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Abstract 
           
              With the advent of noninvasive neuroimaging modalities and their application to children over 
the past few years, it has become possible to learn about the neural correlates of the development of 
reading and language skills in children.  In the reading area, findings from different neuroimaging 
modalities, including positron emission tomography (PET), functional magnetic resonance imaging 
(fMRI), and magnetoencephalography (MEG), have converged in identifying neural networks associated 
with phonological processing and word recognition skills.  These modalities show clear differences in 
neural activation patterns in children who are successful and less successful in the development of 
reading skills.  Although the results of these studies have sometimes been simplistically interpreted in 
indicating that some forms of reading difficulty have a biological basis, they most likely indicate more 
complex interactions between the environment and the brain in terms of how the brain becomes 
specialized for reading.  It is clear that children are not born with the ability to read and it is likely that 
the neural systems necessary to support reading are not activated independently of effects of the 
environment.  A major question is the influence of environmental factors on the development of these  
neural activation patterns, particularly the role of instruction.  Investigations in several laboratories have 
proceeded from the capacity to image the neural correlates of word reading, and phonological 
processing, and other aspects of language to more complex questions involving changes in brain 
activation profiles as a function of intervention in children who are poor readers as well as broader 
questions involving how the brain becomes specialized for reading in development.  This presentation will 
summarize recent findings concerning the neural correlates of reading based on functional imaging 
techniques as well as outline some of the implications for brain-behavior relationships and educational 
practices.  
 

 For children who are bilingual, or who make transitions from a minority language to 
bilinguality, functional neuroimaging studies will prove quite interesting.  Presently there is considerable 
controversy concerning the representation of language in individuals who are bilingual.  Some argue that 
different languages are represented in multiple areas of the brain, while others argue that different 
languages are subserved by the same neural systems independently of the languages used by the bilingual 
individual.  This presentation will also discuss some of this research and its implications for bilingual 
children.        

 
Introduction 

 In this paper we address the question of how the brain mediates two or more languages.  
This question is important for individuals interested in bilingual education.  In considering the 
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relationship of Spanish and English, for example, we are all aware of the enormous challenges of 
educating children who enter school speaking Spanish and who are expected to develop English 
language literacy skills – not to mention proficiency with English and Spanish.  To develop 
proficiency in two languages – indeed, to develop proficiency in one language – changes occur 
in the brain.  Although as humans most of us are destined to be linguists – and if taught 
appropriately, to be readers and writers – we are not born speaking.  The brain becomes lingual 
by virtue of exposure to language and doesn’t appear to have preferences for different languages 
(Elman, Bates, Johnson, & Karmiloff, 1998).  Nonetheless, changes take place in specific areas 
of the brain that lead to the development of neural networks that support language.  These 
networks largely involve specific parts of the left hemisphere of the brain.  At a very general 
level, anterior areas of the left hemisphere involving the frontal lobes have a great deal to do with 
production, while its more posterior regions involving the temporal and parietal lobes support 
comprehension.  These brain areas that are specialized for language are interconnected and 
different subsets of these interconnected areas are involved in different language activities 
depending on the form, content, and modality (visual vs. auditory, input vs. output) of language 
that must be processed. 
 
 Becoming bilingual is an even more complicated process that constitutes a marvelous 
example of the plasticity of the brain.  For more than one language to be supported by the same 
brain, the neural circuits must be flexible.  The two languages may have to share some of these 
circuits, but this is actually an empirical question.  Some areas of the brain that might not 
ordinarily be recruited for the one language may have to participate in the other.  Here, additional 
neural circuits may need to be recruited that allow a multi-lingual person to shift from one 
language to another – or to translate.  These circuits may support nonlinguistic control processes 
that are believed to regulate attention and the allocation of cognitive resources outside the 
language domain. These are most likely located in the anterior prefrontal areas (Price, Green, & 
von Studnitz, 1999). 
 
 For this paper we were asked to discuss functional brain imaging and bilinguality, 
specifically brain imaging studies of children who are bilingual.  Although there is an emerging 
literature on neuroimaging of adult bilinguals, there are no studies involving children.  Most 
studies are actually from Canada and Europe, reflecting the importance of issues of 
multilinguism in these countries.  In Europe, for example, there are 11 official languages, but 
around 40 languages are necessary to operate fluently across the countries represented by the 11 
languages (Dehaene, 1999).  In recent years the advent of noninvasive functional brain imaging 
modalities has allowed us to peek at the monolingual and bilingual brain – mostly in adults, but 
more recently, also in children.  The potential of these late developments for understanding 
language can hardly be overstated. 
 
 In this paper, we will review research on bilingualism and the brain.  Early studies 
involving patterns of language loss and recovery in monolingual and bilingual individuals who 
sustain an injury to the brain will be reviewed.  In addition, studies in which the brain is directly 
stimulated to identify areas involved in language will be reviewed.  These latter studies involve 
people with a disease of the brain for which neurosurgerical intervention is indicated.  These two 
types of studies are important because they clearly establish that the organization of language in 
the brain is different in individuals who are bilingual.  The studies of people with brain injury 
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also provide the conceptual framework for more recent studies utilizing noninvasive methods for 
imaging the brain while a person engages in some form of mental activity.  Such studies are quite 
recent, reflecting the advent of functional neuroimaging in the past 5-10 years.  Functional 
neuroimaging studies are very important because they can be completed in people with healthy 
brains.   

In reviewing these studies, we will explain how different imaging methods work.  We 
will review studies of reading in adults and children.  Although the studies don’t as yet address 
bilingualism, they are important because these studies provide paradigms whereby both 
bilingualism and biliteracy could be studied in children who are learning two languages either 
simultaneously or sequentially.  In fact, many studies of adults who are bilingual use activation 
tasks that involve reading!   

 
Bilingualism and Brain Injury 
 
 The question of multiple languages in the brain began with observations and studies of 
people who are bilingual and subsequently sustain an injury to the brain.  To summarize, 
observations of people who are bilingual and develop aphasia – an acquired disruption of 
language – show patterns that are sometimes startling.  The good news is that if you are 
bilingual, have a stroke, and develop aphasia, the odds of recovery of language may be better 
than if you are monolingual (Paradis, 1995), an advantage of bilinguality that is rarely cited by 
advocates of multilingualism.  The problem is that one can’t reliably predict which language will 
recover!  Bilingual individuals may lose components of one language and not another.  On 
different days, a person may be aphasic in one language, but not the other.  This phenomenon 
may reflect the role of injury to nonlanguage circuits involved in control processes that support 
the capacity to switch from one language to another, or to translate between languages (Price et 
al., 1999). 
 
 Aphasia can result from a number of insults to the brain, including stroke, tumors, and 
trauma.  The most common cause of aphasia in adults is a cerebrovascular accident, or stroke.  If 
the accident affects the vascular system so that the blood supply to the language areas of the 
brain is interrupted, which is especially common after a middle cerebral artery stroke, aphasia is 
a frequent outcome.  Depending on how and where the brain in injured, a variety of language 
skills involving production, comprehension, naming, and repetition may be affected (Benson, 
1993).  Many individuals who suffer aphasia recover, but patterns and the extent of recovery 
vary according to many factors, including gender, age, and the cause of the injury to the brain. 
 
 Bilingualism could be considered a factor that impacts recovery.  However, such a 
characterization does not do justice to the complexity of aphasia in people who are bilingual and 
the implications of studies of such individuals.  Paradis (1995) provided detailed descriptions of 
the patterns of language loss and recovery observed in people who are aphasic and bilingual.  
These exquisite case studies include rich descriptions of the language components that are lost 
and retained across languages as well as patterns of recovery that vary considerably across cases.  
Several examples show that a person can be aphasic in one language, but not another.  The 
language in which the greatest loss is apparent may change, although there is a tendency for 
more recovery of the dominant language.  Differential recovery in the different languages can be 
apparent. 
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 As mentioned earlier, when individuals show these patterns of varying loss and recovery 
across languages, Price et al. (1999) have argued that these shifts reflect the effect of injury to 
nonlanguage brain systems that regulate attention and the allocation of cognitive resources.  
They supported this hypothesis in a functional imaging study using positron emission 
tomography (described below).  In this study, adults who were proficient in German and English 
translated or read lists of words in German or English, or read lists in which German and English 
words were alternated.  Activation patterns were different depending on whether translation or 
alternating was required.  Translation led to increased activation of areas in the prefrontal and 
subcortical areas associated with the regulation and allocation of cognitive resources; areas 
which were not activated when simply reading or listening to words in either language.  In 
addition, translation increased activation in motor areas that support word articulation, such as 
the cerebellum and the supplementary motor cortex.  Activation of temporal and parietal areas 
that are important for semantic processing was reduced.  In contrast, alternating languages 
activated areas of the frontal lobes (Broca’s area) associated with processing of the sounds of 
language often associated with articulation, i.e., phonological coding. 
 
 Studies of individuals who are aphasic and bilingual provide interesting material for the 
development of hypotheses about how the brain supports bilingualism.  Such studies, however, 
do not demonstrate specifically what areas of the brain are involved in language.  This is because 
organization is inferred from the structures that are damaged, but damage per se does not 
establish function.  Nonetheless, research on aphasia supports the hypothesis that the 
organization of language in the monolingual and bilingual brain is different.  Other modalities, 
such as cortical stimulation, provide more direct support for this hypothesis.  
  
Cortical Stimulation 
 
 That these patterns of aphasia in individuals who are bilingual also reflect differences in 
the organization of the languages in the brain was subsequently verified by cortical stimulation 
studies of individuals undergoing neurosurgery, usually to remove a diseased part of the brain 
causing intractable epilepsy.  It is necessary even today to do cortical mapping studies of the 
representation of language and motor functions in people who need this type of surgery to ensure 
that the person is not incapacitated by removing part of the brain that supports language and/or 
motor functions.   
 

Cortical stimulation studies show that different languages are represented in the same 
general areas of the brain, but also have components that don’t overlap.  Depending on the part 
of the brain that is stimulated, one language may be disrupted and the other intact.  Another 
interesting finding is that the precise location of areas that support language (e.g., Broca’s and 
Wernicke’s areas varies somewhat across individuals (Ojemann, 1991).  Many believed that this 
variation was attributable to reorganization associated with the underlying disease process, but 
recent functional imaging studies based on magnetic source imaging (MSI) in healthy adults and 
in people with epilepsy who receive both cortical stimulation and MSI find evidence for this 
variation even in healthy individuals (Simos, Breier, Zouradakis, & Papanicolaou, 1998).  

  



 

 

 

45

Cortical stimulation studies have been part of this type of neurosurgical intervention for 
many years.  The classic study by Penfield and Roberts (1959) did not systematically address 
bilingualism, but certainly showed that different components of language are localized in 
relatively specific regions of the brain, predominantly the left hemisphere.  Penfield and Roberts 
(1959) did report on a single case in which cortical stimulation of the brain had different effects 
on the French and English languages in which the person was proficient.  Despite this finding, 
Penfield and Roberts (1959) concluded that the representation of language in the brain did not 
vary no matter how many languages were known. 

 
 In contrast, Ojemann and Whitaker (1978) systematically mapped language in the left 
hemisphere of two individuals who were bilingual, one Dutch-English and the other Spanish-
English.  This type of mapping is done by presenting a picture or other language stimulus and 
then stimulating an electrode to see whether naming is disrupted.  They found that there were 
some sites closer to the center of the language area that were involved in both languages.  
However, there were also areas more peripheral to these central sites that were only involved in 
one of the languages.  Rapport, Tan, and Whitaker (1983) subsequently evaluated language 
representation in Malaysian people who spoke Chinese, English, and often other dialects.  They 
also found evidence for language sites common to multiple languages as well as sites dedicated 
to specific languages in the left hemisphere.   
 

Altogether, cortical stimulation studies clearly show that language organization varies in 
people who are monolingual versus bilingual and that distinct areas are specific to different 
languages.  These studies also support the view that language is lateralized predominantly to the 
left hemisphere (in right handers – some variation occurs in left handers) and that there is 
variation in the precise location of language areas in the brain.  The major issue is the extent to 
which these variations are a product of cerebral insult, particularly if the insult occurred early in 
development. 

 
Functional Neuroimaging 
 
 Studies of individuals with brain injury provide dramatic evidence supporting the 
differential representation of language in the monolingual versus bilingual brain.  However, it is 
also possible that language organization was affected by the insult itself.  The advent of 
functional neuroimaging over the past few years has just begun to enhance our understanding of 
how language is represented in the non-injured brain.  Prior to reviewing research utilizing 
functional neuroimaging, a brief review of the different modalities is in order. 
 
What is functional neuroimaging? 
 
 There are three primary imaging modalities that vary in the manner of data acquisition, in 
the type of data acquired, and in the spatial and temporal resolution of the resulting functional 
images (Papanicolaou, 1998):  1) position emission tomography (PET); 2) functional Magnetic 
Resonance Imaging (fMRI); and 3) magnetoencephalography or magnetic source imaging. 
 
 Whenever a person performs a task that requires them to think, use language, read, or 
otherwise engage in a mental operation, there are changes that occur in the brain.  For example, 
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metabolic changes reflected by glucose utilization or shifts in blood flow levels within various 
brain areas occur depending on the degree to which the particular mental operation requires the 
support of these areas.  These changes can be recorded by PET or fMRI.  These regional changes 
in metabolism and blood flow are due to increased electrical activity of the neurons that 
constitute the areas that mediate the mental operation. Therefore, an additional and more direct 
way of imaging the brain areas activated during a mental operation is to record the electrical 
activity of these neurons or their magnetic activity, which is always associated with the electrical 
changes.   Recording of the electrical activity is accomplished through the method of 
electroencephalography (EEG).  Magnetic activity is recorded with Magnetoencephalography 
(MEG), also known as magnetic source imaging (MSI).  
 

Regardless of the recording modality, the principles of functional imaging are relatively 
straightforward (Shaywitz et al., 2000).  An individual performs a cognitive or motor task.  The 
changes in glucose metabolism (PET), blood flow (PET and fMRI), electrical activity (EEG), or 
magnetic activity (MSI) are recorded.  Typically, an anatomical MRI scan is obtained for each 
individual.  The patterns of regional brain activation are superimposed on the anatomical MRI of 
the brain so that the areas of the brain responsible for the activity can be identified.  Like the 
anatomical MRI, fMRI and MSI involve no radiation and are noninvasive, safe, and can be used 
repeatedly, even in children.  Imaging with PET requires intravenous administration of a 
radioactive isotope to measure either changes in blood flow or glucose utilization.  Since the 
half-life of these isotopes is short, the time course of an experiment is limited.  Because of the 
exposure to small amounts of radioactivity, children are not usually participants in PET studies 
unless they have a medical disorder and can directly benefit from the evaluation.  The 
radioactivity also limits the number of times an adult can participate in a PET study 
(Papanicolaou, 1998). 

 
 These modalities vary in their spatial and temporal sensitivity.  Metabolic techniques like 
PET and fMRI assess cognitive activity that occurs before the actual shifts have occurred.  As 
such, the temporal resolution is weak.  However, fMRI typically utilizes a series of very fast 
magnetic resonance images to capture the changes in blood flow that reflect cognitive activity 
(Shaywitz et al., 2000).  Thus, spatial resolution with fMRI is excellent.  Methods such as MSI 
(and EEG) occur in real time and provide considerable information on the time course of neural 
events.  The spatial resolution of the brain maps themselves is poor, but this problem is handled 
by co-registering the MSI brain map on an anatomical MRI scan.  Evoked potential and EEG 
paradigms have excellent temporal resolution, but the spatial resolution is very poor even with 
co-registration and these methods are not generally used for functional neuroimaging. 
 
 All three neuroimaging modalities have been used to study the organization of language 
and reading in children as well as the representation of language in monolingual adults and 
children and bilingual adults.  Other cognitive processes have also been imaged, including 
attention, memory, problem solving, and other operations (Posner & Raichle, 1996; Thatcher, 
Lyon, Rumsey, & Krasnegor, 1996).  For example, Figure 1 shows an activation map of these 
language representation modes created by MSI in a healthy individual.  On the left panel, Figure 
1 clearly shows the expected hemispheric asymmetry of the left hemisphere.  There is much 
more activation of the left hemisphere than the right hemisphere, with activation of the superior 
temporal gyrus, Wernicke’s area, and the angular gyrus respectively from the top to bottom of 
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the figure.  The right panel shows activation of Wernicke’s area, which is involved in language 
comprehension and reading.   
 

 
 

FIGURE 1.    The right panel shows a brain activation map from magnetic source imaging involving different language tasks 
superimposed on an anatomical magnetic resonance imaging scan.  Note the significantly greater activation of the sites in the left 
hemisphere versus the right hemisphere, especially in the left perisylvan region.  More posterior areas of the left hemisphere 
corresponding to Wernicke’s area and angular gyrus are also activated.  In the right panel, activation of Wernicke’s area is shown in 
an auditory listening task. 

 
We will not address issues involving language localization any further in this paper 

except in the context of bilingualism.  In the next section, we will review studies of English 
language reading in adults and children, followed by a review of what these neuroimaging 
modalities tell us about the organization of language in people who are bilingual.  

  
Neuroimaging studies of reading 
 
 Research on reading has largely utilized different types of word recognition tasks.  This is 
partly because the studies have been oriented towards adults and children who have 
phonologically-based reading difficulties (Shaywitz, 1996).  In addition, word recognition tasks 
can be presented in a fashion where presentation and response formats are tightly coupled, which 
helps interpret the time course of the cognitive event.  It is important to understand that word 
recognition tasks can be manipulated in ways that address a variety of features of language 
(phonological, semantic) and words (phonological, orthographic).   
 

Previous research using all three imaging modalities suggests that engagement in tasks 
that require reading is associated with increased activation in a variety of areas, including the 
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basal surface of the temporal lobe, the posterior portion of the superior and middle temporal gyri 
extending into temporoparietal areas (supramarginal and angular gyri), and inferior frontal lobe 
areas, primarily in the left hemisphere (Eden & Zeffiro, 1998; Price et al., 1996; Rumsey et al., 
1997).  Despite several inconsistencies among studies with respect to the engagement of a 
particular area (Poeppel, 1996), the overall impression is that a network of areas are involved in 
word recognition, each of which may be activated to a different degree depending upon specific 
task demands. 

 
 Activation profiles of adults who read poorly have been compared to those of  adults 
who read well using PET.  These studies have found reduced blood flow in the left 
temporoparietal area during performance of reading and phonological processing tasks (Rumsey 
et al., 1992; 1997), but normal activation in the left inferior frontal areas among the poor readers 
(Rumsey et al., 1994). In addition, the asymmetry of activity favoring the left hemisphere, which 
is usually observed in proficient readers during reading tasks, has been found to be significantly 
attenuated in adults with reading problems (Gross-Glenn et al., 1991).  Horwitz, Rumsey, and 
Donohue (1998) evaluated functional connectivity of the angular gyrus in adults at different 
levels of proficiency and found that the activity in the left angular gyrus occurring during a 
phonological task was significantly correlated, across subjects, with other areas involved in 
reading in proficient readers, but not in poor readers. Horowitz et al. (1998) interpreted these 
data as suggesting a “functional disconnection” between these areas in people with reading 
difficulties. 
 
 An approach to task selection designed to elucidate changes in brain activation associated 
with distinct components of reading was developed at Yale University.  This approach views 
word recognition skill as organized along a hierarchy of component processes (Pugh et al., 1996; 
Shaywitz et al., 1998). At the bottom of this hierarchy is visuospatial analysis, followed by 
orthographic, simple and complex phonological analysis, and, finally, semantic analysis. A series 
of tasks was designed to engage an increasingly greater number of component processes. Thus, a 
line-orientation matching task was presumed to engage solely visuospatial analysis, and a case-
matching task was designed to engage both visuospatial and orthographic analysis. Further, a 
single letter-name matching and a pseudoword rhyme-matching task were thought to pose 
varying degrees of difficulty in phonological analysis, in addition to visuospatial and 
orthographic analysis.  Finally, a semantic category judgment task was employed that requires 
visuospatial, orthographic, lexical/semantic and, to some extent, phonological analysis. Then, a 
“subtraction” technique was used in which patterns of activation were compared across tasks in 
order to tease apart activation associated with a particular component process. In a series of 
fMRI studies, this approach has led to consistent results in proficient readers (Pugh et al., 1996), 
and was successful at producing brain activation profiles that differentiated good and poor 
readers (Shaywitz et al., 1998).   
 

Results from Shaywitz et al. (1998) are shown in Figure 2.  As this figure displays, non-
impaired readers showed increased activation in temporoparietal areas, with increasing task-
induced demands for phonological analysis (angular gyrus (39), Wenicke’s area (22), and basal 
temporal (37) areas). In contrast, impaired readers did not demonstrate this pattern, but showed 
more activation of  anterior  portions of the brain (inferior frontal gyrus (44, 45) areas). In 
addition, the latter group showed reversed (right greater than left) hemispheric asymmetries in 
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activation in posterior temporal regions as compared to the group of non-impaired readers, a 
finding that corresponds with previous reports of atypical patterns of hemispheric asymmetry in 
regional metabolism in impaired readers (Rumsey et al., 1992). 

 
  

FIGURE 2.   Activation patterns in different brain areas during phonological versus orthographic coding in non-impaired and poor 
readers.  The numbers represent standard coding of regions of interest and are called Brodman’s areas.  As the key shows, darker 
colors indicate an increase in activation.  In posterior regions, such as the superior temporal gyrus area (22) and angular gyrus area 
(39), the change in activation is large in non-impaired readers but small in poor readers.  In contrast, anterior regions demonstrate 
increased activation in poor readers (inferior frontal gyrus – areas 44 and 45) relative to non-impaired readers.   

 
Our group at the University of Texas-Houston has used MSI to study 21 children with 

reading problems and 18 age-matched children who read at age appropriate levels (Simos et al., 
2000 a, b).  Magnetic Source Imaging is particularly useful because it can describe the true time 
course of cognitive events in the brain.  In Figure 2, for example, we don’t know whether the 
anterior or posterior areas were initially activated, or whether all areas in the network were 
activated simultaneously.   

 
For these MSI studies, activation maps were obtained while the children completed tasks in 

which they listened to or read real words, or read pseudowords in which the children had to 
decide whether the pseudowords rhymed.  The two groups did not differ in activation patterns to 
the task in which they listened to words, showing patterns predominantly in the left hemisphere 
that would be expected for such a task.  However, on both the word recognition tasks, Figure 3 
shows striking differences in the activation patterns of the good and poor readers.  In the children 
who were good readers, there was a characteristic pattern in which the occipital areas of the brain 
that support primary visual processing were initially activated (not shown in Figure 3).  Then 
there was activity in the ventral visual association cortices in both hemispheres, followed by 
simultaneous activation of three areas in the left temporoparietal region (essentially the angular 
gyrus, Wenicke’s area, and superior temporal gyrus).  In the children with reading problems, the 
same pattern and time course was apparent, but the temporoparietal areas of the right hemisphere 
were activated.  This asymmetry can be seen in Figure 3 and the results, on whole, are quite 
similar to findings from the PET and fMRI studies.  The asymmetry is more apparent. 
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FIGURE 3.    Three-dimensional renderings of MRI scans from a poor reader (top set of images) and a proficient reader (lower set of 
images) during pseudoword reading in a magnetic source imaging study.  Note the clear preponderance of activity sources in left 
temporoparietal cortices in the proficient child and in homotopic right hemisphere areas in the poor reader. 
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Altogether, these findings suggest that, in children with phonologically-based reading 
problems, the functional connections between brain areas account for differences in brain 
activation as opposed to specific or general dysfunction of any single brain area.  A critical 
question is whether the patterns seen in the poor readers are compensatory or reflect the failure 
of instruction to impact the brain in a manner necessary to form the neural networks that support 
word recognition.  Thus, the pattern may be similar to that seen in a young child who has not 
learned to read and may change by virtue of development, instruction, or even intervention.  
These studies may provide an example of how brain and environment interact in forming neural 
networks, an issue we will return to in the conclusion of this paper. 

 
Functional neuroimaging studies of bilingualism  
 

Many studies using these neuroimaging modalities suggest that the organization of language 
in the brain is different in monolingual and bilingual individuals, largely in terms of how the 
second language is organized.  However, not all studies converge on these conclusions.  Findings 
across studies (and the organization of language) likely vary with: 

 
1. the age at which the person became bilingual – early bilinguals may show less separation 

of language functions than late bilinguals; 
2. proficiency – individuals who are highly fluent may show less separation of language 

functions than individuals who are less fluent; and 
3. area of the brain and type of task – there may be more separation of language areas in 

anterior areas involving production than in posterior areas involving comprehension. 
 
In fact, studies using either PET or fMRI tend to yield conflicting findings, most likely 

because of differences in imaging methods, language tasks, and proficiency, and the age at which 
the person became proficient.  For example, Kim, Relkin, Lee, Kyoung-Min, and Hirsch (1997) 
used fMRI to compare language production in adults who achieved proficiency in two languages 
simultaneously early in their development (early bilinguals) or sequentially as young adults (late 
bilinguals).  The tasks required the participant to silently generate descriptions of events that 
occurred at different times the previous day separately for each language.  The use of silent 
speech paradigms is necessary to reduce artifact due to movement of the head that occurs in 
overt articulation.  The problem, of course, is that one never knows for sure what the person is 
actually doing when they perform such tasks.  Functional imaging is not useful for mind reading!  
Results revealed that, in the late bilinguals, there were separate but proximal areas of activation 
for the two languages in the anterior part of the brain often associated with phonological coding 
(e.g., Broca’s area), but no separation of the two languages in posterior temporal and parietal 
language areas (e.g., Wernicke’s area).  For early bilinguals, there was no significant anatomical 
separation of the two languages in any of the language areas evaluated.  

  
In contrast, Chee, Tan, Edsel, and Thiel (1999a) used fMRI to evaluate language 

organization in 24 adults who were proficient in Mandarin and English.  Fifteen of these 
participants learned Mandarin and English simultaneously, while nine learned English after age 
12.  The participants completed tasks that required the silent generation of words to cues.  
Results showed no anatomical differences in language organization for the two languages 
regardless of when exposure to a second language occurred.  In another fMRI study from the 



 

 

 

52

same laboratory, Chee et al. (1999b) used a sentence comprehension task to assess language 
representation of Mandarin and English in early proficient bilinguals.  No differences in the 
cortical representation of the two languages were apparent. 

 
 Another recent fMRI study yielded results similar to Chee et al. (1999a, b).  Illes et al. 

(1999) evaluated language organization in a group of adults who learned both Spanish and 
English sequentially (i.e., late bilinguals).  The participants were shown lists of words in either 
language and were asked to make semantic decisions by responding to only certain types of 
words (e.g., concrete, but not abstract, nouns).  There were no significant differences in degree of 
activation or anatomical representation of the two languages.  Finally, a PET study by Klein, 
Milner, Zatorre, Zhao, and Nikelski (1999) also found no differences in Mandarin-English late 
bilinguals who completed silent word repetition and verb generation tasks.  These findings 
suggest that different languages are mediated by common neural systems. 

 
 Other studies support the findings of Kim et al. (1997), particularly when the task 

involves story listening.  Perani et al. (1996) used PET to measure brain activation when 
bilingual Italians with some English proficiency listened to stories in either Italian or English.  In 
contrast to Italian, listening to English stories produced a distinct and more reduced activation 
pattern, especially in the temporal lobes, relative to Italian.  In an fMRI study, Dehaene et al. 
(1997) obtained similar results in French bilinguals who developed varying degrees of 
proficiency with English late in life.  Perani et al. (1998) used PET to evaluate story listening in 
both early and late bilinguals who were highly proficient in both languages.  The early bilingual 
group learned Spanish and Italian simultaneously, while the late bilinguals mastered English well 
after they learned Italian.  The story listening paradigm showed that activation patterns varied 
with proficiency.  The differences apparent when less proficient, late bilinguals were studied 
were not apparent in either of the two highly proficient groups.  Thus, Parani et al. (1998) argued 
that proficiency, as opposed to age of acquisition, was the critical determinant of cortical 
representation of the two languages.  

  
 At the University of Texas-Houston, we have used MSI to perform mapping of receptive 

language skills in 11 bilingual (English and Spanish) healthy adults (Simos et al., in press).  All 
were proficient late bilinguals; seven learned Spanish initially, while four learned English first.  
The participants completed tasks that required them to read or listen to words in Spanish or 
English.  Some words had been previously shown to the participant, who was asked to raise a 
finger when a target word was presented.  There were no differences in the activation profiles 
across languages when reading words, essentially replicating the findings with children presented 
in Figure 3.  In contrast, Figure 4 shows the language-specific activity maps for one of the 
participants in response to the listening task.  All 11 adults showed similar patterns in which two 
anatomically-discreet clusters of activity are apparent representing overlapping but discrete areas 
of activation.  One area always involved the superior temporal gyrus, often extending into the 
middle temporal gyrus or the anterior region of the superior temporal gyrus.  The other was 
found in either the middle temporal gyrus or the supermarginal gyrus.  The location of the 
second area of activity varied not only for the same language across individuals, which is 
consistent with previous MSI studies from our laboratories (Simos et al., 1998; Simos et al., 
1999), but also for the same participant between languages in a manner consistent with cortical 
stimulation studies (Ojeman, 1991).  Thus, as this variability is apparent in the MSI mapping of 
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normal individuals, it cannot be attributed to brain pathology as in the cortical stimulation 
studies. 

 
 

 
 

 
FIGURE 4.  Activation sites in an adult listening and reading for target words in Spanish or English.  Note  
the activation in posterior temporal parietal areas, with evidence for shared areas of activation and non- 
overlapping areas of activation. 

 
 

Relevance of neuroimaging to bilingual education 
 

A better way to ask about the relevance of neuroimaging for bilingual education is to 
reverse the question and ask about the relevance of bilingual education to neuroimaging.  In fact, 
to adequately test the sorts of questions essential to understanding how the brain becomes 
bilingual, children in the process of becoming bilingual – either simultaneously or sequentially – 
need to be studied.  Classification of adults as early or late bilinguals – or rating them in terms of 
proficiency – is no substitute for actually mapping the development of bilinguality in a child 
developing language and literacy in two languages.  We would expect to see changes in the 
organization of brain as the child develops proficiency in a second language in language and 
nonlanguage areas.   
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In terms of the relevance for bilingual education, such information would help explain 
individual differences in the acquisition of the primary and secondary languages, particularly 
when we recognize that the brain must recruit networks involving supervisory processes – 
attention, working memory – that allow an individual to go back and forth between two 
languages.  The impact of different language programs on the representation of language in brain 
could potentially be evaluated.  Most importantly, the possibility of integrating knowledge across 
domains would vitalize both functional neuroimaging and bilingual education. 

 
 Such studies are feasible and are being completed in the area of reading intervention.  

Benita Blachman at Syracuse University is working with the imaging group at Yale (Shaywitz, 
Shaywitz, and Pugh) to evaluate changes in fMRI activation patterns in second- and third-grade 
children who demonstrate evidence of reading difficulties.  These children are imaged before and 
after a year of intervention.  In Houston, MSI is being used to evaluate how the brain becomes 
specialized for reading.  This possibility emerged from pilot data (see Figure 5) in which 
elementary school children with severe reading difficulties were imaged before and after an 
intensive intervention program.  In Figure 5, it is apparent that the atypical pattern seen in Figure 
3 associated with reading problems changed as the child improved in the intervention.  Through 
a grant from the National Science Foundation, Department of Education, and the National 
Institute of Child Health and Human Development as part of the Interagency Education Research 
Initiative (IERI), we are bringing in children at the end of Kindergarten, imaging them, and will 
bring them back after Grade 1 for repeat imaging after having observed their instructional 
program for a year.  We have hypothesized that changes in brain activation patterns will occur as 
children of different levels of initial reading proficiency learn to read more proficiently that 
parallel the differences in older children at different levels of proficiency. 

 
We also want to establish studies of children who are Spanish-speaking when they enter 

school and learn more about how they develop language and literacy in both languages.  These 
studies would be developmental and longitudinal, paralleling studies of language and literacy 
development in native English-speakers that have proven seminal for informing instruction.  As 
part of these studies, we would like to do functional imaging of these children using MSI.  Such 
studies would be informative about the neural processes that must take place in order for a child 
to become proficient in more than one language and, in particular, to develop language and 
literacy skills in a non-native second language.  There will also be important information in 
terms of how the child’s learning environment facilitates the development of the emerging 
bilingual child. 
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FIGURE 5.   Activation maps from a poor reader before and after intervention.  Note the dramatic increase in left temporoparietal 
activation associated with the significant improvement in reading fluency. 
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