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  Preface


  On 13 December 2003, Elizabeth Bates died, after a courageous year-long struggle with pancreatic cancer. In passing away, Liz leaves an enormous hole, both in the field and in the lives of her many friends. But she leaves an enormous legacy as well. Over the course of more than 30 years, Liz established herself as a world leader in a range of fields ­ child development, language acquisition, aphasia research, cross-linguistic research, and adult psycholinguistics. She was passionate about science and about ideas. Her contributions to the field of cognitive science were rich and varied, and defy any simple categorization. A summary of just the research initiatives and empirical instruments she produced would fill many pages of this volume. The following list may give a sense of the breadth of her achievement in multiple areas:


  • MacArthur Communicative Development Inventory. This instrument has become one of the most widely used tools in the field for assessing communicative development. There are now versions of the CDI in 35 languages, based on a total population of tens of thousands of children.


  • The International Picture Naming Project. Liz initiated and headed the International Picture Naming Project, which has provided the field with a wealth of developmental and adult behavioural data on action and object naming in seven languages.


  • Voxel-based lesion-symptom mapping. Liz led the team that developed this important tool for correlating the site of a lesion with the degree of behavioural deficit.


  • The UCSD Project in Cognitive and Neural Development. For nearly two decades, Liz directed this multimillion dollar NIH-funded project to study the longitudinal development of language, learning, and behaviour in children with neurological disorders. It remains a unique and productive international centre for the study of these important and challenging questions about development.


  • International Cross-Linguistic Consortium. Liz established an international network of researchers that made possible large scale collaborative research into cross-linguistic comparisons of aphasia and normal language processing.


  • Founding member of the UCSD Cognitive Science Department. Liz was one of the pioneering faculty who established the first cognitive science department in the world.


  • Founding co-director of the Joint Doctoral Program in Language and Communicative Disorders (SDSU/UCSD). Liz played a key role in the creation of one of the most innovative PhD programmes in the USA in the area of language and communicative disorders.


  • Scholarly record. In a prolific career over three decades, Liz conducted studies in over 20 languages on four continents. She was author, or co-author, of 10 books and more than 200 articles.


  As important as each of these has been, and as great the impact each has had on the everyday scientific lives of students and researchers around the world, they cannot be properly understood in isolation. Rather, they need to be placed in the context of the larger legacy that constituted the full breadth of Liz's career achievements ­ achievements that will continue to influence the course of scientific discourse and practice for many years to come. In an important sense, underlying all of Liz's work is a unified view of language, cognition, and the brain that motivates the work in different areas. But although one can separate Liz's work into areas ­ development, aphasia, cross-linguistic studies, and so on ­ this obscures the deep theoretical insights that cut across the various domains.


  Liz was a true developmentalist. She understood that what is interesting about development is change ­ the forces that drive change, the shape of change, and the mechanisms that underlie it. She viewed life as dynamic, and development as emergent, deriving from the interaction of the organism with its environment.


  Liz was an ardent theorist. Beginning with her early work with Brian MacWhinney on the Competition Model and continuing ­ literally ­ to the end of her life, she developed well articulated positions on some of the most central issues in cognitive science, from modularity to embodied cognition, to brain plasticity, to questions about innateness and the origins of knowledge. She saw behaviours such as language as reflecting important, interesting, and novel traits that are unique to humans; but she also understood that even the most complex behaviours are rooted in a shared biological history. She believed that big changes ­ like the emergence of language ­ developed out of many small changes. As she often said, `Language is a new machine built out of old parts.' Liz did not believe in a language module in the human brain. Instead she saw functional modularity as an outcome rather than a starting condition.


  Liz was the consummate empirical scientist (her students often referred to her as a data junkie). The many tools and instruments she created ­ for quantifying dissociations, studying small samples, and interpreting multivariate analyses ­ bear witness to her passion for data. In many ways, Liz viewed her experimental results as an explorer might see a newly discovered continent ­ a vast terrain ready to be poked, prodded, and encouraged to reveal its underlying structure.


  Finally, Liz was a generous and energetic collaborator. She was a one-woman force for scientific globalization, forging lasting and productive partnerships with linguists and psychologists working in many countries, including Bulgaria, the United Kingdom, Germany, Hungary, India, Italy, Mexico, Russia, Taiwan, and Tanzania. She also built bridges across an extraordinary array of disciplines, with long-time collaborators hailing from fields as disparate as biology, computer science, medicine, physics, primatology, and statistics. Liz has left a particularly rich legacy of collaborations and friendships in Italy ­ above all in Rome, the city she and her family considered their true home.


  The following few pages (adapted from a larger chapter (Dick et al., 2005) trace out some of the background issues and current studies informing our understanding of the relation between language and the developing ­ and damaged ­ brain, with particular reference to studies by Elizabeth Bates and her colleagues.


  Introduction


  For centuries, opinions about the fundamental character of neural organization have swung between two often caricatured poles: a phrenological view (Gall, 1810; Fodor, 1983), where each sensorimotor and cognitive function is subserved by a single region of neural tissue, and an equipotential view (Goldstein, 1948; Lashley, 1950), where the functions of particular brain regions are not sharply defined, and contribute to multiple mental processes. Over the last 40 years, the field of language research has been particularly polarized by an analogous debate regarding mental organization, with both generative linguistics and psycholinguistics often taking an explicitly modular and phrenological position (Mauner et al., 1993; Grodzinsky, 2000), in which mental processes are subserved in specific `loci' of information processing systems or specific brain regions. By contrast, some psycholinguistic and neuropsychological research has moved away from this extreme position, but without resorting to a theory of equipotentiality. This alternative is consistent both with neurobiological notions of regional specialization and with the observed overlap in the regional responsibilities toward high-level computations. This major revision, known as `embodied cognition', reflects a change in the functional primitives used to characterize the mental processes produced by the brain.


  Embodied cognition is an approach originally charted by early researchers in affect (James, 1994), perception (Gibson, 1951), and cognitive development (Piaget, 1928). Here, the primate brain is acknowledged to have significant functional and anatomical divisions of labour; however, the brain's parcellation is driven not by abstract psychological constructs (such as those proposed by Gall and Fodor), but by the body that inhabits it. In this view, language (as well as other abstract or higher-order skills) emerges from, and is intimately linked to, the more evolutionarily entrenched sensorimotor substrates that allow us to comprehend and produce it.


  Indeed, results from a half century of research strongly suggest that the ability to comprehend and produce language is based upon an interwoven constellation of skills that emerges from everyday human behaviour: social, physical, and linguistic interactions with the environment (exogenous) combined with the consequent interactions among neural systems (endogenous). Studies of language development and breakdown suggest that sensorimotor and language processes develop with similar trajectories (that is, the ability to manipulate an object in a certain way emerges at the same time in development as does production of a certain language structure); conversely, lesions causing language deficits often cause problems with other sensorimotor skills (that is, patients with aphasia are very likely to have problems producing gestures or interacting with objects ­ for a review and discussion see Bates & Dick, 2002).


  Such an `emergentist' view (MacWhinney, 1999) of language evolution, development, and processing is often paired with a commitment to a distributive or connectionist account of language processing and its neural instantiation (Elman et al., 1996). In connectionist accounts, complex skills like language (or even simple ones) are subserved by a `vast neuronal conspiracy' of locally and distally connected computational units that also contribute to processing of other domains with similar underlying perceptuo-motor demands. A key tenet of this approach is that the pattern of connections underlying knowledge or skill representations is dynamic or plastic, continually adjusting to new contingencies in the internal and external milieu.


  Below are summarized findings from a variety of studies that support this new perspective. First we review recent findings from studies of adult aphasia, suggesting that the relation between the character of language breakdown and the locus of brain damage is much less straightforward than had previously been believed; indeed, the divisions that are revealed seem to have more to do with language's conceptual or sensorimotor processing demands than with abstract linguistic distinctions such as syntax vs. semantics. We contrast these with results from studies of children with early-occurring focal lesions that shed new light on issues of plasticity, neural reorganization, and developmental processes more generally.


  Brain and language: evidence from aphasia


  Systematic studies of the language breakdown that can occur after neurological injury are the bedrock supporting our understanding of the relation between brain and language. By investigating the linguistic changes that result from injuries such as stroke, head trauma, tumour, or dementia, we are better equipped both to treat people with aphasia and to understand better the language system itself. The wide variation in the manifestations of aphasia can inform us about the individual components of the language system that may be differentially affected. Further, the relation between the observed deficits and the areas of the brain that are affected can inform us about how the brain supports language functions. Investigations of aphasia have grown exponentially over the past several decades. These studies have begun to change the 19th century view that language consisted of two simple parts, production and comprehension, localized in Broca's and Wernicke's areas of the brain, respectively. After a period of abandonment, this localizationist perspective returned years later with the idea that it was functional modules defined by linguistic theory, such as syntax and semantics, that were supported by these brain regions. Broca's area was believed to subserve syntactic processing because patients with perceived deficits in processing grammatical information had damage to this part of the brain. Similarly, Wernicke's area was believed to be a centre for semantic processing, as patients with Wernicke's aphasia had lexical processing deficits and many had damage to Wernicke's area. It was assumed that these patterns would be observed worldwide, in all aphasic patients, regardless of the languages they spoke, and that these functions were therefore hard wired into the brains of humans.


  There is now a significant body of evidence suggesting that the relation between function ­ be it clinically or linguistically defined ­ and a specific brain region is considerably more complicated, and more variable, than was previously believed. For instance, lesions confined entirely to Broca's area do not lead to a persisting Broca's aphasia, nor do lesions affecting only Wernicke's area lead to a persisting Wernicke's aphasia (Mohr, 1976; Dronkers et al., 2001). Furthermore, the classical theory that production and comprehension are subserved by Broca's and Wernicke's areas, respectively, cannot be supported. For example, Bates et al. (2003) used a new system of lesion-symptom mapping to demonstrate the effects of lesions to the brain on general performance in fluency and auditory comprehension in 101 chronic aphasic patients (see below for further details). The investigators showed that when involvement in other brain regions was co-varied out (the anterior insula and middle temporal gyrus, respectively), damage to Broca's area was not strongly associated with reduced fluency, and damage to Wernicke's area likewise did not correlate robustly with impairments in auditory comprehension.


  Indeed, the original speech articulation deficit described by Broca ­ aphemia, roughly, a severe disruption in the patient's voluntary speech production ability, associated with `recurring utterances' such as `tan tan tan' ­ is associated not with injury to a specific cortical area, but with damage to the left superior arcuate fasciculus, a major fibre tract passing from the temporal lobe over the lateral ventricle to the anterior cortical regions (Dronkers et al., 1993). A related deficit typically seen in patients with Broca's aphasia ­ namely a loss of articulatory agility, or apraxia of speech ­ also appears not to be associated with the third frontal convolution as previously thought, but rather with damage to the superior portion of the left precentral gyrus of the insula. In a study of 44 aphasic patients with left hemisphere damage, Dronkers (1996) showed that all 25 patients with speech apraxia suffered from a lesion extending into this portion of the anterior insula, while the remaining 19 aphasic patients without speech apraxia had approximately equivalently sized lesions, but ones that spared exactly this region of cortex.


  We should emphasize that mapping symptoms to lesions does not presume that the associated brain area is solely responsible for the function in question. Metter, Kempler, and colleagues have elegantly demonstrated this fact in a series of positron emission tomography (PET) studies, showing that the locus and extent of structural lesions (as detected by computed tomography) often vastly underestimate the functional impact of seemingly focal damage, and that functional changes (as demonstrated by the presence of brain hypometabolism) are often more tightly yoked to the resulting behavioural deficits than are the lesions themselves. As an example, Kempler et al. (1991) showed that structural damage to the classical `language areas' ­ the left inferior frontal gyrus (`Broca's area') and left superior and middle temporal gyri (`Wernicke's area') ­ correlated only weakly with the degree of syntactic deficit observed in the 43 aphasic patients they studied. However, examination of the same patients' PET data showed that comprehension deficits in morphology and syntax were highly correlated with hypometabolism in the left occipital and temporal regions; syntactic deficits were further correlated with hypometabolism in the parietal lobe. Such findings suggest not only that the effect of `focal' brain lesions is considerably less circumscribed than is generally believed, but also that language may rely upon a much broader confederacy of cortical and subcortical regions than those classically associated with language function.


  Not surprisingly, claims regarding the specificity of mapping between discrete linguistically defined abilities and particular (if loosely defined) brain regions or aphasia syndromes have been difficult to uphold. For instance, Grodzinsky (1995; 2000) has claimed that Broca's area `... is neural home to mechanisms involved in the computation of transformational relations between moved phrasal constituents and their extraction sites' (Grodzinsky, 2000, p. 2), a computation posited by some linguists to be crucial for comprehension of sentence types such as passives and object relatives, but not for comprehension of `canonical' sentence types such as simple transitives. However, the results of several large studies of aphasic patients' syntactic comprehension have in fact found no systematic relation between damage to any single brain region and the presence of syntactic comprehension deficits (Caplan et al., 1985; Caplan et al., 1996; Dick et al., 2001a; Dronkers et al., 2004). What is more, the signature profile of syntactic deficits cited by Grodzinsky (2000) as evidence for the modularity and localizability of syntactic operations can be reproduced both qualitatively and quantitatively in neurologically intact college students operating under `stressful' or degraded conditions ­ a finding that holds for speakers of both English (Dick et al., 2001a) and German (Dick et al., 2003). Similarly, Wilson & Saygin (2004) re-examined Grodzinsky & Finkel's (1998) claim that individuals with agrammatic aphasia are selectively impaired in their ability to process syntactic structures involving `traces of maximal projections' in grammaticality judgment tasks. Wilson & Saygin found no evidence that agrammatic aphasic subjects (or any other aphasic subgroup) are selectively impaired on structures involving traces. In fact, groups of patients had remarkably similar profiles of performance across sentence types, regardless of whether the grouping was made by aphasia type, screening for agrammatic comprehension, or lesion site. Furthermore, Wilson et al. (2003) examined grammaticality judgment on sentences with and without traces of maximal projections when healthy young controls performed the task under `stressful' conditions, and found that the breakdown of performance under non-optimal processing conditions closely resembles the breakdown observed in aphasic patients.


  In summary, the lesion correlates of `specific' linguistic deficits in adult aphasic patients are much more variable and complicated than was previously thought, supporting the view that higher level language skills are dynamic, and distributed throughout the brain. On the other hand, there are obviously quite dramatic global differences in the character of linguistic deficits depending on lesion site ­ for example, left hemisphere injury in adults is much more apt to cause severe and lasting language problems, damage to frontal regions tends to be correlated with production and articulation difficulties, while posterior damage correlates with comprehension difficulties. Moreover, these coarse mappings tend to be quite consistent over individuals (indeed, around 95 per cent of neurologically intact right-handed adults appear to be `left-dominant' for language, based on the results of WADA tests ­ Rasmussen & Milner, 1977). Does this quasi-inevitability of left-hemisphere-dominated processing of language imply not only that the left hemisphere is `purpose-built' for processing language, but in addition, that a special mechanism or mechanisms are needed for successful language acquisition and processing? Or is the typical adult profile of language organization a result of softer constraints or regional biological predispositions to undertake certain types of computations? Perhaps the emerging processing biases of the constituent regions of the left hemisphere are more suited to the demands of language (for example, rapid coordination of effectors, analyses of fast formant transitions), but given enough time and learning, alternate organizations for language production and comprehension could arise. Such plasticity might be anticipated a priori, given the significant individual variability in language organization found in typically developing children and adults (Dick et al., 2001b). These issues are addressed in the following section.


  Learning language after early brain injury


  Results from 30 years of studies of children with early-onset brain injury (for example, caused by congenital arteriovenous malformation, prenatal or perinatal stroke, chronic seizures, or later hemispherectomy) suggest a remarkable potential for alternative modes of language organization in the brain. As reviewed by Bates & Roe (2001), the overall picture from the published reports on children with early focal lesions and hemispherectomy tends not to show consistent differences between early left and right hemisphere injury in terms of language abilities. If differences are observed, they are much smaller than those observed in adults with commensurate injuries, and generally are noted for only a few language subscales. As Bates and Roe point out, these are particularly thorny studies to conduct and to evaluate ­ the variability over patients and over studies in lesion onset time, seizure history, type and extent of injury, sample sizes, and statistical methods complicates the interpretation of putative differences tremendously. Indeed, when sample sizes are large, and direct statistical comparisons between lesion groups are made [for example, right hemisphere damage (RHD) vs. left hemisphere damage (LHD), controlling for seizure history and lesion onset time], lesion side and site appear not to predict language proficiency (Bates & Roe, 2001).


  For instance, in a study of 43 English-speaking and 33 Italian-speaking children aged 5 years and upwards with focal lesions of prenatal and perinatal onset, Bates et al. (1999) found that there was an overall delay in language acquisition associated with any lesion, with IQ scores in the low to normal range. In contrast to the expected adult profile (where LHD patients show more pronounced language deficits, and RHD patients show more pronounced spatial deficits), Bates et al. observed no difference between children with RHD and LHD on standard IQ measures (both verbal and non-verbal), or on all language comprehension/production measures (available for the Italian sample only). With regard to the latter result, the overall differences between Italian-speaking patients and control children in language comprehension and production disappeared after controlling for mental age.


  Bates and her colleagues have also directly compared school-age children and adults with comparable focal lesions on various different measures. For instance, Kempler et al. (1999) tested comprehension of familiar versus novel phrases in adults and children (aged 6 to 12). Results with adult patients revealed a classic double dissociation, with RHD patients showing impaired comprehension of familiar phrases and idioms, and relatively preserved comprehension of novel phrases, while LHD patients showed the opposite pattern of deficits. In stark contrast, in the child patients not only was there no difference in either measure between LHD and RHD, but both groups performed within the low normal range for their age-matched controls, whereas their adult aphasic counterparts were massively impaired relative to healthy age-matched controls.


  Dick et al. (1999; 2003) tested the online syntactic comprehension of 20 children aged 7 to 18 years with RHD or LHD, comparing them with a large sample of typically developing children. Children with lesions to either hemisphere showed developmental delays in both accuracy and reaction time, though their comprehension was similar to that of the youngest typically developing children. Again there was little evidence for an RHD/LHD difference in accuracy or response times. Similar results were found by Feldman et al. (2002), where children with focal lesions were delayed, and not deviant, in a standard competition model task. Direct comparisons between adults and children revealed a substantial quantitative but marginally significant interaction between lesion and age, where RH-damaged adults and RH- or LH-damaged children performed roughly equivalently, while LH-damaged adult aphasic patients fared considerably worse, with massive intersubject variability.


  The dramatic differences between language comprehension skills after early- and late-onset focal lesions are echoed in a recent study of language production (Bates et al., 2001). Here, children and adults with right or left hemisphere focal brain damage were asked to narrate brief biographical sketches; these narratives were transcribed and further analysed in terms of patterns of error (omission versus commission), propositional content, sentence length, and so forth. As would be expected, adults with LHD were significantly more impaired than their RHD counterparts, with each group showing a very different pattern of relative strengths and weaknesses. But comparisons between children with RHD and LHD showed absolutely no differences on any production measures; moreover, this sample of children with early-onset lesions differed very little from age-matched controls, where children with lesions used fewer words and made more omission errors than their age-matched controls.


  In short, the results of these studies of school-age children with early-onset focal lesions provide compelling evidence for the plasticity of the developing brain. Although these children do tend to have language processing delays relative to their age-matched peers, they show remarkably spared comprehension and production relative to adults with comparable focal lesions. What is more, these results suggest that the usual pattern of brain organization for language ­ for example, left hemisphere dominance ­ is neither inevitable nor even necessary for successful language processing. In tandem with a bevy of behavioural results with neurologically intact subjects, these results further suggest that there is considerable change in children's neural underpinnings for language, even well into the school-age years.


  In this regard, the few functional magnetic resonance imaging (fMRI) studies that have been directed at typical language development have shown interesting differences between activation patterns for adults and school-age children, even when very simple tasks are employed. Using a variety of word-generation tasks (verb/rhyme/opposites), Schlaggar et al. (2002) found that young adults showed activation in a left dorsal prefrontal region that was completely absent in children; conversely, children showed increased activation in a left fusiform region that was significantly greater than that evoked in adults. Saccuman et al. (2002) showed similar findings, where young adults in a covert picture-naming task showed significantly more activation in left lateral prefrontal and superior temporal regions than children aged 10 to 12. These differences in activation could not easily be attributed to group differences in behaviour, suggesting that as learning and development progress there are qualitative changes in the way in which our brains structure themselves to process language, even after much of the `heavy lifting' in language acquisition has taken place.


  It might be anticipated that significant neural circuit modifications take place early on and concomitantly with the development of language skills. Unfortunately there are as of now no functional imaging studies of typically developing children under the age of 5 that bear on this issue [but see a recent study of young infants by Dehaene-Lambertz et al. (2003)]. However, Bates and colleagues have conducted prospective cross-sectional studies of children with perinatal focal lesions at the dawn of language comprehension and production, allowing a direct contrast between various `stages' of brain organization for language. In three similar studies of English- and Italian-speaking children with either LHD or RHD (Thal et al., 1991; Bates et al., 1997; Vicari et al., 2000) data from several communicative inventories (MacArthur Communicative Development Inventories (CDI); Fenson et al., 1993) and free-speech samples were collected from children from 10 to 40 months, a period beginning with early language comprehension and word production (10 to 17 months) and continuing to multiword utterances and grammatical development (18 to 40 months). The results of these studies serve as prima facie evidence against the theoretical notion that the developing brain is a conglomeration of inexorably maturing modules devoted to different processing needs. In the next section, we summarize these data, and suggest that the developing brain is best understood as a dynamic and self-organizing system that cannot be parcelled up according to abstract psychological or linguistic principles. For example, Thal et al. (1991), Bates et al. (1997), and Vicari et al. (2000) showed that early in the development of language skills (10 to 18 months), some children with perinatal focal lesions show delays in language comprehension as well as gestural communication. However, this delay was observed only in children with right hemisphere injury; those with LHD (even with left temporal damage) were within the normal range on word comprehension. Not only is this the opposite of what one would expect from an adult model of language comprehension ­ where left temporal damage tends to correlate with comprehension disorders ­ but it is also opposite to the usual lesion correlate of deficits in gesture production and comprehension, which in adults are strongly associated with left hemisphere damage (see Bates & Dick, 2002 for extended discussion, as well as Wang & Goodglass, 1992).


  For early single-word production in the same cohort of children (again aged 10 to 18 months), lesions to either hemisphere provoke delays in development, but are particularly severe in children with left temporal damage; this is again in contrast to the adult model, where language production deficits tend to correlate with left frontal damage.


  Results from all three studies showed that left temporal damage continues to be a predictor of delayed language production somewhat later in development (for example, 19 to 31 months). Here, toddlers with left temporal damage show impaired lexical production, with commensurate delays in grammatical development (as measured in free speech and the toddler version of the MacArthur CDI). With regard to this unexpected finding, Bates et al. (1997) suggested that whereas successful naturalistic auditory language comprehension relies on a wide range of partially redundant cues (such as temporal and spectral structure, prosody, gesture, and environmental cues) that allow for good comprehension in the face of incomplete or imperfect perception, language production requires a more fine-tuned and detailed set of acoustic representations ­ ones that would take longer to develop in the face of disrupted acoustic processing. In contrast to the left temporal findings, frontal damage to either hemisphere was also implicated in production delays ­ again unlike the adult model of left frontal damage leading to production difficulties.


  Interestingly, these lesion-specific (left temporal) deficits are observed in somewhat older or more advanced children [at the stage of multiword production in Vicari et al. (2000), and at age 5 in Reilly et al. (1998)]. At this point in development, children with focal lesions are on average slightly delayed relative to their age-matched peers, but still function in the low-to-normal range overall.


  Clearly these children's brains are organizing themselves differently than they would in typical development. Does this indicate that the brain is equipotential for language, or ­ as might be expected from an embodied account ­ that there are early-forming connections and architectures that make some developing brain regions more hospitable to language than others? More concretely, if left frontal and temporal regions are damaged early in development, will the brain regions enabling language function emerge throughout the brain (as one might predict, given strict equipotentiality) or will contralateral regions homologous to those characteristically associated with language be recruited for language tasks?


  Axel Müller and colleagues (Müller et al., 1998a; 1998b; 1999) have investigated this question using PET imaging in patients with early-onset lesions that resulted in intractable epilepsy. Using sentence listening and repetition tasks (Müller et al., 1998a), they compared activation profiles for children with perinatal left and right focal lesions (with the functional deficit confirmed by resting hypometabolism in the affected hemisphere). Here, children and adolescents with early LH lesions showed extensive right lateralization of activation in both traditional perisylvian `language' areas, as well as much of the right temporal lobe (particularly the anterior temporal lobe), the angular gyrus, the precuneus, and the anterior cingulate. Roughly the opposite pattern was seen for the group with RH lesions ­ see Müller et al. (1998a) for details. A more recent fMRI study (Staudt et al., 2002) of five children with left periventricular lesions (causing hemiplegia but not epilepsy) showed a similar mirroring of typical left-lateralized activation in a covert verb generation task.


  In an imaging analogue to the behavioural studies of Bates and colleagues discussed above, Müller et al. (1999) directly compared typical adult language-related activation to children and adults with, respectively, early- and late-onset left hemisphere focal lesions ­ with the expectation that earlier injuries would allow greater potential for reorganization of function. Here, neurologically intact adults showed the usual left-lateralized perisylvian activation profile for sentence comprehension, while patients with early-onset focal lesions showed a mirrored, right-lateralized profile, and late-onset patients showed highly symmetrical perisylvian activation. The dramatic lateralization difference between the early and the late lesion groups suggests that at least some of the remarkable capacity of the early lesion group to acquire normal language may reflect the development of these functions (or closely related ones) in the right hemisphere. These findings argue against the view that language functions are inexorably hard wired within specific left hemisphere regions, but rather, that the brain has some flexibility to reorganize such cognitive functions if necessary.


  Interestingly, this early-lesion-induced shift in interhemispheric activation is not seen in all domains, even in the face of early cerebral insult. In this regard, Müller et al. (1998b) directly compared left-right fluorodeoxyglucose PET activation asymmetries for sentence listening and repetition versus a basic motor task (finger tapping) in a sample of nine patients with relatively early-onset left hemisphere lesions. The difference in activation asymmetry was striking: for the language tasks, patients showed strong rightward activation asymmetries in the regions typically associated with these tasks (for example, the superior and middle temporal gyri, inferior frontal gyri) ­ again, a pattern opposite that of healthy control subjects. However, the same patients showed strong leftward activation asymmetries in the motor task, asymmetries very similar to controls. As with the behavioural studies discussed above, these results suggest that the development and commitment of neural resources for language is a protracted process, and one that might be more flexible than that of more developmentally and evolutionarily entrenched capacities such as the motor system. However, it is worth emphasizing that lesion-induced reorganization of language function appears to recruit roughly homologous regions in the right hemisphere rather than, for instance, co-opting left hemisphere visual and somatosensory regions to accomplish language tasks. This suggests that regions with certain patterns of cortical and subcortical connections may be more amenable than others to cooption or `shared use' by language ­ an area of research that Elizabeth Bates was particularly interested in exploring at the beginning and at the end of her career.


  Conclusions


  The field of brain and language has veered back and forth between the Scylla of phrenological determinism and the Charybdis of tabula rasa empiricism, with neither account providing a sufficient explanatory framework for more than a century of data from behavioural, neuropsychological, and neuroimaging experiments. Elizabeth Bates has done the field a great service by showing us a `third way' of thinking about language in the brain ­ one that takes into consideration basic phylogenetic, developmental, and anatomical constraints on the brain while also acknowledging both the extraordinary plasticity of the mammalian nervous system (during development and throughout the life span) and the information-processing capacities afforded by a distributive processing system.


  Acknowledgments: The preface to this chapter is a revised version of “Elisabeth Bates: a scientific obituary” in: Developmental Science 7 (2), iii-iv, Frederic Dick, Jeffrey Elman and Joan Stiles (authors).
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