery periods of tonic-clonic seizures.   

By focusing on seizure type, the traditional scheme provides a logical means for making sense of 

the manifold manifestations of epilepsy.  Seizure semiology does not, however, translate directly 

to information about the underlying disease and the appropriate treatments (Lee, 2010).  Thus, 

the classification scheme proposed in 1989 focused on etiology as a means for categorizing 

epilepsy syndromes and communicating information about prognosis. 
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 The guidelines proposed by the Commission on Classification and Terminology (1989) 

extended the traditional classification with an organizational system based on etiology and mode 

of onset.  Nested within the broad categories of based on the traditional organizations, this new 

classification system defined epilepsy syndromes as symptomatic, idiopathic, or cryptogenic.  

Symptomatic epilepsies were defined as those in which an identified lesion is thought to be the 

cause of the seizures.  Idiopathic epilepsies were defined as those with a presumed genetic 

origin.  Cryptogenic epilepsies were defined as those presumed to be caused by a, as yet 

unidentified, brain pathology – essentially, symptomatic epilepsies where the lesion had yet to be 

found.   

 

Table 2  

Classification of Epileptic Syndromes      

 

Localization-related epilepsies 

 Idiopathic 

 Symptomatic 

 Cryptogenic 

 

Generalized epilepsies 

 Idiopathic 

 Cryptogenic or Symptomatic 

 Symptomatic 

 

Epilepsies undetermined whether location-related or generalized 

 With both generalized and location-related features 

 Without unequivocal generalized or location-related features 

 

Special Syndromes 

 Situation-related epilepsies 

 

 

Adapted from Commission on Classification and Terminology, International League Against 

Epilepsy, 1989. 
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Building on the 1989 organization, the newest ILAE classification system promotes a 

flexible categorization that offers doctors the possibility of individualizing the label to reflect the 

information available and the requirements of the setting.  In an effort to increase the flexibility 

of this system and to tie it more closely to recent research finding, the ILAE proposed a system 

to create useful and natural classes that reflect a synthesis of information about “the 

neurobiology, the clinical features, prognostic implications, and any other features that are 

relevant to clinical practice or research” (Berg et al., 2009, p. 2).  Although designed to allow for 

a variety of groupings, the newest organizational system begins from the same place as the 1989 

system, with a classification of syndromes based on etiology and mode of onset.  Syndromes, 

defined as a group that can be reliably identified through EEG characteristics, are primarily 

classified by etiology, or cause, as genetic (formerly idiopathic), structural / metabolic (formerly 

symptomatic), and unknown (formerly cryptogenic).  Unlike the 1989 classifications which 

characterized unknown, or cryptogenic, epilepsies as structural/metabolic syndromes for which 

the cause had yet to be located (Lee, 2010), the 2010 classification scheme presents unknown as 

a neutral term to be applied to any syndrome that cannot be shown to be either genetic or 

structural/metabolic (Berg, et al., 2010). Beyond the syndrome type, categorization could include 

mode of seizure onset, age of onset, and natural evolution (Berg, et al., 2010).  While these 

additions communicate important information about prognosis and treatment, the broader 

categories based on etiology and mode of onset appear more commonly in research.       

 

Epidemiology and Etiology. Although confusing in and of themselves, the categories 

provided by these classification systems allow for some insight into the differences between 

pediatric and adult epilepsy.  Compared to adults, children more commonly present with genetic 
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/ idiopathic epilepsy, with approximately forty-eight percent of new cases thought to have an 

underlying genetic cause (Lee, 2010).  Conversely, children less frequently present with 

structural / symptomatic epilepsy (Harvey, et al., 2008).  Of those who do present with 

identifiable lesions, the majority show evidence of cortical dysplasia (Harvey, et al., 2008), a 

congenital abnormality present at birth. Children also differ in the types of seizures they 

experience.  While more than ninety percent of adults experience localized or partial seizures, 

almost half of children with epilepsy experience generalized seizures (Lee, 2010).  In addition to 

affecting the daily lives of children with epilepsy, the differences between pediatric and adult 

epilepsy also affect the options for and effectiveness of treatments. 

  

Treatments. While nearly three million people in America have been diagnosed with 

epilepsy, most of these people have achieved full remission, defined as complete seizure control, 

through the use of medication (Epilepsy Foundation, 2011).  For most people with epilepsy, 

medication provides the primary means for controlling seizures (Riccio, Sullivan, & Cohen, 

2010).  Unfortunately, not all children achieve seizure control through medication.  

Approximately sixteen percent of children are diagnosed with intractable or refractory epilepsy 

(Wathern, 2008), defined as failure to achieve seizure-freedom despite adequate trials of two 

tolerated and appropriately chosen and used AEDs (Kwan, et al., 2010).  Although seemingly 

straightforward, this definition reflects increasing support for the need to quickly recognize and 

provide alternative treatments for intractable epilepsy (Hakimi, et al., 2008; Kwan & Brodie, 

2002).    

For children who do not achieve full remission with the use of AEDs, treatment options 

include the ketogenic diet and a variety of surgical interventions.  The ketogenic diet severely 
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restricts carbohydrate intake in order to place the body into a state of ketosis and increase the 

seizure threshold (Riccio, et al., 2010).  Although difficult to maintain, the diet has been shown 

to be effective in children with idiopathic and cryptogenic epilepsy, with approximately a third 

of patients achieving complete remission of seizures (Panayiotopoulos, 2005). The outcomes for 

surgical procedures are also quite promising, though somewhat more varied and harder to pin 

down, and will be discussed in a later section.  

 

Epilepsy and Intelligence 

 The conceptualization of epilepsy as a dynamic process in which uncontrolled seizure 

activity contributes to the development of cognitive and behavioral deficits (Walthern, 2008) has 

added urgency to the push towards early identification of intractable epilepsy and towards timely 

provision of alternative treatments (Hakimi, et al., 2008). The validity of this conceptualization 

is, however, the subject of an old and ongoing debate about the relation between seizure activity 

and cognitive abilities (Owen, 2009). 

 On average, children with epilepsy perform worse on measures of intellectual abilities 

(Ellenberg, et al., 1986; Farwell, et al., 1985; Nolan, et al., 2003). Despite the clarity of this 

association, the underlying cause of these intellectual deficits is somewhat controversial.  While 

some researchers view seizures as relatively benign events, symptomatic of disease but not 

harmful in themselves (Camfield, 1997; Deonna, 2008), others understand recurrent seizures as 

causing progressive pathology, particularly within the developing brain (Waterlain, 1997).   

Thus, one group of researchers relates the cognitive deficits in children with epilepsy to 

the same static brain pathology that underlies the seizure activity (Owen, 2009).  These 

researchers suggest that low cognitive abilities found in populations of children with epilepsy 
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can be partially, if not fully attributed, to the inclusion of children who presented with 

intellectual disabilities prior to their first seizure (Ellenberg, et al., 1986).  This stance finds 

support in the overrepresentation of children with intellectual disabilities within the population of 

children with epilepsy, with approximately ten percent of children with intellectual disabilities 

having co-morbid epilepsy and with many of these children showing cognitive deficits prior to 

the onset of seizures (Epilepsy Foundation, 2011).     

Those who question the causal link between seizure activity and cognitive deficits also 

note that not all children with epilepsy exhibit cognitive deficits (Deonna, 2008), with one study 

finding approximately a third of children with epilepsy to be performing within the average to 

above average range on measures of cognitive abilities (Farwell, et al., 1985).  Finally, findings 

from several longitudinal studies suggest that intellectual abilities remain stable over time and 

are not associated with seizure frequency (Camfield, 1997; Ellenberg, et al., 1986).   

On the flip side, cross-sectional studies have noted a significant relation between seizure 

frequency and duration of uncontrolled seizure activity and cognitive deficits (Bultea, et al., 

2000; Farwell, et al., 1985; Nolan, et al., 2003). These studies show a fairly strong and consistent 

association in which increased seizure activity results in decreased cognitive abilities. 

Additionally, these findings have been bolstered by neuroscience studies suggesting that seizures 

may cause cognitive deficits by preventing neurogenesis and pruning during development (Kim, 

Kondratyev, Tomita, & Gale, 2007; Sutula & Pitkanen, 2002). Unfortunately, this simple 

association does not adequately explain the relation between seizures and cognitive abilities.  In 

fact, some of these same studies have noted a similar association between type of epilepsy 

syndrome and cognitive abilities (Farwell, et al., 1985; Nolan, et al., 2003), leading one to 

wonder whether uncontrollable seizures and cognitive deficits are not causally linked but rather 
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co-morbid with a progressive neurological disease that causes both seizures and cognitive 

decline.  

In attempting to clarify this issue, longitudinal studies have endeavored to document the 

causal relation between seizure activity and decreased intellectual abilities.  Within restricted 

groups, these studies have documented that in two relatively rare syndromes, infantile spasms 

(Dulac, 2001; Elger, Helmstaedter, & Kurthen, 2004) and status epilepticus (Liukkon, et al., 

2010), uncontrolled seizures result in cognitive decline.   

Findings from longitudinal studies of less restricted population are not as straightforward.  

Although a recent review of nine general longitudinal studies found a weak link between 

cognitive decline and time with active seizures (Dodrill, 2004), even a cursory examination 

reveals the limitations of and the inconsistencies between studies.  While one study showed clear 

deterioration of cognitive skills and one study showed no losses, the majority of the studies 

revealed a pattern in which a small group of children showed cognitive decline, while the rest of 

the group showed stable cognitive abilities (Dodrill, 2004).  In addition to these inconsistencies, 

as a group these studies include a number of methodological concerns.  Since none of the studies 

employed a control group, determinations of decline are based on the assumption of the stability 

of intelligence test results, a shaky proposition with small samples and little change between 

assessments.  In addition, many of the studies failed to document seizure frequency, 

complicating the process of determining whether the children who showed more deterioration 

also had a higher seizure frequency.  Finally, of the nine studies available, over half occurred 

prior to 1935.  Given the limitations of these studies combined with the limitation in other types 

of research discussed previously, the link between seizure activity and cognitive deterioration, 

though probably present, remains difficult to estimate or define (Sutula &Pitkanen, 2002) 
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The ongoing nature of this controversy suggests that the causal link between seizure activity 

and cognitive development is likely complex and undetermined at this time.  Beyond the 

difficulties introduced by the diversity within the diagnosis of epilepsy, one factor that confounds 

many of the studies of cognitive abilities and epilepsy is the inclusion of Antiepileptic Drugs 

(AEDs).  These medications are associated with a host of physical and cognitive side effects.  In 

children, AEDs have been linked to deficiencies in processing speed, language, and verbal 

memory (Fastenau, et al., 2009; Hirsch, Schmitz, & Carreno, 2003; Nolan, et al., 2003).  In 

addition, these deficits have been shown to increase with the combination of multiple AEDs 

(Nolan, et al., 2003), a mode of treatment more common in children with uncontrolled seizures 

(Kwan, et al., 2010).   

Ultimately, the evidence suggests that for the majority of children with epilepsy, cognitive 

and behavioral deficits stem from a combination of underlying and premorbid pathology, side-

effects of AED, and the disruptions in learning caused by seizures.   Still, evidence suggests that 

in a small group of young children with particularly catastrophic forms of epilepsy, persistent 

seizure activity causes progressive cognitive deficits (Cross, et al., 2006).  Beyond this select 

group, emerging research supports a more general, and more ambiguous, link between 

uncontrolled seizures and poor cognitive development (Bjornaes, et al., 2001; Dodrill, 2004; 

Freitag & Tuxhorn, 2005; Wylie, et al., 1998).  As an overview of this complex integration of 

variables, Elger, Helmstaedter, & Kurthen (2004) offer a useful model for categorizing variables 

that affect cognitive in children with epilepsy. Their model recognizes both morphological 

factors, such as premorbid pathology, and functional factors, such as AEDs and seizure activity, 

as well as demographic characteristics that moderate the effects of these variables. 

 



47 

 

Table 3  

Factors Affecting Cognition       

 

Morphological 

 Specific Lesion 

 Cortical Malformations 

 Epilepsy Surgery  

Functional 

 AEDs 

 Seizure Activity 

Demographic 

 Age of Onset 

 Duration of Epilepsy 

 Sex 

 

Adapted from Elger, Helmstaedter, & Kurthen, 2004. 

 

 By including epileptic encephalopathy as a supplementary label within its classification 

system, the ILAE has implicitly endorsed this understanding of seizure activity as contributing to 

cognitive and behavioral deficits beyond those associated with the underlying pathology (Berg, 

et al., 2010).  And, in endorsing this understanding, the ILAE has also supported the need for an 

aggressive approach to seizure control. 

 

Epilepsy Surgery 

 The conceptualization of seizure activity as harmful is inextricably tied to the recent push 

towards the earlier use of surgery as a treatment for epilepsy.  The assumption that uncontrolled 

seizures result in cognitive degeneration naturally leads to the hope that effective seizure control 

may limit or even reverse some of the cognitive deficits associated with epilepsy (Berg, 2011).   

And for many children with intractable, or medication-resistant, epilepsy, surgery seems to offer 

the best hope for seizure control, and subsequent cognitive improvement.   This hope appears, 

implicitly or explicitly, in many studies of epilepsy surgery that cite cognitive degeneration as a 
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impetus for performing surgery on younger and younger groups of children (e.g. Devlin, et al., 

2003; Freitag & Tuxhorn, 2005; Korkman, et al., 2005).  

 While surgery has been shown to provide significant reduction in seizure frequency, with 

no significant declines in intellectual or behavioral functioning (Datta, et al., 2011), the research 

literature fails to consistently establish the hoped for cognitive improvement.  Although 

anecdotal reports (Wyllie, et al., 1998) suggest that early relief from seizures results in better 

developmental trajectories, the statistical findings have been somewhat less clear.  The most 

convincing evidence comes from research on the outcome of epilepsy surgery on infants.  In 

children less than three years of age, Loddenkemper and colleagues (2007) found that over 

seventy percent showed an increase in developmental quotient after surgery.  Conversely, studies 

of preschoolers (Freitag & Tuxhorn, 2005) and early adolescents (Korkman, et al., 2005) have 

found no change in cognitive abilities during post-surgical testing.  In fact, one study noted 

significant verbal and visual memory deficits (Gleissner, Sassen, Schramm, Elger, & 

Helmstaedter, 2005) on neuropsychological assessments completed shortly after surgery.      

 Despite the inconsistency in the research evidence, the idea that early surgery can 

encourage cognitive development remains so central to the field that a recent report from the 

Pediatric Epilepsy Surgery Subcommittee stated that, despite the lack of definitive data, a 

“consensus view was reached that successful seizure control may facilitate cognitive 

development” (Cross, et al., 2006, p 956). Still, the committee tempered this statement with the 

warning that, for now, seizure relief, not cognitive improvement, should be the primary goal of 

epilepsy surgery (Cross, et al., 2006).  This last point emphasizes the fact that, regardless of the 

ambiguity of findings about the effect of surgery on cognition, the effectiveness of surgery in 

providing seizure relief is quite clear and, for some, remarkable. 
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 Seizure surgery has long been used to provide seizure relief for adults with intractable 

epilepsy (Cross, 2010).  A randomized controlled trial has shown that, when compared to 

medication management, surgery provided significantly better seizure control for adults with 

intractable temporal lobe epilepsy (Wiebe, Blume, Girvin, & Eliaszw, 2001).  The translation of 

this treatment to the pediatric population has been slowed, however, by the differences between 

adult and pediatric epilepsy. 

While the majority of adult candidates for epilepsy surgery present with symptomatic 

temporal lobe epilepsy associated with hippocampal sclerosis, children present with more varied 

etiologies (Harvey, et al., 2008).  In addition, children tend to present with characteristics 

associated with poorer outcomes in adults, including extratemporal pathology, more diffuse 

lesions, non-localized EEG findings, and high seizure frequencies (Souza-Oliveira, et al., 2009).   

Most children who undergo surgery present with cortical dysplasia (Harvey, et al., 2008), a 

diffuse pathology that is particularly challenging to locate and resect (Hamiwka, et al., 2005).  

Related to the increased incidence of diffuse pathology, children are also more likely to require 

more extensive multi-lobar resections or hemispherectomies (Harvey, et al., 2008).  

 Although these complicating factors may have slowed the acceptance of epilepsy surgery 

within the pediatric population, studies have shown surgery to be an effective means of 

providing seizure relief for children with intractable epilepsy (Cross, 2010).  Naturally, 

effectiveness varies with the age of the child, the type of lesion, the type of surgery, but, overall, 

studies indicate that surgery provides complete seizure control for forty to eighty percent of 

children (Devlin, et al., 2003; Freitag & Tuxhorn, 2005; Gleissner, Sassen, Schramm, Elger, & 

Helmstaedter, 2005; Hamiwka, et al., 2005; Loddenkemper, et al., 2007; Wyllie, et al., 1998). 

Although not quite as consistent, many of these same studies have shown a link between shorter 
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duration of epilepsy prior to surgery and better seizure control post-surgery (Freitag & Tuxhorn, 

2005; Loddenkemper, et al., 2007). 

 Thus, although evidence does not yet support the use of surgery to improve cognitive 

functioning, it does support the early use of surgery to provide seizure control.   Additionally, 

factors associated with early surgery provide further impetus for exploring surgery as an early 

treatment for intractable epilepsy. Although most children continued with AEDs subsequent to 

surgery, studies that reported significant reduction in polytherapy (Loddenkemper, et al., 2007) 

or the possibility of stopping all medications (Devlin, et al., 2003) present the possibility that 

surgery may improve cognitive development by providing freedom from some of the negative 

effects of AEDs.  Also, some studies suggest that the increased plasticity of brain functions in 

young children limits the post-surgical deficits often seen in adults (Gleissner, et al., 2005). 

 

Pre-Surgical Assessment of Language Organization 

 Limiting, or at least predicting, these post-surgical deficits is one of the primary goals of 

the extensive assessment process undergone prior to epilepsy surgery.  Criteria for epilepsy 

surgery include three requirements: (1) that the child has intractable epilepsy, (2) that the child 

presents with a localized lesion, and (3) that the predicted post-operative deficits are acceptable 

given the child‟s current level of functioning (Loddenkemper, 2009).  Thus, after ensuring that 

the child meets criteria for intractable epilepsy, the pre-surgical assessment process focuses on 

locating the epileptic lesion and then attempting to determine the relation between the area of the 

brain to be resected, or removed, and essential cognitive functions (Lee, 2010).  Although most 

surgeries result in some transient post-operative deficits, removal of eloquent cortex, areas of the 

brain responsible for basic cognitive functions, can cause significant, long-term impairment 



51 

 

(Carlson, 2009).  Using a series of imaging and neuropsychological assessments, this process 

tries to predict how surgery might affect essential functions. 

Within this process, one of the primary goals is locating areas of the cortex associated with 

essential language functions (Lee, 2010).  Given the extensive history of research into 

organization of language within the brain, locating language functions might seem like a solved 

problem.  The classical model of language processing locates language within the left 

hemisphere and delineates two primary areas of language functioning: receptive language 

functions located in Wernicke‟s area, within the posterior temporal cortex, and expressive 

language function located in Broca‟s area, within the posterior inferior frontal lobe (Carlson, 

2009).   Unfortunately, although the classical model presents a useful map of generalized 

language functioning, individuals show a great deal of variation in location of those language 

areas (Ojemann, 1991).  In addition, although language functions are typically lateralized to the 

left hemisphere (Frost, et al., 1999), approximately six percent of the population shows atypical 

language organization, with language lateralized to the right hemisphere or supported by both 

hemispheres (Springer, et al., 1999).   

Thus, individual patients may show variation both in the lateralization of language to the left 

or right hemisphere and in the localization of language within the dominant hemisphere.  A 

myriad of studies have investigated the characteristics associated with atypical language, 

language localized outside of the classical language areas or language lateralized, partially or 

wholly, to the right hemisphere.  Of these characteristics, handedness has shown the most 

consistent association with language lateralization.   Left-handed and ambidexterous people 

show higher incidences of atypical language, approximately twenty-two percent (Bethmann, et 

al., 2007), than do right-handed people, approximately five percent (Bryden, 1988a; Szalfarski, 
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et al., 2002).  Additionally, some studies have shown that a history of family sinistrality is 

associated with atypical language organization, regardless of the individual‟s handedness (Hund-

Georgiadis, et al., 2002), although others have shown no relation between family sinistrality and 

language organization (Bryden, 1988a; Spring, et al., 1999) 

The studies of the effects of gender on language organization have shown less consistent 

results.  While the majority of studies show strong left-hemisphere language in both genders 

(Frost, et al., 1999; Springer, et al., 1999; Sommer, 2010), others suggest that language is more 

strongly lateralized in men (Bryden, 1988a; Hertz-Pannier, et al., 1997).  In regards to age, the 

findings are even more contradictory.  Studies within the fMRI literature have shown an increase 

in lateralization with age (Hertz-Pannier, et al., 1997; Holland, et al., 2007; Springer, et al., 

1999).  Within the dichotic listening literature, however, some studies have shown the opposite 

trend, with lateralization decreasing with age (Moncrieff, 2011; Hiscock & Decter, 1988). 

Studies of the effects of epilepsy on language organization show more consistent results, 

regarding both the rates and cause of atypical language organization. The research consistently 

shows that patients with epilepsy show much higher rates of atypical language organization 

(Binder, et al., 1996; Fernandes, et al., 2006; Strauss, 1988).  In addition, studies have found that 

the relation between the location of the epileptic focus and neuropsychological measures of 

language organization depends on age of onset of seizures (Adcock, Wise, Oxbury, & Matthews, 

2003; Korkman, Granstrom, & Berg, 2004; Springer, et al., 1999), linking early brain injury to 

the reorganization of language within the brain. 

Finally, and surprisingly, although the classical model of language creates a categorical 

designation for language lateralization – left, right, or bilateral – recent studies rely on a 

continuous measure of language lateralization (e.g. Hugdahl, et al., 1997; Binder, et al., 1996).  
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In addition to this idea that both hemispheres contribute to language functions, some studies have 

found disassociated language functions, with receptive and expressive language areas located in 

different hemispheres (Kamada, et al., 2007).  Though theoretically interesting, this finding 

raises significant concerns about methods that locate a single language function and use that 

information to extrapolate language lateralization.  And, as shall be seen in the following 

sections, many language mapping methods take just such an approach. 

 

Methods of Language Lateralization / Localization 

 Intracarotid Amobarbital Procedure. Since its discovery in the 1940‟s, the intracarotid 

amobarbital procedure (IAP), or Wada test, has served as the primary mechanism for the 

lateralization of language prior to surgery (Krakow, 2006).  The simplicity and clarity of the IAP 

provides unambiguous information about the lateralization of language, but that clarity comes 

with the costs of invasiveness and lack of specificity. 

The IAP uses an injection of a barbiturate to temporarily inactivate one hemisphere of the 

brain.  With one hemisphere inactivated, a series of simple language and memory tasks are 

performed to determine the functional adequacy of the active hemisphere (Strauss, 1988).  In 

individuals with lateralized language, the complete cessation of ongoing automatic speech (Lee, 

2010), occurs with the inactivation of the dominant hemisphere, but not with the inactivation of 

the non-dominant hemisphere. Within a medical context that typically relies of the complex 

interpretation of signals and images, the IAP offers direct information about the location of 

language within the brain. 

That information, however, is quite generalized. Even using a lateralization index, the 

reliance on expressive language measures provides little information about the location of 
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receptive language (Hart, et al., 1991), and the test can provide no information about the location 

of language within the hemisphere.  Furthermore, the IAP is an invasive and uncomfortable 

procedure that is not suitable for all patients and is particularly difficult for children (Binder, et 

al., 1996).  Although a standard part of the pre-surgical assessment for adults, less than twenty-

five percent of children undergo the IAP prior to epilepsy surgery (Harvey, et al., 2008).  For 

those children who do undergo Wada testing, age and cognitive ability are significant predictors 

of their ability to complete the procedure (Lee, 2010).  Even with advance preparation, only a 

third of elementary aged children are able to complete the testing, and the testing provides valid 

measures of language lateralization in only fifty percent of those tested (Szabo & Wyllie, 1993).    

 

Alternative, Non-Invasive Methods of Language Lateralization.  The limitations and 

difficulties associated with the IAP have catalyzed the search for other more specific, less 

invasive means of pre-surgical assessment of language organization.  This need, combined with 

recent advances in neuroimaging, has led to the development of a number of procedures, each 

with its own advantages, disadvantages, and methodological limitations.  In a recent review, 

Abou-Khalil summarized the available evidence for each procedure, providing information about 

physiological basis, directness of measurement, reliability relative to the Wada test, applicability 

to use in pre-surgical assessment, ability to localize language, and availability (2007).  This 

information indicated that fMRI was the most promising and widely available procedures (Abou-

Khalil, 2007), agreeing with a survey of international centers for pediatric epilepsy surgery that 

found that fMRI was the most frequent method for assessment of language organization (Harvey, 

et al., 2008).  Although less widely available than fMRI, the review also found good support for 
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magnetoencephalography (MEG), functional transcranial Doppler (fTCD), near infrared 

spectroscopy (NIRS), and positron emission tomography (PET) (Abou-Khalil, 2007). 

 

Functional Magnetic Resonance Imaging. The recent predominance of fMRI as a pre-surgical 

assessment for pediatric epilepsy surgery reflects the ever increasing precision and flexibility of 

the technique.  The non-invasive nature of fMRI studies has allowed its use as a research tool on 

pediatric disorders ranging from ADHD to dyslexia, providing key insights to the cognitive 

deficits associated with these disorders (Altman & Bernal, 2006).  Within the pediatric epilepsy 

population, doctors have adopted different task and scanning techniques to help locate lesions or 

areas of epileptic focus, as well as to provide specific information about the location of eloquent 

cortex responsible for language, motor, and memory functioning (Krakow, 2006). 

 From its inception in the early 1990s, fMRI has grown exponentially as both a research 

and clinical tool.  All fMRI studies essentially measure changes in deoxygenated hemoglobin, 

relying on the blood-oxygenation-level-dependent (BOLD) contrast to detect these changes in 

the strong electro-magnetic fields generated by the MRI machines.  At the most basic level, 

fMRI studies related increased oxygen use with increase neuronal activity, creating maps of 

relative levels of activation within the brain (Huettel, Song, & McCarthy, 2008).   

These commonalities, however, belie the diversity in fMRI.  With the growth in uses and 

applications has come a concurrent expansion in techniques and procedures, with a dizzying 

array of options available for experimental design, paradigms, image-acquisition protocols, 

preprocessing techniques, and data analysis.  Far from exploring this variety, this next section 

will attempt to review some of the most relevant applications of fMRI to language mapping 
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during assessment for pediatric epilepsy surgery and, when possible, to highlight information 

about the most promising techniques. 

 

 fMRI and Epilepsy. Presurgical assessment, language mapping in particular, has been 

one of the most successful applications of the fMRI techniques to the pediatric population 

(Poldtrack, Pare-Blagoev, & Grant, 2002).   Seemingly from its inception, the increased 

specificity and the non-invasive nature of fMRI presented a promising alternative to the IAP.  

Two decades later, a myriad of studies have upheld that promise. 

 In an early review of research comparing fMRI language mapping with results from the 

IAP for patients with temporal lobe epilepsy, Baxendale (2002) found near perfect concordance 

rates and strong correlations between laterality indices (.93-.96). These findings were supported 

by a more recent review by Swanson and colleagues (2010), with concordance rates ranging 

from sixty-seven to one hundred percent, with most studies showing greater than ninety percent 

agreement.  Within the adult population, predictive studies have also found a strong relation 

between fMRI results and post-surgical language deficits (Sabsevitz, et al., 2003), as well as 

good agreement between fMRI and cortical stimulation (Kesavadas, et al., 2007).   

Even within these generally strong findings, however, researchers have noted concerns 

regarding areas requiring further study: factors involved with discordant cases and the poor 

representation of patients with atypical language within the research.  In their reviews, both 

Baxendale (2002) and Swanson and colleagues (2010) noted that the patients with atypical 

language representation accounted for the majority of cases with discordant fMRI and IAP 

results.  Given the small sampling of patients with atypical language, this trend implies that 
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fMRI may not reliably replicate IAP results for this population and suggests the need for further 

research involving a large series of patients with atypical language (Swanson, et al., 2010). 

Despite these concerns, multiple authors have voiced the possibility that fMRI could 

replace the IAP as the “gold standard” for presurgical assessment of language (e.g. Baxendale, 

2002; McDonald, et al., 2006; Spreer, et al., 2002; Swanson, et al., 2010). Working from 

research on typical language development, suggesting that children show language activation 

maps comparable to adults (Gaillard, Grandin, & Xu, 2001), many surgery centers have 

translated these findings from the adult populations included in the research to clinical work with 

children (Harvey et al., 2008).  However, despite similar areas of activation, other research 

studies have demonstrated significant differences between children and adults, with levels of 

language activity changing during the process of language development (Dick, Leech, & 

Richardson, 2008), raising questions about the applicability of the fMRI studies to children.   

Indeed, the studies comparing fMRI and IAP results in children have shown somewhat 

more limited agreement than seen in the adult population (Leech & Holland, 2010).  While one 

early study by Hertz-Pannier and colleagues (1997) showed one hundred percent concordance in 

seven children whose fMRI results were confirmed with IAP or cortical stimulation, a more 

recent study by Anderson and  colleagues (2006) showed only eighty percent agreement with all 

discordant cases showing atypical language on the fMRI.  In addition, fMRI in a pediatric 

population, and particularly in a pediatric population with cognitive impairment, poses 

challenges with regards to compliance, paradigm selection, and data processing and analysis.   

 

 Challenges.   One of the most practical challenges involved with pediatric fMRI studies 

is the issue of compliance – minimizing anxiety to allow the child to agree to enter the scanner 
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and minimizing movement to allow for the acquisition of usable images (Poldrack, Pare-

Blagoev, & Grant, 2002).  In regards to minimizing anxiety, preparation, using a simulator to 

practice the fMRI procedures and paradigms, increases the ability of children to tolerate and 

complete the actual study (Rosenberg, et al., 1997).  In regards to minimizing motion, the current 

techniques, despite a variety of approaches, have proved difficult to use with children.  Although 

most current fMRI studies include a preprocessing step that corrects for head motion, these 

algorithms can only correct for minor adjustments.  The gross head movement often seen with 

children renders the images unusable (Leach & Holland, 2010).  Though seemingly 

straightforward, restraint based approaches, including bite bars, inflatable head cushions, and 

forehead and chin straps, have proved uncomfortable and difficult for children to tolerate (Leach 

& Holland, 2010).  In addition, training based approaches that use a conditioning program to 

teach the child to remain still are not widely used (Poldrack, et al., 2002).  Thus, given the 

inadequacy of techniques to reduce motions, researchers must first evaluate whether the child 

will be able to remain still for the duration of the study before preparing the child for the scans. 

 Having considered how to get the child into the MRI machine, the central problem 

becomes one of choosing and presenting an appropriate language paradigm. Since the clinical 

literature seems to dictate a block design presentation as most appropriate for children (Leach & 

Holland, 2010) and since most fMRI tasks show good reliability for language lateralization 

(Binder, 2006), this choice largely requires picking a paradigm that validly localizes and 

lateralizes language, without proving too taxing for the cognitive and attentional abilities of the 

child (Faro & Mohamed, 2006).  This choice is complicated by the need to choose a paradigm 

that activates the area of interest (Binder, 2006). Although the majority of fMRI paradigms 

activate language areas in the inferior frontal gyrus, as well as the superior and middle frontal 
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gyrus, the development of newer paradigms has targeted activation in the anterior temporal lobe, 

an area frequently associated with intractable epilepsy (Binder, et al., 2011).  

Widely used within earlier studies that compared fMRI and IAP results, the verbal 

fluency task requires patients to overtly or covertly generate words beginning with a given letter.  

Although verbal fluency consistently activates the frontal lobe regions, this task has received 

criticism for failing to show dominance in the temporal lobe (Binder, 2006).  In contrast, the verb 

generation task, in which patients respond to the presentation of concrete words or pictures with 

associated verbs, activates both frontal and temporal language areas (Leach & Holland, 2010) 

and to show good agreement with other measures of language lateralization (Fernandes, et al., 

2006).   In addition to these older and more widely used paradigms (Krakow, 2006), a semantic 

decision paradigm and a story-processing paradigm show consistent temporal lobe activation and 

successful use with children (Leach & Holland, 2010). With all of these tasks, researchers and 

clinicians have stressed the necessity of including an appropriate control task that serves to 

minimize the effects of unwanted neuronal activity, criticizing the use of rest as a control task 

that allows for unconstrained and unknown mental activity (Swanson et al., 2010). In addition, 

the use of multiple language tasks allows for a fuller definition of language processing and 

lowers the likelihood of inconclusive studies (Leach & Holland, 2010).  

With careful planning and preparation, the majority of normally functioning elementary-

aged children can successfully complete an fMRI study (Rosenberg, et al., 1997).  Still, 

compliance varies significantly with age, gender, and cognitive ability (Leach & Holland, 2006).   

Although researchers report successful fMRI studies of language with children as young as six 

(McDonald et al., 2006), these challenges often limit the success of fMRI studies with children 

under nine (Faro & Mohammed, 2006), since young children or children with developmental 
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delays frequently cannot tolerate longer studies or complete the more cognitively demanding 

tasks necessary to lateralize language.  In addition, fMRI studies may be difficult with children 

with slow processing speed, attentional difficulties, and cognitive impairment (Swanson, et al, 

2010).  Given the association of these deficits with intractable epilepsy, dichotic listening, a 

quicker and less cognitively demanding task, may provide an important source of information 

about language lateralization for children who cannot complete fMRI studies of language. 

 

Dichotic Listening. Although less reliable than fMRI, the dichotic listening tests show promise 

as quick assessments, suitable for young and cognitively impaired children (Abou-Khalil, 2007).  

These findings are particularly interesting given the extensive history of dichotic listening as a 

clinical measure and a research tool for the study of language asymmetry (Hugdahl, 2011; 

Thomsen, et al., 2003). 

 

History and Theory.  In 1961, Kimura first used a dichotic listening task, in which she 

asked subjects to report strings of different numbers presented simultaneously to different ears.  

In these early studies, she demonstrated a consistent right ear advantage (REA) and showed good 

concurrence with language lateralization as measured by IAPs in epilepsy patients (Bryden, 

1988a).  In combination, these groundbreaking studies held the possibility of the first non-

invasive means of assessing language lateralization, ushering in a wave of research that allowed 

for extensive investigations of language organization in both clinical and non-clinical 

populations (Hugdahl, 2011).  Since that time, researchers have used dichotic listening to study 

populations ranging from children with reading disabilities (Asbornsen & Helland, 2006) to 

adults with schizophrenia (Nachson, 1988). 
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 Regardless of the study, the validity of dichotic listening resides in the concordance 

between the findings of consistent REA and the classical theories of language organization 

(Hugdahl, 2011).  The most widely accepted structural hypothesis, originally proposed by 

Kimura, attributes the REA to the dominance of the left hemisphere in processing language 

combined with the predominance of the contralateral auditory pathways (Pollman, 2010).  

Within this theory, the REA illustrates two axioms of the classical language theories: the 

previously discussed dominance of the left hemisphere for language processing and the 

contralateral processing of auditory information, such that information presented to the right ear 

is primarily processed by the left hemisphere and information present to the left hemisphere is 

primarily processed by the right hemisphere (Bryden, 1988b).  Building on the structural 

hypothesis, studies with commissurotomy patients, who have undergone the surgical severing of 

the corpus callosum, have illustrated how the stronger contralateral stimuli inhibits the weaker 

ipsilateral signal, arriving from the left ear (Corballis & Ogden, 1988).  In addition, studies 

showing a left ear advantage (LEA) for affective (Bulman-Fleming & Bryden, 1994) and musical 

(Sidtis & Bryden, 1978) information strengthened the assumptions of stronger contralateral 

pathways and specialized functioning of the hemispheres.   

 More recent revisions of the structural model have addressed the attention component, 

first proposed by Kinsbourne (1970), partially attributing the REA to a priming phenomena, by 

which the language task primes the left hemisphere to receive information, subsequently 

increasing the attention to the right auditory space (Pollman, 2010).  Thus, the unified theory 

posits both a perceptual advantage, stemming from the structural hypothesis and the stronger 

contralateral auditory pathways, and an attentional advantage stemming from the priming of the 

left hemisphere to attend to language-related stimuli (Bryden, 1988a). This combination of 
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factors has been supported by imaging studies that find consistent activation, during dichotic 

listening tasks, both in classical language areas (superior temporal gyrus and middle and inferior 

frontal gyri) and in areas associated with attention (cingulate cortex) (Thomsen, et al., 2004).   

 

Tasks.  The evolution of the theories used to explain the results of dichotic listening tasks 

have also affected the tasks used.  Kimura‟s original task required subjects to listen to two, 

simultaneously presented, strings of numbers and to report as many numbers as possible 

(Bryden, 1988a).  Since these stimuli placed a high burden on working memory, alternate 

versions quickly appeared, including competing words, competing syllables, and the presentation 

of pairs of rhyming sounds that fuse into a single word (Bryden, 1988a).  Currently, the most 

widely used paradigm involves the presentation of pair-wise consonant-vowel syllables 

(Hugdahl, 2011).   

 With the recognition of the role of attention within dichotic listening, tasks also began to 

include top-down variations, variations that attempted to control for arbitrary fluctuations in 

attention by directing subjects to attend to information present to one ear or the other (Asbjornses 

& Helland, 2006).  In addition to reducing error associated with inconsistent attention, these new 

paradigms allowed for the application of dichotic listening to questions of executive functioning 

(Hugdahl, et al., 2009). 

 

Dichotic Listening and Epilepsy. Despite the ever growing range of applications and 

variety of tasks, dichotic listening has its root in the study of language lateralization in epilepsy 

patients.  From Kimura‟s first study (1961), dichotic listening‟s claim to validity has rested on 
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concordance with results from Wada testing with epilepsy patients prior to surgery (Bryden, 

1988a).  

Two early studies (Geffen & Caudrey, 1981; Struass, Gaddes, & Wada, 1981) found 

strong correlations between IAP and dichotic listening results, but noted some concerns about 

reliability with the more common competing words task.  Two more recent studies found good 

agreement between IAP and dichotic listening tasks that used the pair-wise presentation of 

consonant-vowel syllables (Hugdahl, Carlsson, Uvebrant, & Lundervold, 1997) or pair-wise 

presentation of rhymed-fused words (Zatorre, 1995).  

 In addition to strong concordance with results from the IAP, two recent studies have 

found good agreement with results from fMRI studies.  Within a pediatric epilepsy population, 

Fernandes and colleagues (2006) reported a good agreement between a fused-word dichotic 

listening task and an fMRI study that used a verb generation task.  Using similar fMRI tasks and 

pairs of CV syllables for the dichotic listening task, Fontoura and colleagues (2008) found good 

agreements within a sample of adults with epilepsy. 
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Table 4  

Comparison of Methods of Determining Language Organization          

 

Method Benefits Drawbacks 

IAP 

 

Direct Observation 

Long Research /Clinical History 

Allows for Examination of Memory 

Functioning 

 

Invasive 

Risk of Injury/Complications 

Difficult with Young Children 

Lack of Specificity 

fMRI 

 

Non-invasive 

Good Concordance with IAP 

High Reliability 

Good Specificity 

Difficult with Young or Impaired Children 

Results Vary with Paradigms Used 

 

DL 

 

Non-invasive 

Good Concordance with IAP 

Long Research History 

Appropriate for Young Children 

 

Lack of Specificity 

Lower Reliability 

 

 
IAP = intracarotid amobarbital procedure, fMRI = functional magnetic resonance imaging, DL=dichotic listening 

 

fMRI and Dichotic Listening.  Although consistently supportive of the link between dichotic 

listening and language lateralization, the findings of these studies lack the strength and 

momentum of the seemingly endless list of publications supporting the use of fMRI as a method 

for pre-surgical assessment of language organization.  As shown in Table 4, in addition to 

empirical support, fMRI offers the advantage of providing specific information about the 

localization of language, rather than more general information about the lateralization of 

language, allowing surgeons to map the area to be resected, rather than simply predict deficits or 

rule-out surgery on the dominant hemisphere (Baxendale, 2002).   

 Given the effectiveness and availability of fMRI, why consider dichotic listening, an 

alternative method with less specificity and less empirical support? The simplest answer lies in 

the high-stakes nature of epilepsy surgery and the importance of providing multiple sources of 
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concordant information.  Just as concordant EEG and imaging studies provide for more accurate 

localization of the epileptic focus and improved surgical outcomes (Lee, 2010), concordant fMRI 

and dichotic listening results can strengthen predictions about language organization and post-

surgical deficits (Fernandes, et al., 2006). 

 In addition to strengthening confidence in findings from other sources, dichotic listening 

may offer an alternative assessment for children who cannot complete the fMRI studies.  Given 

the challenges associated with fMRI studies in children, a significant number of young children 

cannot complete the study or receive inconclusive results.   In contrast, dichotic listening has 

been used extensively to study the language development in children, with adjustments such as 

the use of meaningful stimuli, allowing for the testing of children as young as two years of age 

(Hiscock & Decter, 1988).   Thus, in addition to strengthening the predictions about language 

organization for children who complete fMRI studies, dichotic listening tasks appropriate for 

young children offer a possible alternative for those who cannot undergo fMRI studies of 

language organization. 
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Appendix B 

 

Intercorrelations Among All Variables 

 

Intercorrelations among all variables 
Variable (1) (2) (3) (4) (5) 

(1) LLI CW 
 

1.00     

(2) LLI CS 
 

.372 1.00    

(3) BRI 
 

.081 .469* 1.00   

(4) IQ 
 

-.079 -.677** -.738** 1.00  

(5) Age -.182 -.043 .441 -.217 1.00 

*Correlation is significant at the 0.05 level (two-tailed) 

**Correlation is significant at the 0.01 level (two-tailed) 
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Appendix C 

 

Rating Form for fMRI Reliability 

 
Reliability Study 

 

 

Research ID Number:  

 

Findings: 

 

Word Generation Activation:   

 

___ Predominantly Left  ____Predominantly Right ____Mixed    ____ Inconclusive 

 

 Comments: 

 

 

 

 

Verb Generation Activation: 

 

___ Predominantly Left  ____Predominantly Right ____Mixed    ____Inconclusive 

 

 Comments: 

 

 

 

 

 

Overall Determination of Language Dominance: 

 

___ Predominantly Left  ____Predominantly Right ____Mixed    ____ Inconclusive 

 

 Comments: 
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Appendix D 

 

Discriminant Analysis Predicting fMRI Language Lateralization 

Predictors Hit Rate Cross-

Validation 

Chance Hit Rate 

Given Unequal 

Groups 

CS
a
 LLI

 
84,6% 76.9% 64% 

CS EA 84.6% 76.9% 64% 
a
As measured by the Competing Sentences subtest from the SCAN-C or SCAN-A 
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Appendix E 

Discriminant Analysis of Ability to Complete the fMRI Language Study 

Predictors Hit Rate Cross-

Validation 

Chance Hit Rate 

Given Unequal 

Groups 

 Verbal IQ
a 

66.7% 66.7% 56% 
a
As measured by average subtest scores from WASI, WAIS-IV, or WISC-IV: 

Vocabulary, Similarities; scaled score 
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