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ABSTRACT

Brain imaging has forged an impressive link between psychology and neuroscience.   Many studies show consistent activation of a small number of widely separated brain areas that differ among tasks.  Do these results imply a modular organization of the human brain? One view of modularity requires that there be no top down or cognitive input from other systems.  This view has almost no support even for primary sensory cortex, which can be influenced by attention.   A less restrictive version of modularity requires the ability to manipulate one area of activation independently from another.  The studies in the sections of this volume on visual pathways and on orienting of attention, provide support for this form of modularity, but require specification of the time course and the connections involved.  The section on plasticity indicates that brain circuits change with experience, development, and brain injury.  Images of the brain will have more lasting impact if we can convert the insights they make possible into understanding how genes and experience influence neural networks and can apply this knowledge to issues of normal and abnormal development.  Sensory-motor integration raises the difficult issue of how we move from brain activity to behavior.   Progress on this question has been slower because it involves questions of motivation, and voluntary choice.  The ability to view attention as an organ system with its own anatomy, circuitry and individual differences could lead us toward an understanding of the mechanisms of volition. 

At Attention and Performance XIV, which was the 25th anniversary of the Association, Donald Broadbent (Broadbent, 1991) delivered a talk at the end of the meeting, which he titled “A word before leaving”. He warned that the task he had been given to summarize the meeting was not possible.  Rather than attempting to summarize, I try to provide a personal perspective about the general topics discussed at this meeting

Although the headings in the present meeting might seem familiar to those who attended previous or have read the volumes from past Attention and Performance meetings, few if any of the papers given at this meeting could have been given at the meeting twelve years ago.  That in itself, is rather amazing.  Techniques like fMRI, diffusion tensor imaging, transcranial magnetic stimulation, high density electrical recording related to specific generators (although for related material see Mangun, Hillyard & Luck, 1991) and recording from many implanted electrodes in freely performing animals were simply unknown at the 1990 meeting.

However, we are urged to go beyond the methodological progress to say how these methods illuminate the underlying cognitive questions.  To carry out this task I have broken this discussion into four sections that roughly correspond with the sections of the meeting.  First, I deal with modularity, starting with the issue of its definition applied to the study of faces and attention and then considering the objections that have been raised to localization of function (e.g. Uttal, 2001). The form of modularity supported by brain imaging requires communication between anatomically defined modules.  It is to this topic I turn next in a discussion of efforts to uncover the circuitry for performing cognitive tasks. In the third section, I consider the area of plasticity particularly as it arises in the study of differences among individual in development of the nervous system.  I believe there needs to be a special effort to make the study of individuality as well as development central topics of Attention and Performance, in part, because the new imaging methods allow for such studies and because individual variation represents an important way of relating brain networks to genes.  In the final section, I consider the theme of sensory motor integration, in particular how we can deal with the issue of volition, sometimes called decision making (Schall, this volume) in understanding how to go from brain activity to behavior.  This effort may allow understanding of the regulatory processes developed by the brain that are so central control of our thoughts, feelings and behavior.

MODULARITY

Definition

It is clear from the literature and the many papers presented in this volume that psychological tasks activate usually several circumscribed areas that are often well separated in the brain.  These areas are sufficiently common among subjects to allow averaging of data at least within the millimeter range available to fMRI and are often sufficiently different between tasks so they can be identified with particular functions.  Should these brain areas be considered as modules?

This clearly depends upon the definition of module.  According to Sternberg (this volume) activated brain areas would be a module if functionally distinct processes are carried on that could be manipulated independently in experiments.  In my view brain areas related to aspects of processing faces, number, words, motion, and attention are all quite likely to meet this definition even if there are reasons given by Sternberg (this volume) to think that in many cases the most appropriate fMRI experiments remain to be done.

A quite different definition of modularity comes from (Fodor, 1983).  According to this view, modularity requires that candidate modules be sufficiently encapsulated that there is no penetrability by attention or other top down brain systems.  Even V1 and probably not even the lateral geniculate could not serve as a module by this definition (Kastner, this volume; Posner & Gilbert, 1999). 

Spelke  (this volume) says that modules should be domain specific. This idea is related to her concept of domain specific core knowledge.  However, attentional orienting to stimuli is an example of a network employed in a wide range of domains (Driver et al, this volume) and yet orienting of attention shows the same type of activation of widely separated brain areas as is found for domain specific tasks such as number and language.   For this reason, I see no need to restrict modularity to domain specific systems.

Although I prefer the Sternberg definition and thus like to think of brain organization as modular, there is really very little importance to the decision of whether to apply this particular term. The important thing is that consistent empirical results show that many psychological tasks can be identified with a specific set of brain activations.

These consistent findings from imaging do provide a brain-based result to support the more abstract idea arising from cognitive science that tasks are decomposable into elementary operations. Stemming from the work of Lashley (1931) and from his interpretation of the frontal lesion data that was probably over simplified (for a better view see Duncan, 1995), the idea came to be accepted that higher mental processes were not subject to the kind of localization found for simpler sensory and motor tasks. However, the distributed nature of the nodes in even simple cognitive tasks helps to reconcile a strictly localizationist view (i.e. one task one brain area) with the view of the brain operating as a whole that arose from Lashley’s work.  Since the assembly of a visual percept can involve many visual areas, it seems fitting that reading or mental arithmetic would be no less complex.  Even if each operation were strictly localized, since psychological task involve many operations, the task would involve different parts of the brain. In addition, localization of mental operations allows use of clues from anatomical connectivity and evolution and provides information to animal studies about the brain areas from which it might be desirable to record neuronal activity.

Faces 

There is no general agreement about what is localized.  The first day of the meeting was heavily devoted to the idea that the fusiform face area localized representations of the face (Behrman; Haxby; Grill-Spector, this volume).  This led to considerable dispute because there was evidence that other kinds of stimuli (e.g. dogs for those who were dog experts) could activate the same general area.  Later in the meeting, when attention, and motor control were discussed, areas of activation were most often related to mental operations that might be performed in that area (e.g. Driver et al; Schall; Shulman & Corbetta, this volume). It has often proven difficult to discriminate between operations and the representations on which these operations are performed.  This is certainly true in neuroimaging data.  In order to know whether the BOLD signal is sensitive to the representation or to operations upon that representation we would have to have a detailed account of what goes on within the area of activation or a strong theory of how different brain areas work together to carry out a task.  In general, we don’t yet have the information to decide.  However, in the case of faces, I argue below that the issues involved become less controversial if one believes in   the localization of operations rather than representations.

The data from the study of faces presented in this meeting and outside have been quite consistent in showing that an area of the fusiform gyrus is activated by faces and that when one attends to the face activation in this area is amplified (Grill-Spector; Haxby; McCarthy, all this volume).  This is a remarkable level of empirical agreement. However, if representations are localized, evidence that experts in dogs or cars activate this area when they process material within their expertise (e.g. dogs) calls into question localization of function.  If, however, operations of the type discussed by Ullman (this volume) and Malach et al (this volume) are localized the controversy seems to evaporate.  Faces are part of core knowledge and most often require careful individuation.  As such, it seems very likely that the features or fragments used in their identification might differ in scope or spatial frequency from those required by other objects.  Expertise brings with it the need to carry out operations that lead to identification of individuals so at that point the area of activation would be expected to overlap that used by faces.  Indeed the finding by McCarthy (this volume) that more anterior temporal areas, difficult to study by fMRI, might be recruited in order to recognize the particular face is very consistent with the general view of a network of operations involved in cognitive tasks. 

Attention 

In many ways the strongest evidence for localization of mental operations stems from the area of orienting of attention toward sensory stimuli (Driver et al; Hillyard; Kastner; Shulman & Corbetta, this volume).  In this area of research a brilliant combination of method and experimental sophistication has shown how exquisitely separate brain areas can be brought together to orchestrate a very simple shift in the orienting of attention.  

Hillyard (this volume) in his discussion outlined a consensus view in which orienting of attention to a visual stimulus produced an amplification in prestriate regions, which affected processing in all subsequent regions and which was feedback to influence processing in V1 and perhaps in the lateral geniculate (Kastner, this volume).  The source of this attention effect was in a network of parietal and frontal regions.  These results were based upon fMRI work and EEG studies that attempted to explore the time course of activation of specific generators.  The extent of convergence between the activations in fMRI and the modeling data attempting source localization with high density ERP was impressive (Hillyard, this volume; also see Dale et al, 2000).

What does orienting to a visual object do?  It seems clear from the papers in this volume that one role that attention plays in the prestriate areas is to counteract the suppression of unit activity that occurs when two stimuli occupy the same receptive field.  Support for the biased competition model (Desimone and Duncan, 1995) was presented both from fMRI studies (Kastner, this volume) and from cellular studies (Reynolds, this volume).  However, there are many hints that orienting of attention may play additional roles as well, for example, in amplifying input when only a single item is present in the visual field (see Posner, 1980).

The superior parietal lobe appears to be crucial in orchestrating a voluntary shift of attention by a cue, which precedes a target.  This brain area is closely tied with the eye movement system as would be predicted by the premotor theory of attention shifts. However, a quite different area of the parietal lobe, the temporal parietal junction (TPJ) is the area through which a stimulus at an unexpected location acts to summon orienting.  The TPJ effect seems to be strongly lateralized to the right side while the voluntary shift appears to be more bilateral (Shulman & Corbetta, this volume).  This is not the separation of operations that I had originally expected based on what was known in the late 1980s (Posner et al, 1987).   I had proposed that the superior parietal lobe was related to the “disengage” operation, but it now appears that it relates more to voluntary shifts of attention irrespective of whether the person is engaged visually or not. However, the emerging evidence does provide a more satisfactory resolution of mysteries, such as why lesions producing unilateral neglect do not generally involve the superior parietal lobe, but instead areas in or near the temporal parietal junction. The lesson I have learned from these findings is that it is difficult to know a’priori exactly how tasks should be broken down.  Too much of my reasoning in 1987 was based upon peripheral cues, which can both act like targets or be the basis for a voluntary shift. The general brain areas now shown to be involved in orienting appear to be similar in literally dozens of visual experiments and also appear to be general for cues and targets in other modalities (Driver et al; Kastner, this volume).

These studies have shown that it is important not to treat attention as a unified field as Uttal (2001) does in his critique, but rather to separate functions such as orienting to sensory stimuli from quite different functions such as resolving conflict among responses.  The imaging approach to cognitive function will require us to think quite hard about how cognitive functions should be divided and what we have learned from behavioral studies about the complex nature of what may seem very simple tasks.

I believe that this general story of localization of quite specific mental operations will prove true for more anterior regions as well, but here it is much more disputed (Duncan & Owen, 2000).  However, as event related fMRI experiments are applied to this area there appears to be separate operations occurring in the lateral and medial frontal areas (MacDonald et al, 2000), that are so often activated in common that they have been thought of as a single global workspace (Dehaene, Kersberg & Changeux, 1998). 

Summary

The area of orienting of attention toward sensory stimuli as represented in this meeting provides strong support for the idea of localization of mental operations.  A set of dorsal brain areas including the superior parietal lobe and temporal parietal junction serve as a common source of attention to sensory stimuli.  They produce effects within a network of areas that depend upon modality (e.g. ventral visual areas in the case of visual input).  What is still missing is direct evidence that activated areas in the dorsal stream such as the superior parietal cortex and TOJ hypothesized to be the source of the attentional effect are causing the increased activation found in prestriate visual cortex.  The need to activate separate areas of the parietal and lobes and trace their influence upon the ventral object recognition pathway will require careful study of these networks in real time.  In the next section we turn to evidence that existing methods can be used to trace this kind of circuitry. 

CIRCUITRY

In 1978 I defined mental chronometry as the time course of information flow in the human nervous system (Posner, 1978).   I had in mind functional models of information flow, that followed the ideas of Broadbent (1973).  With low density ERPs, a few monkey studies and the human lesion work we did not have the tools to carry out studies of the human brain in a very systematic way.

Scalp electrical recording

The situation has changed dramatically.  Methods that separate cue and target over sufficient intervals can use event related fMRI effectively to separate preparatory activity form computations specific to the target (Shulman & Corbetta, this volume).   It is also possible to use event related fMRI together with correlational techniques to work out the time and direction of information flow (Goebel, et al this volume).  However, the relatively slow hemodynamic response raises special problems for real time measurement.

By combining fMRI studies with electrical recordings it is possible to trace the time course of brain activity and to index communication between neural areas. The methods used for linking electrical or magnetic recording to hemodynamic imaging have been reviewed by experts in the field (Dale et al, 2000; Hillyard, this volume; McCarthy, this volume.) and they have found both EEG and MEG helpful in providing specific time relations for the active brain areas (Liu, Dale & Belliveau, 2002).

The visual system including visual attention as reviewed by Hillyard (this volume), has been the best area for the close integration of hemodynamic, lesion and EEG work.  In my view the results have been very impressive. Mapping studies have provided convincing evidence that generators in primary and extrastriate visual systems can be studied from scalp recordings using algorithms for fitting dipoles to the scalp distribution (Hillyard, this volume) and careful analysis of the time course of their activation have suggested the V1 activity is due to feedback from higher visual areas (Martinez, et al, 2001).  These findings have shown the importance of very detailed temporal information in interpreting brain activation and have demonstrated that scalp recordings can provide the needed information.

However, there has been less acceptance of the extension of these ideas to more complex cognitive processes where brain networks involve many distributed sites. Goebel (this volume) provides a good example of using fMRI to trace the network involved in imagery tasks.  However, the problem of the slowness of the hemodynamic response, suggests that this method will need to be supplemented by relating scalp recorded electrical activity to the hemodynamic generators.  One of the major problems in using algorithms for relating scalp electrical distribution to underlying generators is when a number of generators are close together in space and active at the same time.  Tasks like generating the use of a written word or deciding whether a number of above or below five works well because they involve distant generators that are distributed over the relatively long time needed to carry out the task. 

Word reading

Utall ends his book criticizing imaging methods with the task of reading visual words.  His arguments are instructive because they represent such a strong a’priori philosophical position.  He says that the argument we took in Images of Mind (Posner & Raichle, 1994), that cognitive tasks are performed by networks of widely distributed neural systems, and that computations within a network interact by reentrant processes are clearly inconsistent with modularity.   He seems to be accepting the idea of modularity that comes from Fodor (1983).   If for localization to have any utility it had to rely upon little or no interaction among brain areas it would be clearly inconsistent with the imaging data.  However, as I pointed out in the previous section it is quite consistent to hold a form of modularity (Sternberg, this volume) and believe in a network of interacting nodes.    If such views are more in line with the empirical philosophy outlined by Broadbent (1973) than the philosophical apriori views of Fodor perhaps that is not such bad company. 

The study of visual words provides a good example of how much we can learn from examining the time course of generators found in hemodynamic studies (Posner & McCandliss, 1999).  Five consistent brain areas have been found active in the study of visual words.  The are a left lateralized occipital-temporal area that can be associated with visual word form (Dehaene, this volume), left ventral frontal and medial frontal areas related to attention, a left lateralized temporal-parietal area (Wernicke’s area) and finally the right cerebellum.     These results are relatively consistent, but my conclusion that they represent a reasonable consensus about how words are processed, seems so utterly different than the conclusion one might reach from Utall’s book, namely that the field is a mess, that it may be worth some deep consideration of the reasons for this discrepancy.

To understand this issue it is important to trace the time course of activity in the various generators involved when reading a word aloud is subtracted from generating a word use.   This subtraction eliminates the posterior word form area, which is involved in both tasks.  In our ERP studies  (Abdullaev & Posner, 1998; Posner & McCandliss, 1999) the electrical components that relate to the anterior cingulate activation occurs quite early after about 150 millisec.  However, in many studies of the Stroop effect the cingulate activity seems to occur later and has been related to the monitoring of conflict (Botvinick, Braver, Barch, Carter & Cohen, 2001).  It appears certain that the cingulate is often related to aspects of conflict, but the time course information is going to be critical to understanding its exact role.  Lateral frontal activity starts its activation around 200 millisec and only much later at about 500 millisec do we find activity in Wernicke’s area.

Our PET work of generating the use of a word identified the medial frontal area with attention and the left frontal area with semantic processing (Petersen et al, 1987).  This was because we only found the left frontal area active in semantic tasks and not in reading words aloud.  However, subsequent data seem to suggest that the specifically semantic processing involves the left posterior (Wernicke’s) area.  The two frontal areas are more related to attention although, as discussed before, I believe they perform somewhat different mental operations, neither of which is related to a semantic store.  The lateral area may be involved in temporarily storing the input word.  Duncan et al (2000) showed that this area was active in a wide variety of tasks, which loaded on the g factor from intelligence tests.  It seems reasonable that what all these tests have in common the need to represent information in some temporary store while the brain provides information on what is known about the item.  This fits with findings that lateral frontal areas are involved in working memory.  It is also our finding that this frontal area is active after 200millisec in the generate uses task, which requires over a second.  This leaves time for Wernicke’s area, which has been shown by many investigators to be related semantic operations, to retrieve the word uses needed to carry out the generate uses task.

    A somewhat similar story accounts for the controversy concerning the visual word form system.  This was first identified by a PET study (Petersen et al, 1987) and has been found in several recent fMRI studies (Dehaene, this volume; Shaywitz et al, 2002).  One reason for the controversy is that the strength of its activation may depend upon the depth of the orthography used in the language (Paulesu et al, 2001), by the degree of attention needed for processing this information in a particular task and perhaps also by the teaching method by which reading was originally acquired. 

In addition there may be several sub areas that respond selectively to different aspects of the organization of letters into words.

The visual word form system is of great importance because its relatively late development in conjunction with the acquisition of literacy represents an opportunity to trace how different methods of acquiring the reading skill might influence its development. Studies of ten year olds and adults using fMRI have shown a relatively larger area of activation in children than in adults (Schlaggar et al 2002).  Adult studies, using high-density electrical recording, have shown scalp signatures of a left lateralized posterior activation, which is present for words and orthographically regular non-words but not consonant string (Compton et al, 1991; McCandliss et al, 1997).  This scalp signature is active by about 170 millisec after input and seems to fit the characteristics of the visual word form system.   This method has been used by McCandliss, Posner  & Givon, 1997 to show that in adults the visual word form area is not responsive to familiarity induced by high levels of training (50 hours of learning a new set of lexical items in an artificial language).  However, in ten-year-old children this scalp signature seems to occur only for words for which the child is familiar.  These studies suggest that the visual system first recognizes words through familiarity, but as the density of items becomes high only orthography and not familiarity matters.   Results of this type may make imaging studies of significance for tracing the influence of different educational methods. 

Information Transfer

Time course information can be very useful in understanding the role of particular hemodynamic generators.  However, knowing when something happens does not by itself tell us how brain areas are connected.  One step that has been taken to examine connections between remote brain sites is to use correlational methods.  This can be done using fMRI  (Goebel, this volume), but of course suffers from the imprecise time courses involved.  EEG coherence and other correlational measures provide better time resolution, but raise the problem of contamination through volume conduction between sites.   When the sites are remote, volume conduction is less of a problem.  However, many studies using these techniques (Gevins, 1996) have found evidence for such complex networks of connections that it has been difficult to know whether they are all genuine despite statistical verification.    Recently, we hypothesized that the left lateralized frontal information found during our word processing task would have to be in contact with posterior regions to connect the presented word being represented in frontal areas, with posterior brain areas which know about the word uses. The time course information we had recorded suggested that there was plenty of time for this to take place since the frontal activity began at about 200millisec and the posterior activity not until about 500 millisec. Singer (this volume) discussed the importance of high frequency bands in the integration of local information and slower frequencies for large-scale integration of information.   We (Nikolaev et al, 2001) found evidence of correlation within the beta frequency band that began prior to the activation of the posterior area at about 450msec.  Because there are often many electrodes that show strong correlation, I believe we need specific predictions of what and areas need to be related to test whether a correlation between remote sites is likely to serve as a good index of the transfer of information between these brain areas. 

New methods are now available for examining the development of white matter pathways in the human brain by use of diffusion tensor MRI.  Dehaene and colleagues (this volume) have shown that this method can be used to confirm ideas about connectivity between brain areas.  They studied a patient who was unable to read fluently when words were presented to the left of fixation, but who could do so for right lateralized words.  Diffusion tensor imaging showed a disconnection between brain area of the left and right hemisphere with the location and properties of the visual word form system.  Lesion data also suggest that this the visual word form system works automatically, because patients with lesions of the right parietal lobe, who neglect the parts of consonant strings to the left of fixation, are spared from extinction when the string is a word (Sieroff, Pollatsek & Posner, 1988).    Apparently words are chunked into a whole, by the word form system, and then no separate attentional orienting is required.

Diffusion tensor imaging could also open up the prospect of using measures of the development of coherence between distant electrode sites from EEG as a means of probing the earliest functional use of particular white matter pathways. 

Other methods

An entirely different combination of techniques for tracing circuitry is outlined in this volume (Pacual-Leone, this volume).   This method combined fMRI with transcranial magnetic stimulation (TMS).  The fMRI studies revealed that both somatosensory and primary visual cortex was active during the process of learning to read Braille.  TMS was used to show that performance was reduced when a pulse was given over the somatosensory system at the time of stimulus presentation, while stimulation of the visual system by TMS reduced performance at a delay for about 60 millisec. This rapid time course suggested that the somatosensory stimulation activated visual cortex in the process of understanding the character.  This network finding was coupled with evidence that extensive visual deprivation could be used to improve the rate of learning Braille presumably by removing conflicting visual input.  

These results show how tracing the flow of information during tasks such as reading print (Posner & McCandliss, 1999); learning Braille (Pascual-Leone this volume) or learning ASL (Neville, this volume) can help us understand how tasks are acquired and performed.

Summary

Large-scale neural circuits used in the performance of many complex human skills involve connections between several brain areas. Although much effort in cognitive neuroscience has been devoted to improvements in spatial resolution the nature of these complex circuits allow them to be studied with a combination of existing methods.

By combining hemodynamic techniques with scalp recordings or with stimulation by TMS it is possible to examine these networks in real time.  Correlational methods and diffusion tensor analysis give promise of allowing us to study the transfer of information between nodes of the network during the performance of skills.  These circuits should not be thought of as purely static but have to change with the direction of attention, new learning and development. In the next section of this paper I turn to the study of plasticity in these networks.

PLASTICITY

Plasticity can occur at many different time scales.  At this meeting we have mainly discussed relatively slow time scales involved in the maturation of networks during child development.  Spelke (this volume) discussed the initial state in the newborn for the understanding of places, objects, number and people as part of core knowledge.     Each of these domains only reaches the adult level after many years of maturation and experience.  Neville (this volume) showed how many years of visual or auditory deprivation could induce changes in the organization of sensory systems in blind and deaf individuals.  Neville also showed a role for the specific learning of American Sign Language in understanding laterality in the deaf.    Learning these skills may require many months or years of practice.   Development, recovery from brain injury and the acquisition of complex skill are all relatively slow sources of plasticity.

Attentional Networks

At the other end of the time scale attention plays an important role in the plasticity of human thought processes, allowing rapid shifts from one scene to another or between streams of thought.  Although not usually thought of in this way this attention is a primary mean of introducing plasticity among the networks that dominate behavior from moment to moment.  Momentary changes are certainly apparent in visual orienting, where head and eye movement reflect very intimately the direction of our moment-to-moment interest.  There is a similar control by central networks over the organization of our thought processes.  The very same network of brain areas, for example, one involved in understanding written words, may organize the order of computations in different ways depending on how attention is directed (Posner & Pavese, 1998).

Attention can be studied in terms of at least three networks of neural areas.  Studies using functional neuroimaging to examine the network involved in sensory orienting have been well represented at this meeting.  In our work we have also examined networks related to obtaining the alert state and resolving conflict among responses (executive control) (Posner & Fan, in press).  

Recently we developed an integrated attention network test (ANT) (Fan et al, 2002) that builds on a several chronometric tasks  (Ericksen & Ericksen, 1974; Posner, 1980; Posner & Boies, 1972) often used individually in studies of normals and patients.  The ANT requires the person to respond to a central arrow by pressing a left key when the arrow points left and a right key when it points right.  The arrow is surrounded either by congruent (same direction) or incongruent flankers. The ANT also uses cues to direction attention. The four cue conditions are: no cue, spatial cue, double cue and central cue.  By making three subtractions it is possible to isolate performance in the alerting, orienting and executive network.  For alerting we subtract the double cue from the no cue RTs to get the effect of a warning prior to the target.  Since the target is presented above or below fixation a subtraction of RTs to a spatial cue at the target location from a central cue provides a measure of orienting.  Finally, the flanker effect (incongruent flanker RTs – congruent flanker RTs) provides a measure of the efficiency of resolving conflict, one of the primary functions of the executive attention network (Botvinick, et al, 2001).

All of these tasks had been studied in various forms of neuroimaging that provide a consensus on the neural networks involved.  We have also conducted a neuroimaging study of the ANT that activates each of these networks (Fan et al, 2001).  Each of the three subtractions, discussed in the last paragraph, activated a separate network that corresponded reasonably well to what had been found in previous studies of alerting, orienting and conflict using separate tasks.  

In addition, each of these networks appears to have a dominant neurotransmitter.  Alerting appears to be noradrenergic (Marrocco & Davidson, 1998); orienting, cholinergic (Davidson & Marrocco, 2002) and the executive network dopaminergic (Fossella et al, in press; Posner & Fan, in press).

The ANT has a number of useful properties as a measure of the efficiency of attentional networks. It does not use linguistic stimuli so can be used with children, animals or speakers of any language.  While individual tests of each network might provide more precise scores, using the ANT sufficient trials can be acquired in twenty minutes to obtain a measure of the efficiency of each network with reasonable reliability.   This allows a rapid assay of attention to be used in conjunction with diagnosis or therapy.

Individual Differences

A future goal of imaging will be to understand differences among individuals.  The availability of MRI makes it possible to specify individual brains anatomically and by superimposing hemodynamic and electrical responses specify functions related to individual anatomy.  However, the study of attention has not been much concerned with individual differences, although the topic of group differences in attention in cases of brain injury or other neurological or psychiatric disorders has been a major topic, the study of normal variability in attentional networks has not.  With the new information available from the human genome project and with some evidence already of the important role genes can play in performance (Greenwood, Sunderland, Friz & Parasuraman, 2000).  It does seem time to develop such an effort.  

Our goal was to try to provide a phenotypic characterization of attention in individuals that would allow links both to imaging and genetic studies.  In addition to overall reaction time and error rates, subtractions can be used to obtain measures of the efficiency of the alerting, orienting and conflict networks.  Rather surprisingly the scores of these three networks are relatively independent from each other and from the scores of overall RT and errors. (Fan et al 2002; Rueda et al, 2002).

We have used the ANT with fMRI to produce images of the attentional networks involved in processing both cues and targets.  The brain areas found active in orienting correspond quite closely to parietal and frontal network discussed at this meeting (Hillyard; Kastner; Shulman & Corbetta; this volume).   In addition, we found a strong thalamic node for alerting and an activation of the cingulate in response conflict (Fan et al, 2001).

Genetics

We conducted a small-scale twin study (Fan, Wu, Fossella & Posner, 2001), which showed correlations among the twin pairs in overall reaction time, conflict and alerting and a substantial heritability estimate for the conflict network.  These results show that the networks scores are valid in the sense that they correlate among pairs of subjects with similar genomes.  

The use of genetic analysis with chronometric studies has been applied to the neuropsychology of reading disorder (Olson, Datta, Gayan, & DeFries, 1999), early Alzheimer dementia (Greenwood, Sunderland, Friz & Parasuraman, 2000) and attention deficit disorder (Swanson et al, 2000).  For example, Parasuraman and his colleagues were able to show a deficit in orienting networks in early Alzheimer’s disease.  Patients had difficulty in using central cues to improve their handling of subsequent targets.  This chronometric analysis was supported by a finding of reduction in blood flow specific to the superior parietal lobe, an area known to be important in orchestrating voluntary shifts of attention toward targets.  Patients with early Alzheimer’s disease frequently have a characteristic genetic allele related to the tendency to produce deposits of amyloid.  In the study of asymptomatic subjects who had this genetic variant they found a small deficit in orienting to central cues that closely resembled what they had reported for early Alzheimer’s (Greenwood, et al, 2000) 

We have been using the links between specific neural networks of attention and particular chemical modulators to investigate the genetic basis of normal attention (Fossella et al, in press; Fossella, et al, 2002) and pathologies (Swanson et al 2000).  While this work is in an early stage we believe it will be very useful in helping to understand the range of individual response to pharmacological and other forms of therapy.

Development   

Changes in RT for eye movements or key press responses can be used to trace changes in performance from a few weeks of age.  In general, one finds continual reductions in speed from early infancy to adulthood and increases later in life.

However, this does not mean that all neural networks that might be studied by chronometric techniques are likely to show the same function.  Recently we developed a child version of the ANT in which the arrows are replaced by fish swimming to the left or right. We compared children and adult performance in the child version of the ANT (Rueda et al, 2002).  We found evidence of clear and surprising differences between attentional networks in the rate of their development.  Covert orienting of attention in our task was already developed to adult levels at 4 years of age.  Our task required only rather gross distinctions between targets above and below fixation so that its early development is not too surprising.  Alerting continued to show development at least to adolescence.  The alerting affect appeared to be mainly because children have trouble maintaining alertness in the absence of a warning.   This could reflect difficulty in maintaining the task set over a brief delay.  Most interesting, the executive network, involved with monitoring conflict between the flanker and the target, developed from 4-7 but not after that.  This surprising effect might be due to the relatively simple nature of the child ANT.   We ran older children (10 years of age) and adults in the arrow version of the ANT, we found much longer RTs than for the child ANT and the children were slower than the adults, but the children and adults were not different in conflict scores, supporting the relatively early development of this network. 

Modern studies of how the human genome differs among individuals have given new emphasis to studies of brain networks underlying the individual functioning of cognition and emotion.  This approach is of obvious utility to neuropsychology.   If we understood the range of normal variation and the genetic and experiential events that produce it we would be in a better position to understand pathologies.  This goal is somewhat remote, but even the early studies of genetics (e.g. Fossella et al, 2002; in press; Swanson et al, 2000) are already providing some useful illumination to our understanding of neuropsychology.

Summary

The brain is not fully formed at birth and studies of child development are revealing how maturation and experience shape its early growth (Neville, this volume; Posner, Rothbart, Farah & Bruer, 2001; Spelke, this volume). Of great importance are control networks involved in sensory orienting, achieving and maintaining the alert state and in executive control, which can take many years to develop to adult levels.  While all humans undergo a generally similar developmental course, brain networks are also influenced by differences among individuals in their genes and experiences.  The study of individual differences in cognition, personality and attention includes studies of structural and functional imaging.  These efforts, together with other methods, are aimed at understand how genes and experience work to shape networks both during child development and following maturity.

VOLITION

The papers on sensory motor integration raise the difficult question of going from brain images to behavior.   It has proven possible to image areas of the brain that are driven by sensory input or respond to motor output, but what is involved in determining if the presentation of a word or picture will lead the person to name the word, free associate or race out of the room?   Volition, under the title Control of Cognitive Processes, was the primary topic of Attention and Performance XVIII (Monsell & Driver, 2000).  In the present volume, Schall argues that automatic or reflexive responses to stimuli, what he calls choice, involve different mechanisms from the more reflective or effortful responses, which he labels “deciding”.   

The study of effortful control based on deciding what response to make to a stimulus raises the issue of the mechanisms involved in volition.   If imaging is to live up to its promise it will have to tackle such questions directly.  In this section I consider three closely related issues concerning the nature of volition.  First, are techniques that have already begun to be used to relate images of the brain to outcomes.  I think this is an important area. .  A second part of this section discusses the links between the executive attention network and volition.  The final section reviews efforts to relate the anatomy and circuitry of executive attention to the complex world of natural behavior of children and adults through correlations between questionnaires and experiments.

Imaging behavior

While almost all of the papers presented at this meeting image the brain during cognitive tasks, we also need to be able to ask how directly does a particular brain state, which can be imaged, lead to a particular behavior.  In other words how predictive is the state of the brain as measured by current methods of the behavior that might emerge.  

Dehaene et al (1998) puts the issue as follows:  

 “most neuroimaging experiments aim to identify the brain areas     whose activation correlates tightly with an aspect of the subject’s behavioral task.  If the logic of neuroimaging is correct, however, it should also be possible to reverse this sequence of operations. Once we understand the function of a given brain area or network of areas, it should be possible to infer what kind of task the subject was performing.”

To illustrate this idea Dehaene et al (1998) used data from a task of deciding whether a digit was above or below 5 by having subjects press a key with the left or right hand.  It was found that an average of 91% of motor responses could be predicted correctly from the BOLD activity in the motor area.  Other investigators have used the lateralized readiness potential from the EEG or MEG recordings to carry out similar, but somewhat less accurate predictions.

Deheane and his associates (Piazza, Giacomini, LeBihan & Dehaene, in process) have recently extended this idea to determine whether or not a subject employs attention in enumerating the number of stimuli present in a display.  The idea is that if people are able to calculate the number preattentively there should be no activation of the orienting network, which is involved in shifting attention between items.  He finds that most individuals can process 2-3 items (dots in this case) without evidence of changes in the orienting network, but above that number activation of the orienting network increases with the number presented.  Usually we control the stimulus presentation, for example, by a mask to keep subjects unaware, but perhaps now we could simply use activation of an attentional network related to awareness or volition to determine on a trial by trial basis whether the response was based on “deciding” (Schall, this volume) or was an automatic choice.

Conflict

A major theme of this meeting is the importance of competition as a determinant of the organization of neural circuitry.  In the attention section we discussed the biased competition model (Desimone & Duncan, 1995) that emphasizes the role of attention in the resolution of local conflict within the receptive fields of neurons in prestriate areas.  On a longer time scale, competition between sensory inputs can be reduced by deprivation as in blindness or deafness leading to a reorganization of normal sensory systems (Neville, this volume).  Similarly, Pascual-Leone showed that reducing sensory input by blindfolding could lead to easier recruitment of the visual system in the service of somatosensory input during learning to read Braille.  Work by Taub et al (2002) has shown that recovery from brain injury can be enhanced by preventing use of the good limb, during exercise of the affected limb, thus improving reorganization. 

When subjects obey an instruction to select between simultaneously presented dimensions in conflict tasks they activate a common network of prefrontal and midline frontal brain areas that we have labeled the executive attention network.  A central node of this network appears to be located in the anterior cingulate gyrus.  Studies of tasks designed to involve conflict have invariably found activity in this area (Bush, et al, 1998; 1999; Fan et al, in press; 2001; 2002). In these tasks the source of the conflict is contained within the stimulus display, a situation that is relatively uncommon in real life. However, a network including the anterior cingulated, but also lateral prefrontal cortex is activated in a wide variety of tasks that draw upon the general intelligence factor  (g) as reported by Duncan and his colleagues  (Duncan et al, 2000). Thus even when the conflict is implicitly elicited by the difficult nature of the thought process the executive attention network appears to be needed.  We might then consider a reflexive response as one, which is so clearly driven by input that no activity within this network is required.   We would then have a candidate for distinguishing volitional from involuntary responses to input and at least a start in understanding the nature of the decision process that is involved when tasks involve reflection.  Schall (this volume) cites an interesting fMRI study (Rees, Friston & Koch, 2000) in which displays of moving dots were presented to subjects who had to report the direction of movement.  When the movement was induced by coherent dots all moving in the same direction the task was easy and mostly occipital areas were active, these areas increased in activity the more coherent the motion.  However, the anterior cingulate and insula increased systematically as the coherence of the dots decreased and hence the difficulty of the judgment increased.

While conflict seems to be a central way of activating the executive attentional network there is evidence of other situations in which it has been activated.  For example, when subjects are required to respond rapidly to stimuli (Naito, et al, 2000), for error detection (Dehaene, Posner & Tucker, 1998) even when the error is indicated by feedback  and in some other emotional responding (Bush, Luu & Posner, 2000).    It may be that the network could better be seen as relating to many forms of effortful or voluntary control even when it involves regulating of positive and negative affect. 

Imaging studies have begun to provide a basis for exploring frontal networks involved in effortful control (Dehaene, Kerzberg & Changeux, 1998).  These studies suggest that both anterior cingulate and areas of the lateral prefrontal cortex operate together during tasks involving high levels of mental effort.   Dehaene et al  (2000) have proposed a global workspace suggesting that both medial and lateral frontal areas exert a common influence during mental processing, However, the neuroimaging studies of orienting to sensory stimuli, discussed previously, show that within the large scale distributed network found to orchestrate shifts of attention, each specific area plays a different role.  We expect that a similar story will eventually emerge with respect to the lateral and medial frontal structures involved in executive attention.   Some proposals have been made as to what the roles for different frontal areas might be, but as we pointed out (Bush, Luu & Posner, 2000) none have clear support in the current data 

One possibility is that the more lateral areas are involved as holding circuits in which domain specific activity is represented while acted upon by midline circuits. This would fit with the role of lateral frontal cortex in working memory (Smith Jonides, Marshuetz & Koeppe, 1998). 

A different idea about how lateral and medial frontal areas might be developed from the idea of that there are both automated and attended routes to output (Raichle et al 1994). Raichle presented subjects with the same list of nouns many times   each time requiring them to generate a use.  While a novel list activated a brain network including the cingulate and lateral prefrontal cortex, when the list had been repeated several times these activation disappeared and instead a different area the anterior insula increased in activity.   According to this idea the anterior insula represents a more automated pathway to word output, which is active in reading aloud and in generating uses when the association has been recently practiced.   The cingulate is part of a pathway used when effortful control is required such as when generating the use of a noun for the first time.

Another view involves the distinction between monitoring and control (Botvinick, et al, 2001).  According to this view, the cingulate   function is largely on the sensory end.  It is involved in the detection of potential cross talk or confusions between separable modules.  Lateral areas of the cortex are then activated to provide control operations, which might include increased activation or inhibition that will eliminate the confusion between modules. 

These three views all propose to break down executive attention into components and preserve the general approach to brain activity in which specific anatomical locations are related to mental operations (Posner & Raichle, 1994).  Other ways of organizing frontal function have also been proposed (Frith, 2000; Petrides, 2000).  Future research will have to determine whether high-level attention can be identified with distributed components each of which carries out a specific function, or whether the frontal lobe activity follows new principles of brain organization. 

Self-Regulation

A somewhat overlapping perspective on these mechanisms involves the study of control of emotional and cognitive responses to stimulation.  There is substantial animal work suggesting that frontal midline area connect with and regulate brain systems related to emotion (Davidson et al 2000).  While much of the fMRI work has involved negative emotion (Whalen, et al, 1998), there is now evidence the efforts to control positive emotional states, such as the erotic responses to explicitly sexual movies activates a cingulate generator (Beauregard, Levesque & Bourgouin, 2001). 

The idea that the cingulate region is involved in self-regulation also comes from our studies of the development of the executive attention network.   We found strong evidence of development of this network in 2-5 year olds using a spatial conflict task which induces conflict between identity and location, two of the earliest developing visual system operations (Gerardi-Caulton, 2000; Rothbart, Ellis & Posner, in press). In adults the spatial conflict task activates the cingulate in an area similar to the color Stroop and flanker tasks  (Fan et al, in press).   

As mentioned previously our work with the child version of the ANT found that development in the executive attention network continues up to age 7 but NOT after that age.  In order to test this with a bit harder task we compared ten year olds and adults in the adult version of the ANT and found no difference in the conflict network although other aspects of the task continued to develop.  Recent studies of adolescents seem to indicate about the same level of conflict as found in children above 7 and adults.  Because a striking feature of children between 2 and 7 years of age is the increase in their ability to regulate their emotions and actions we have thought of the network as related to self-regulation. In support of this idea we have found significant correlations between parental reports of the ability of the child to control themselves in the practical situations of real life (effortful control) and performance in the spatial conflict task (Gerardi-Caulton, 2000; Rothbart, Ellis & Posner, in press).  Recently we have found evidence of a similar correlation in adults between a self-report measure of effortful control and performance on the conflict network of the ANT.  

Studies of the executive attention network and effortful control have both found substantial heritability (Goldsmith et al, 1999). Moreover,  effortful control related to empathy is stronger with children high in effortful control showing greater empathy (Rothbart, Ahadi & Hershey,  1994).   Effortful control  also appears to play a role in the development of conscience.   Studies of the development of conscience show it to be facilitated in children high in effortful control (Kochanska, Murray, Jacques, Koenig & Vandegeest, 1996). Lesions of the medial frontal area that includes the cingulate  gyrus produces the tendency toward psychopathy both in children (Anderson, et al, 2000) and adults (Damasio, 1994). Recently Ellis,  2002  found evidence that both effortful control and conflict measured by the ANT aided in the prediction of anti social outcomes in adolescence.   These findings suggest that the executive attention network is a part of the mechanisms by which children learn to regulate their behavior in accord with social norms.

The importance of imitation of others  on our behavior and mental state is  strongly  emphasized in this volume in the association lecture (Rizzolatti, this volume) and in the work of Hari in humans  (this volume).  Their studies provide one basis for viewing the social world as part of the infants’ core knowledge (Spelke, this volume).  Like all aspects of core knowledge this function also must have a long developmental history in reaching adult levels.  The ability to examine the mechanisms by which these influences control pro-social behavior should prove a significant contribution of  brain imaging.  

Summary

The difference between automatic choice and reflective  “deciding” can be explored by understanding the circumstances where high level attentional network are brought to bear upon control of thoughts, actions and emotions.  Studies of the executive attention system in conflict related tasks in children,  have shown the close relation between its development and parental reports of the ability of their children to control their behavior and emotions.  In turn effortful control places an important role in successful outcomes for children.  These findings suggest the start of efforts to relate the results of imaging studies to central issues of fostering the growth and development of children.

PERSONAL PERSPECTIVE

It has been 36 years since the first Attention and Performance meeting in the Netherlands in the summer of 1966.  I sat in that audience in hopes that our collective work might make a contribution to understanding human nature, to bettering the lot of people and to explaining the human brain. For me, who was for the first time out of North America, it was a stunning experience. The presentations represented the work of people who shared the goal of understanding the functions and limitation of the human nervous system.  However, the range of measures was somewhat limited. Large leaps were required for us to pass from the number of items reported following a cue, to the inference of an iconic trace present in the visual system, or from delayed reaction  time to the second of two stimuli to  inferences about a central refractory mechanism.

Today 36 years later we have a powerful array of new methods.   I believe that a large number of difficult inferences from RT and error methods have been validated by these new techniques.  Thirty years ago we speculated that subjects could react to the visual form of input based on attention to a visual code.  Now we know they can do so,  because attention amplifies neural activity within narrowly defined visual system areas. Twenty years ago we were defining the objective characteristics of visual images created internally without stimulation, while today we can observe changes in visual cortex due to such computations.  These findings ensure a permanent role for both behavioral studies and imaging studies in understanding links between brain and mind.

Donald Broadbent, was not at the first meeting, but his research represented another important value strong in the field at that time.  He supported the application of human psychological studies to real world problems.  In this regard human performance as a field had been greatly influenced by World War II applications.   It seems to me that cognitive neuroscience is now in a similar position to contribute to and gain from studies applying our new knowledge of how neural networks are built under the influence of genetics and experience to issues such as child socialization, psychopathology and the design of educational systems.   Imaging is not just a new tool for studying the human brain it is an appropriate tool for understanding how our brains control our behavior.
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