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Chapterr  2 Buildin g A Window on the Brain 

Inn a typical cognitive PET experiment, subjects are injected with a radioactive 
tracerr (H2 O) while they are performing a cognitive task (e.g. readings words; 
recognisingg pictures). The PET scanner detects distribution of the tracer in the 
brain,, which is an index of the distribution of cerebral blood flow, and hence, the 
patternn of brain activity. A standard experiment consists of 6-19 scans per subject, 
madee 10-15 minutes apart. Each scan may represent an experimental condition, 
butt to increase the signal to noise ratio in the blood-flow data, it is common to use 
multiplee scans per subject and condition. To further increase the statistical power, 
thee data from a number of subjects representing the same condition are usually 
averaged.. Before averaging, the images from different subjects area transformed 
too a common brain space. This is done on the basis of brain landmarks inferred 
fromm the PET images or from the MRIs of the subjects with both methods giving 
similarr results. The specific locations where differences are observed [activations 
orr deactivations, in comparing the reference and the target tasks] are usually 
expressedd as three-dimensional (x, y, z) coordinates in reference to the stereotaxic 
brainn atlas of Talairach and Tournoux (1988).24 

Brainn mapping is said to have opened up the possibility of a new collaboration 
betweenn the sciences of mind and the sciences of the brain. This collaboration, brain 
mapperss claim, wil l yield a new kind of science and scientist: 

"Att no previous time in our scientific history have we been in a better position to 
achievee the crucial working relationship between the behavioural and brain 
sciencess that Sherrington envisaged Success in this exciting endeavour is 
dependentt on a close working relationship between cognitive scientists who 
understandd how to characterise and study elements of human behaviour and 
neuroscientistss who understand how to study brain function at a systems 
level....Wee can expect a new breed of scientist, whom we might call cognitive 
neuroscientists,, to emerge from this partnership, equipped with the 
interdisciplinaryy skills necessary to be successful in this challenging area. 
(Raichle,, 1994b)." 

244 From Roberto Cabeza and Lars Nyberg (1997), edited slightly for legibility by author. 
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Itt is precisely what makes up this "close working relationship" and its effects that will be 
investigatedd in chapters 2 and 3. The description of a typical experiment above contains a 
numberr of concepts that have been taken over from the experimental strategies of various 
discipliness and some that have been developed specifically for brain mapping. In this 
chapter,, a key part of the working relationship will be shown to be constituted through the 
developmentt of a digital space in which to measure mind and brain. This chapter will 
examinee how, for example, 

"Brainn imaging offers psychiatry a broad range of investigative techniques that 
fulfi ll  the popular fantasy of being able to *read the mind' albeit in the form of 
'seeingg the brain' both structurally and functionally (Andreassen, 1988)." 

Bvv the end of this chapter, the significance (if digitalisation for shaping how the mind 
camee to be read by seeing the brain should be clear. Chapter 3 wil l address the aspects of 
mindd which came to be read in this way. 

Neww possibilities for collaboration between mind and brain sciences and for 
learningg about the mind through exploration of the brain involve a number of changes and 
innovationss in the way functional imaging is pursued and organised. New brain imaging 
technologiess certainly play an important role in this process, though some brain mappers 
havee decried the fact that too many of the new collaborations have been attributed to new 
scanningg possibilities: 

"Althoughh continued technical developments attract the lion's share of attention, 
off  far greater importance for the maturation of the field is the expanded 
participationn by scientists in adjoining, complimentary disciplines. ...Human brain 
mappingg is an emerging discipline (Fox, 1993)." 

Thiss chapter wil l consider the changing participation of various clinicians and scientists, 
andd will show how closely this is linked, not only to the development of scanners, but 
alsoo to the development of a set of representational conventions embedded in digital 
technologies.. I suggest in this chapter that conventions can be viewed as a boundary 
object,, part of the shared tools that "specify the content of professional agreement and are 
privilegedd sites of inter-professional debates (Ix>ewy, 1992)." As with any other new 
technology,, correlation between measures and a meaningful context must also be 
established;; in a context of clinical care, measures have to make sense in terms of 
conceptss of disease (Amsterdamska, 1998). This is also true in research settings, where 
measuress have to make sense in terms of phenomena, which disciplines take to be their 
object. . 

Thee development of meaningful 'scans', providing important information to both 
brainn and mind scientists, is not solely the result of having "a window on the brain", 
openedd up by scanners, but of continuous efforts to build, frame and learn to look through 
it.. The development of particular contexts in which new types of information can be 
meaningfull  has been told before (Pasveer, 1992; Yoxen, 1987) and wil l serve as 
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importantt theoretical models here. Representations wil l then be taken as point of entry 
intoo the practices and agreed-upon conventions on which the knowledge claims of 
scientistss are made since "for such images to be relied on as evidence, there must be 
generall  agreement as to their value and reliability, and there must exist a set of procedures 
forr generating them (Yoxen, 1987)." In developing new uses, for ultrasound, in this case: 

"Differentt groups pursued different strategies and explored the utility of different 
graphicc conventions, even though a common aim was improved diagnosis. What 
seemedd an acceptable engineering solution was somewhat variable, although in 
eachh case the basic challenge to be faced was the validation of the resulting image 
throughh some sort of visual comparison. (Yoxen, 1987)." 

Yoxenn notes that a common way of making sense, namely visual comparison, can be 
observedd in the various strategies applied to ultra-sound results. The development of x-
rayss also involved comparative recovery and reworking of diagnostic criteria in x-rav 
images.. Comparisons in this case were made with anatomy, to other diagnostic results, 
andd between x-rays, so that 

"x-rayy workers make this 'world of the unseen' into a visible world by actively 
searchingg for means of comparing the unknown shadows to known representations 
off  the body....The unknown shadows were made to fit other, stable, well-known 
diagnosticc practices... (Pasveer, 1992)." 

Pasveerr goes on to show that if x-rays open a window on the world, it is a remade world. 
Clearly,, there is much work involved in establishing the meaning of new kinds of 
information,, and this usually done using a number of strategies, which may have a 
commonn element, for example, visual comparison or relevance to diagnostic categories. 

Inn terms of PET scans, the development of meaningful uses of these scans is 
characterisedd by two features. First, its development straddles not only a number of 
applicationss and research questions, but also two modes of representation, the optical and 
thee digital. As such, this case highlights the kinds of changes that the increasing use of 
computerisedd imaging, data processing and modelling may bring about, such as 
quantitationn and the use of statistics, and automation and manipulation. Second, as an 
evolvingg framework for understanding PET scans, digitalisation supports conventions 
whichh standardises some aspects of the work while also allowing for increased inter-
disciplinaryy collaborations around PET, and eventually, even with other functional 
imagingg technologies. This chapter wil l examine how conventions for understanding PET 
scanss change as new groups become involved in the use of scanners and as they try to 
posee research questions in which their 'own object' (pathology, cognition, etc) can be 
apprehendedd in the scans. By developing a framework that could accommodate a number 
off  meaningful measures, functional imaging data came to be significant in an inter-
disciplinaryy context. I wil l argue here that as conventions developed, they enabled PET 
scanss to be used, and shared meaningfully between disciplines of mind and brain, and 
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weree an important component in establishing PET and brain mapping as interdisciplinary 
endeavours. . 

Anatomy::  The mother  of all neuro-disciplines 

Thee complexity and centrality of PET to brain mapping, already described in the 
firstt chapter, means that a number of points of departure can be chosen for telling the 
storyy of its development. As a technology, and a generously state-sponsored one, PET 
developedd in parallel to work on nuclear reactors and accelerators." As a fairly exclusive 
tool,, it was only available in a handful of academic hospitals, located close to centres for 
phvsicss research, where work, was done on the potential clinical uses of the scanners in 
nuclearr medicine."^Arguably, this early clinical context tied the production of scans to 
diagnosticc or therapeutic intervention, of which anatomy was an important component. In 
thee study of the brain too, anchoring functional data to (anatomical) structural information 
iss still seen as a major stepping stone for using PET. Neuroanatomy is considered the 
"motherr discipline" (Senior researcher, trained as physicist), "the organising structure for 
informationn about the brain (Pechura and Martin, 1991), and " the most fundamental 
languagee of communication in neuroscience (Frackowiak et al, 1997). 

Butt how PET scans were to be related to anatomy was not clear for researchers 
andd clinicians in the early eighties. The tension between PHT as a tool providing 
informationn about physiology and anatomical knowledge is a central theme to the history 
off  how PET scans became meaningful. Reflecting on the development of PHT, around 
1994,, sociologist Anguelov observes that 

~~ Like many other applications around 'radioactivity', this research has ties to the military-sponsored 
researchh of the war and post-war period. Isotopes became available as a by-product of the development of 
nucl -, rr reactors. They were offered for scientific research by the American Atomic Energy Commission in 
thee | rnal Science, in 1946 {Kevies. 1997), These were used for the destruction of tumours (not imaging) 
all  that lime, and the medical spin-off of nuclear research became an integral part of the 'atoms for peace 
program'' of the 50s, under Eisenhower (Kevies. 1997). This connection was also to be found in other 
countriess than the United States—European countries where atomic centres were built also supported this 
typee of research, so that the locations of early PET centres map closely unto those of atomic research 
centres.. Witness this map of PET at the following site: http://www.epuh.org.br/cm/n01/pet/pet_hist.htm. A 
possiblee exception, the centre in Montreal, turns out to have its origins in the work done at Brookhaven; 
Yamamoto,, one of the pioneers of PET imaging in Montreal, developed a circular array unit around 1966. 
andd took it with him when he went to work in Montreal (Anguelov, 1994). 

''' While it is difficul t to argue that PET has not been successful clinically, there does seem to have been a 
ratherr protracted development period, perhaps especially in comparison with (medical) other scanners. 
'Clinicall  PET' for example has been repeatedly announced for the past two decades, but found slow to 
emergee (Karp and Freifelder, 1992; Lumsdon. 1992). Accusations that PET was not living up its promises 
weree heard in the late eighties from academic neurological, psychiatric and neurosurgical corners 
(Rapoport.. 1991), Well into the nineties, PET was still said to be "waiting in the wings" for use in patient 
trialss (Sawle, 1995). State sponsorship, which arguably prevented market development, has been blamed for 
thiss (Kevies, 1997) as well as reluctance by insurance companies to reimburse scans, and regulation 
problemss (Gershon, 1995). Others have argued that PET was held back, because undergoing closer scrutiny, 
inn reaction to feelings that its predecessor, MRI, was not properly evaluated before being brought widely 
intoo use (Coleman, 1993). 
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"PETT is only in rare cases used alone, since it is not the function per se that is of 
interestt to scientists and clinicians, but the localisation of the function in the brain. 
Therefore,, PET images (which visualise a function of interest, FOI) are coupled 
withh MRI images (which visualise a ROI  [region of interest]). This coupling 
requiress more refined approaches to the very scanning of subjects and convenient 
algorithmss to archive an anatomo-physiological match that is idiosyncratic for 
eachh subject.... (Anguetov, 1994) 

Anguelovv suggests that the coupling is part of the "thinking of PET people", and also 
furtheredd by the presence of MRI  and CT scanners where PET scanners are also found: 

Thuss in every respect PET is something that comes after or is built upon the 
precedingg imaging techniques. In this sense, in BI [brain imaging] MRI  serves as 
thee referent to PET. The underlying reason, I propose, resides in the fact that 
biologicalbiological structure and function arc not only the two sides of a coin, but they 
existt in a mixed form in the thinking of PET people. The exciting feature of PET 
iss that it 'shows' function but nobody contends that this 'show' has a meaning 
withoutt being correlated, matched or referred to the anatomical picture of the 
samee region, section, volume, etc. (Anguelov, 1994)." 

Anatomyy does indeed constitute a central theme in the use of PET, and the coupling of 
structuree and function are deeply ingrained in the current use of PET. But what is meant 
byy anatomy is not self-evident and how a relationship between types of data and various 
technologiess is achieved has varied over time. To problematize this further, I wil l show 
thatt correlation and matching are highly complex, and that the relation of structure and 
functionn gradually changed, as who counts as "PET people", their tools and goals also 
changed.""  I wil l therefore analyse how anatomy, as a key 'context' for using and 
understandingg PET scans, is formulated and sometimes contested in multiple ways, and 
dependss on the uses to which PET is put. 

Inn the early eighties, anatomy was important but problematic; some of the explicit 
discussionss of the need for a meaningful content of these scans insisted on the importance 
off  anatomy for understanding the brain. In an editorial, John Mazziotta, a neurologist by 
training,, stated that traditionally, 

"neuroanatomyy has provided a common language of communication among 
investigators""  but that "present-day techniques that employ tracer kinetic 
approachess to image the three-dimensional cerebral distribution of physiological 

Onee strand of this story will not be included in subsequent discussions, but deserves to be noted here. At 
thee point where the method to trace blood flow (H2'

50 method) developed, a greater distinction grew 
betweenn ligand studies and blood flow studies. In the former, the notion of PET as a molecular technology 
hass developed, coupled to rigorous, absolute quantitation (Jones, 1996) and sometimes aligned to the 
powerfull  bio-medical research areas of molecular biology (Wagner, 1992). 
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andd biochemical processes provide challenging new problems to this old 
disciplinee (Mazziotta, 1984)."" 

Thiss editorial in the Journal of Cerebral Blood Flow and Metabolism was in effect a call 
too improve the use of new techniques, because 

"thee exchange of information, the credibility of results, and the power of these 
techniquess wil l in part be determined by our ability to find standardised, 
reproduciblee and accurate methods of analysing data from these sources 
(Mazziotta,, 1984)." 

Thee issue of the meaning of scans is posed here in terms of the challenge and need to 
reconcilee this new data with anatomy. Subordinate to this agenda are other issues, 
includingg the need to find a way to handle 3-D data" , to perform studies across many 
subjectss and to construct a model of cerebral function. This editorial also contained an 
announcementt of a series of workshops to address these issues, organised by Mazziotta 
andd Stephen Koslow, of the National Institute of Mental Health. 

Thee main strategy eventually adopted to achieve these ends was the spread and 
developmentt of the Talairach system. This system mentioned in the first chapter has 
indeedd become a marker of brain mapping work. But this convention does not only unify 
memberss within the mapping community, it also sets it apart from the larger 
neuroscientificc community: 

"Newcomerss to the field of functional neuroimaging, particularly those reading 
thee PET activation literature for the first time, are often bewildered by the 
abandonmentt of traditional neuro-anatomic nomenclature in favour of a set of 
coordinatess (Woods, 1996)." 

ww The cumbersome description of what these new techniques measure in this quotation is of course not 
independentt of the ongoing search for what is shown by these technologies. 
Twoo controversies flared up, in the mid-eighties and mid-nineties, challenging what the imaging 
technologiess were 'really' measuring (Barinaga, 1997). Blood flow is coupled to neural activity, but the 
exactt relation is not considered to be clearly understood, though recent developments have focused what the 
relationshipp might be (Magistretti et al, 1999). The neurobiologies) basis of the blood flow and neuronal 
activityy coupling is still not understood (Raichle, 1996b; Friston. 1997). 
: yy Digital 3D imaging permeates our visual culture to such an extent that there is a danger of forgetting how 
novell  a mode of representation it was up until a few short years ago. As this chapter demonstrates, the 
constitutionn of conventions for using and making sense of data in this form has been anything but linear, and 
fulll  of contingencies, accidents, and unintended consequences. 
300 The involvement of the NIM H here, and throughout the next decade should be understood against the 
backgroundd of the Institute's conscious decision to move away from its public health profile and take a turn 
too lab-based, biological investigation, and a focus on a neuroscience program. From early eighties, the 
NIM HH was therefore committed to more "empirical" work, and reorganized its research activities around 
diseases,, forming alliance with patient groups. The Decade of the Brain was a further opportunity to move 
inn this direction. In the nineties, the 'parity' of mental illness with other diseases (meaning both 
destigmatisationn and better health insurance coverage) became an aim of the NIMH. Finding biological 
causess to mental illness was considered to buttress this aim. After its separation from the NIH in the sixties, 
thee NIMH became more "social"; its return to the NIH marks a turn to the "scientific". 
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PETT has been reconciled to the mother discipline, but not on traditional terms: shifting 
awayy from neuroanatomy through digitalisation involves leaving the optical framework 
andd linguistic labelling of traditional anatomy. I will argue here that the 'abandonment' of 
nomenclaturee has been the result of a series of development of the community, including 
thee involvement of new groups of researchers in functional imaging, eventually also 
leadingg to transformations of the Talairach conventions themselves. By tracing the 
adoption,, transformation and debates around various applications of 'anatomy' the 
establishmentt of a meaningful context for scans, the constitution of this new stream of 
researchh and the establishment of collaborations for mapping the mind in the brain can be 
analysed. . 

Metabolicc Landscapes 

Inn the early eighties, PET scans were evolving in a number of nuclear medicine 
andd medical physics contexts, where they were used to make physiological measurement 
off  brain metabolism (glucose) and blood flow. " Scans were used to measure "local 
cerebrall  metabolic rates", in the tradition of physiological and metabolic studies of the 
brainn (Kennedy, 1991). Much of this work had previously been performed on animals, 
andd in humans to study epilepsy and stroke—conditions defined in terms of a 
physiologicall  abnormality. These and other clinical conditions (Huntington's, 
Parkinson's,, dementia) were explored with PET in humans. While many studies 
examinedd 'states' of the brain, some work done in 'normals' measuring activations, to 
determinee resting state (Mazziotta et al, 1981a). Visual and auditory stimulation were 
investigatedd (Mazziotta et al, 1981b; 1982), as well as more purely 'mental' activity such 
ass visuo-spatial imagery and memory (Roland, 1985). Besides serving to explore function 
inn the human brain, these studies were also justified in clinical terms. For example, 
scanningg the brain, while the subject was receiving visual or auditory stimulation, could 
formm a basis for developing 'activations paradigms'. Using these, neurologists might 
highlightt slight dysfunctions in the brains of epileptic patients, that would not show up in 
thee brain at rest (Mazziotta and Engel, 1984). 

Inn order to properly understand these scans, three requirements were mentioned: 
theree is the need to have knowledge of models ~, scanner technology and of 
"neuroanatomicc relationships of sizes and orientations" (Mazziotta, 1981a). Specifically, 
knowledgee of anatomy is necessary because of the spatial resolution of the scanner, and 
becausee of need to understand 'size effect'. This is a complex problem, but basically, it 
referss to the fact that small structures wil l not appear as distinct from larger ones, unless 
theyy have a very high concentration of radioactivity. What is significant about the 
mentionn of this problem for this chapter is that it indicates that anatomy must be taken 
intoo account to understand the detected physiological data. Another problem identified in 

Otherr clinical applications were being developed in oncology and cardiology during this time but will not 
bee discussed here. Sawle (1995) provides a review. 
""  This refers to the many models used in PHT technology, among others the need for models of the 

behaviourr of radioactive tracers and their rate of decay. 
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thesee early studies is that voxels' , the spatial unit in which the scanner makes 

measurements,, can overlap a number of structures in the brain. 

Figur ee 8 Digital Gri d 

Thiss can be thought of as a grid being laid onto the brain, and within one 'square', there may be more than 
onee structure. The value of a square is therefore made up of the combined values of the structures that fall in 

thee square. The smaller the square, the less likely it becomes that many structures wil l fall within one 
square.. Having more squares, however, may not always be possible because of the size of detectors, for 

example,, or because of the computer power needed to process more and more 'squares'. Note that the above 
iss a 2-d representation of these issues—the data is actually in three dimensions, so that the squares are 

'actually'' cubes. 

Reproducedd from William Mitchell. The Reconfigured Eye. MIT Press. 

Voxels,, a neologism derived from the slightly older pixel (picture element), describes a 'cubic' unit of 
digitall  data. 
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Figur ee 9 The "histor y of PET"  according to one manufacturer. 

Thee resolution improves, hringing scans closer to an anatomical depiction, but investigators still seek ways 
too control the scanner's sampling beyond its resolution. 

Reproducedd from http: Vwwvv. e pub . htm 

Thee significance of this concern is that the digital space of the scanner must also be 
relatedd to the anatomy of the brain. The interaction between physiology and anatomy, and 
betweenn scanner 'sampling grid' and anatomy, are therefore to be taken into account in 
orderr for scans to be interpreted. There was no consensus among PET investigators on 
thiss issue, and some mixed the various approaches listed below. 

Onee strategy for understanding PET scans was to minimise concern for the 
scanner'ss sampling and anatomy and to consider scan as physiological or metabolic 
landscapes.. This meant reading scans ' internally', for example, by assuming symmetry 
andd looking for asymmetries which might be typical of a condition. Here, the grid was 
ignored,, and scans were analysed as (optical) images meaningful to an observer. 

PETT could also be applied to clinical issues being tackled by structural imaging. 
Somee neurologists tried to subordinate anatomy and show the superiority of PET in 
detectingg pathology or brain abnormalities. This rationale for the use of PET was based 
onn the assumption that metabolic change might indicate changing physiology, and that 
suchh changes precede anatomical changes detectable by structural imaging technologies. 
AA number of articles appeared in the early eighties, comparing the scans in clinical cases 
andd emphasising the differences between the two types of scans. CT scans are compared 
too PET, and where no abnormality is visible on the structural scan, the PET scan is shown 
too indicate abnormalities in cases of blindness (Phelps et al, 1981), epilepsy (Mazziotta 
andd Engel, 1984) or aphasia (Metter et al, 1981). The suggestion made is that the 
functionall  definition of these conditions might be useful clinically, because it can provide 
'deeper'' or earlier indications of pathology, before structural change has taken place. 

Thiss strategy was also used in the early development of other imaging technologies, such as thermography 
(Blume.. 1992) early chest x-rays (Pasveer, 1992) and positron emission mammography (fieldnotes). 
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Anatomyy was an important element in interpreting these scans, if only because of the 
assumptionn that anatomy could be read through PET scans, in order to identify the 
structuress of increased or decreased metabolism. 

Butt if anatomy was an important element to correlate with PET data, there was 
alsoo an effort to explicitly distinguish PET scans from anatomical ones. The importance 
off  anatomy for using and understanding the new scanners and the results they produce can 
alsoo be seen in Mazziotta's editorial, which reflected on the state of metabolic imaging at 
thee time. Neuroanatomy is to be challenged by these new metabolic scanners, in the sense 
thatt the space of functional cerebral processes cannot be subsumed to an anatomical 
understanding: : 

"AA basic premise that must be discarded is that structural and functional anatomy 
aree equivalent. Although one can and should seek to find concordance between 
structurall  and functional anatomy, analysis schemes that rely on assumed 
equivalencee will be biased (Mazziotta, 1984)." 

Thiss editorial marks the beginning of efforts to standardise the analysis of PKT, and 
especiallyy to develop a concordance between the two types of data and to reference PET 
too anatomical information. The need to have a 'baseline', independent but related to the 
physiologicall  PET scans was a recurring suggestion: "Regional analysis of a 
physiologicall  measurement" was to be related to the corresponding anatomical structure 
off  areas in the PET image. Fox and colleagues agreed with Mazziotta about the need for 

"aa method for determining anatomical location within physiological brain images 
thatt is itself independent of the physiological image [to] be developed, 
standardisedd and accepted into general use (Fox, et al, 1984a). " 

Therefore,, a number of avenues were opened in order to establish PET's identity 
ass a technology and its particular contributions to the study of the brain. The tension 
betweenn physiology and anatomy has been and remains quite important for 
understandingg the development of PET. In this early period, there were attempts to 
establishh PET's superiority as an earlier marker of (pathological) change in the brain, and 
repeatedd insistence that it could not and should not be reduced to an anatomical scanner— 
byy distinguishing PET from the anatomical understanding of radiologists and their 
scanners,, the distinct identity of PET as a nuclear medicine tool could be maintained. Yet, 
thee drive to make PET clinically relevant involved the recurring call to find a proper 
"concordance""  between the two types of data. 

Thee message for a need to distinguish between these two types of data has often 
beenn repeated in the next decade, as technical improvements to PET brought its resolution 
closerr to other imaging techniques, such as MRI. While improving resolution makes the 
comparisonn of structure and function more probable, 
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"[a]ss has been previously stated (Mazziotta 1984; Mazziotta and Koslow, 1987) 
functionall  and structural anatomy are fundamentally different entities.... in reality, 
thesee images represent functional data that are not equivalent to structural 
informationn (Mazziotta et al,1991)." 

Thee clinical context of these developments and the growing presence of other (structural) 
scanningg technologies were important in framing the tension between these "entities". 
Imaging,, at this time, had clearly captured everyone's imagination (Raichle, 1996a). 
Researcherss contrasted PET with other imaging technologies that were entering bio-
medicall  imaging spheres at the time, the x-ray CT and nuclear magnetic resonance 
scannerss as they were then known." Even the way of naming PET pointed to spatial 
knowledgee and structural imaging technologies. Mazziotta wrote about the PCI'  (positron 
computerisedd tomography) and in 1978, Feindel and Yamamoto had used the term 
"Physiologicall  tomography" at the First Symposium on PET. At a time when other 'high 
tech'' imaging technologies were being applied to the study of the structure of the brain 
(Blume,, 1992; Kevies, 1997), PET was considered to be unique, in providing metabolic 
information.. But while clinicians were enthusiastic about the CT and MRI  scanners 
(Raichle,, 1996a), no clear clinical application existed for the kind of information PET had 
too offer—about blood flow, blood volume, oxygen consumption, receptor pharmacology 
(Raichle,, 1996a). In assessing clinical usefulness, the argument was often made that this 
techniquee provided information that had not been available with any other means, so that 
itt could not be compared directly with any single other diagnostic tests (Powers et al 
1991.)) The uniqueness of PET was also noted in technology assessment articles (Volkow 
andd Tancredi, 1986). But the uniqueness, potential and innovative character of PET were 
posedd in terms of anatomy and anatomical diagnostic practices based on structural 
information.. Given this medical setting and technological environment, anatomy was 
thereforee to be the touchstone for establishing the usefulness of scans. The relation 
betweenn the structural and physiological versions of anatomy was established explicitly 
usingg a number of technical strategies for correlation, that will be described in the next 
section. . 

Landmarks::  Physical Concordance as Principl e 

Iff  looking at PET scans was not considered an acceptable way of gathering 
informationn that would be relevant to clinically-defined conditions, the meaningfulness of 
scanss could be improved through the use of landmarks. These would discipline observer 
andd data, and enable matching physiological and anatomical scans, as though 
superimposingg two versions of a landscape by virtue of matching landmarks. 

II  have encountered two explanations for the change of name, from nuclear magnetic resonance to 
magneticc resonance imaging. In the course of mv fiddwork, researchers remarked that the term nuclear was 
droppedd out of regard for public sensibilities, while Kevies (1997) notes that the term was changed in order 
too distinguish radiologists and physicians in nuclear medicine 
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Platess of the Atla s 

Onee early method for establishing anatomical correlation of PET scans was to 
matchh the scans to corresponding planes from anatomical atlases. Using this approach, the 
headd of the subject or patient was aligned to obtain pre-selected slices, and these were 
thenn juxtaposed to anatomical representations. 

Pagee from a paper atlas Individual PET Scan 

Figur ee 10 Visual comparison of paper  atlas and brai n scan 

Thiss is the scan as 'landscape', where two representations, an anatomical and a functional version of the 
spacee inside the brain are to be evaluated optically and compared in the viewer's mind. Elements of this and 

followingg figures (scans) are reproduced courtesy of the Brain Imaging Centre (BIC), Montreal 
Neurologicall  Institute. 

Thenn boxes, representing 'regions', were drawn on the anatomical images and on the 
correspondingg slices of the PET scan. Researchers would analyse the PET scan in terms 
off  one or more atlas representation and measure how much activity there was in the 
regionss selected. The Talairach atlas was used in this context, as one reference atlas 
amongg others. These were either paper atlases (Mazziotta, 1981a,b) or 'computerised' 
(Bohm,, 1983), resembling paper atlases, but then in a digital format on a screen. The idea 
wass to superimpose or juxtapose the two types of data. 

Thiss method was criticised as subjective, because the identification of regions was 
bothh highly dependent on the judgement of the researcher, and on the correspondence of 
thee planes in the atlas and those in the PET scan (i.e. whether they were showing the same 
'sl ices'' of the brain). Many of the early PET studies from this period gave contradictory 
evidencee and this was often attributed to problems in 'regionalisation', attributing an 
anatomicall  identity to a given region in a scan. Some PET researchers spoke of the need 
too establish the 'credibility' of PET in the face of these diverging results. In interviews, 
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somee respondents talked about the work done during this period as neuro-
impressionism—referringg to the fact that the scans as 'pictures' rather than as 'data' were 
thee focus. 

Headd Holders 

Anotherr approach consisted in making both structural and functional scans of 
subjectss and patients, using elaborate physical means to Lmark' the spaces and therefore 
bee able to compare them. This was done by using head holders which would establish the 
relationshipp of the brain of the subject to the scanner space. With the planes matched, 
anatomicall  information from an atlas or from a subject's CT scan could be related to the 
PHTT scan. Collaborations with radiologists were significant for developing the use of 
headd holders. These were based on systems developed to establish stereotaxic frames for 
comparingg different imaging technologies, within the same patient (Greitz et al, 1980). 
Thee alignment of various types of scanners with the space of individual patients' brains 
wass used in the treatment of brain tumours by radiation treatment (aligning the scans 
showingg the tumour with the radiation delivery apparatus), or for pre-surgical evaluation 
off  patients, where correlated information from different sources was used in planning and 
performingg neuro-surgery. 

Thee underlying principle unifying these various practices for correlation was the 
linkingg of measurements and physical interventions (irradiation or surgery)—the 
alignmentt of scans and the 'real' space of the patient's head for clinical purposes. But the 
usee of head holders could be extended for brain mapping research, insofar as it would 
alloww the combination of various types of data: 

"Off  special interest is the potential of combined information gained from 
transmissionn and emission tomography. The highly defined anatomical data 
obtainedd at transmission computed tomography may be used to select areas, or 
volumes,, of interest in investigations of brain functions using positron emission 
tomography.. This will allow a detailed mapping of human brain functions of 
hithertoo unknown precision (Greitz et al 1980)." 

38 8 



Figuree 11 Head holders for  markin g the space of scans in the early eighties. 

Here,, the brain scans are understood as landscapes, but landmarks are to appear in all scans (the metal 
framee positioned around the head) and are to guide the correlation of the various types of scans. 

Reproducedd from Greitz et al. 19X0. 

Thiss method was taken over from existing clinical applications, where correspondence 
betweenn diagnostic information and therapeutic interventions had to be established. The 
methodd was therefore originally aimed at correlating information for a single patient, in 
orderr to identify the particular pathology and interventions for that particular (abnormal) 
brain.. Less restrictive head holders were also developed, involving padding, various 
materialss that could be heated and moulded to the head and face. Pragmatically, making 
ann extra scan involved the possibility of movement of the subject, unless very restrictive 
holderss were used (and these were not very acceptable to normal subjects). Having to use 
anotherr scanner was sometimes objected to as cumbersome. But more fundamentally to 
researchers,, in terms of making PET data meaningful, while these head holders provided 
immobilisationn of the head and enabled correlating information from different 
technologiess in a single patient, they did not entirely solve the issue of relating the brain 
andd the space of the scanner (the 'grid' problem), of comparing different brains to each 
other,, or insuring that different 'slices' could be compared. 

Templates s 

AA third strategy, involved superimposing a template onto the PET image, so that 
ann anatomical image of the brain could be individually adjusted (Bohm, 1983; Evans, 
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1989).. This involved matching the template to the individual subjects' MRI. and then 
applyingg the opposite transformations, to match the PF.T image to the template. The 
advantagee of this method was that the templates used were labelled, '̂ and based on 
anatomicall  atlases, which provided some standardisation/7 This strategy also involved 
headd holders, to match planes obtained in MRI and PFT scans. ITie template was edited 
too match that particular brain (including asymmetries or pathologies in that particular 
brain)) (Evans et al. 1988). The possibility of manually editing the template was especially 
importantt for a clinical agenda, since it made it possible to applv to patients, whose 
anatomyy could not be assumed to be normal. For them, paper or computerised atlases 
whichh were based on normal anatomy could not provide a proper anatomical baseline. It 
alsoo enabled researchers to identify fairly specific structures, which were important tor 
answeringg questions of interest to neurologists, about the level of function of certain 
specificc structures in the brain. 

Thiss method required a high level of expertise and neuro-anatomical knowledge 
forr visual and manual, interactive fitting of the template to the MRI. It was also criticised 
ass not fully objective, because not automated. The observer, possessing a refined skill of 
readingg landscapes and matching landmarks seemed to offer and advantage in a clinical 
contextt but was of questionable value to those seeking standardisation and for whom 
pathologyy was not a prime concern.18 The authors of the method responded to the 
criticismm of lack of automation in relation to objectivity: 

"wee sacrificed some objectivity by requiring the investigator to match the template 
too the MRI image and to manually adjust individual regions of interest as 
necessaryy to obtain a satisfactory match... but [this approach...] does allow for 
greaterr flexibilit y in deaiing with pathological tissue (Fvans et al, 1988). 

Theyy also qualified what objectivity might mean in a clinical setting: 

"Thee methods described here seek to take advantage of the pattern-recognition 
qualitiess of the human eye'" with noisy, low contrast anatomical images while 

Inn this case, the authors mention that since the alias was to he titled to each subject, there was no need to 
gatherr data from a large number of subjects. A nice brain was simply picked for the template, then adjusted 
forr each subject. The 'ntce brain" is part of a pragmatic strak JLV in functional imaging work used especially 
whenn pursuing validations of algorithms to identify structures automatically. Picking a nice brain' from a 
samplee is a logical starting point, though researchers are quick to add that they, of course, consider a variety 
off  brain morphologies in their validation exercises. Brains can also be excluded form a sample if they are 
foundd to differ too much from the norm. For a further descriptions of typical, representative and average 
brainss seen chapter 5. 
11 Researchers justify their work by insisting on completeness: "in defining the underlying gyral 
organization,, the classification scheme incorporated as far as possible the gyral segmentation common to all 
off  the above atlases (Evans et al, 1988)." 

II  wil l further analyse how attempts are made to reconfigure the clinical ga ê into a digitally-supported one 
throughh tools for 'database diagnosis'. 

Notee how the human eye is described as an apparatus, a machinery for detecting that can he aligned with 
thee technology of scanners and mechanical objectivity. 
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adheringg to a predefined framework for anatomical mapping. The extent to which 
investigatorr bias wil l affect the results is a matter of some concern. However, as 
pointedd out by Clark..., objectivity should be considered as the correctness and 
reproducibilityy of a method, regardless of whether human decision-making is 
involvedd or not. Rigidity of analysis that does not allow for patient variation is not 
aa satisfactory form of objectivity (Evans et al, 1988)." 

Inn order to make scans meaningful, a relationship to anatomy was therefore 
deemedd essential in this period of PET development, where clinical goals were 
predominant.. PET users therefore tried to both maintain the special insight provided by 
PETT scans in showing metabolic information, while also trying to establish a concordance 
too anatomical information which they felt would enable a better evaluation and use of 
PETT scans. Within the generally agreed-upon notion that anatomical information had to 
bee brought to bear on the understanding of PET scans, a number of strategies were 
thereforee proposed, each offering a correlation between anatomy and physiology, but with 
varyingg definitions and emphasis of what this relationship should be. 

Onn the one hand, the need to correlate different types of information could be 
donee taking the individual brain as integrating principle. When taking a subject or patient-
centred,, case by case approach, head holders could be useful. When this matching was 
donee with a fiducial marker, a physical trace that would appear in both scans and enable a 
matchingg of the spaces, this resulted in the possibility of integrating data within a subject. 
Thiss also enabled a fairly detailed and accurate correlation of structures of interest and the 
physiologicall  measurements made in these structures. For clinical researchers 
investigatingg specific diseases, such as Huntington' disease where particular structures 
weree already identified with the disease, PET could add a layer of information to the 
knowledgee they already had in terms of that structure. Hence, PET added to anatomically-
basedbased knowledge. Unlike other technologies which became closely linked to particular 
diseases,, like tuberculosis and x-ray (Pasveer, 1989) or epilepsy and EEG (Gloor, 1994), 
noo such diseases were closely associated with the use of PET. PET studies seemed 
ratherr to be used as one approach among others in clinical research. On the other hand, 
theree was also a desire to establish a standardised and objective approach to analysis, 
wheree results would be comparable between labs and studies, enabling research-oriented 
endeavourss to grow. So while integration in terms of single subjects might be useful in 
clinicall  terms, it did not meet the needs of researchers trying to establish commonalities 
andd differences across subjects to establish diagnostic norms, or to develop standards for 
PETT as a new form of measurement. 

Onee of the ways in which these contrast in agendas was becoming clear was in 
thee notion of normal and abnormal anatomy. The possibility of dealing with pathological 

4111 Clinical indications for PET are also highly specific, and if calling them marginal is perhaps too strong, 
thee use of PET could be typified as "second order"'. It is sometimes used for differential diagnosis 
(dementia/Alzheimer's,, schizophrenia) or to establish 'viability' (of transplanted fetal tissue), progress of 
tumourss after treatment, or for the localization of epileptic centres in pre-surgical planning. 
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tissuee brains was important for clinical applications of PET. But the need for objectivity, 
inn the sense of automation and standardisation, was still and important goal for the 
developmentt of PET as a research tool, and pathological brains were considered to be 
antitheticall  to a normal and normalizable brain. The strategy of integrating information 
fromm different technologies in a single patient or subject was also more in line with 
clinicall  goals than research objectives, where generalisations across cases were desirable. 

Standardd Anatomy: From Matching to Translation 

Anotherr approach to correlation between PET and anatomy emphasised 
standardisationn in the use of anatomy, so that there might be a stable baseline for the 
interpretationn and analysis of PI-T. Fox et al (1984b) took as starting point the 
significancee of anatomy in defining regions of interest (ROI) in PIT analysis: 

"Regionall  analysis of a physiological measurement has meaning only when the 
anatomicall  structure that corresponds to each area within the tomographic image 
iss known (Fox et al. 1984b)." 

But,, according to these researchers at the University of Washington, St Louis, where 
muchh pioneering PIT work had been done, approaches that matched 'planes' and 
anatomicall  atlases were neither sufficiently objective nor standardised enough (F;ox, et al 
1985).. Using head holders, there was the possibility of movement, between scans. As 
well,, they argued, the brain is known to vary between individuals, so that on given planes, 
differentt structures wil l show up in different brains (i.e. the same structures wil l not 
necessarilyy show up on the same 'slice'). For localisation in the cortex, the divisions 
consideredd important do not appear on MRIs which show only gross anatomical 
demarcationss (Fox et al, 1985). Therefore, with the goal of standardising the anatomical 
referencingg of PET scans and avoiding the need for the use of a second kind of scans, Fox 
andd colleagues suggested a different use of atlases in relation to PET scans. Rather than 
superimposingg structural and functional scans, either on a computer screen or in the 
mind'ss eye, this group suggested that one space should be translated into the other, and 
thatt a given atlas, the 'Talairach'41, should stand as the anatomical baseline for 
interpretingg PET scans. 'Anatomy' was to be a chosen atlas, not a given patient's or 
subject'ss scan. 

411 A further description of Talairach can be found in chapter 5, page 142. 
Thee argument in the rest of the chapter shows the gradual remaking of this tool, so that in this chapter I wil l 
usee the terms atlas to designate the original paper publication, space to refer to the use of Cartesian 
coordinatee space and methods for transformation between the parts of the atlas (nomenclature, locations, 
anatomicall  referent), and svsiem to refer to the complex set of companion techniques and tools developed 
mostt recently. 
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Anatomicall  reference 
inn Cartesian space 

(x,, y, z )= label 

PKTT scan as array 
(x,y,z)== metabolic 

measurement t 

" " 

Talairachh Space 

Figuree 12 Translation of PET space into Talairach anatomical coordinates. 

Withh Fox's proposal, the relation of pixels or voxels, the space of measurement of 
thee scanner as shown conceptually in the figure of the 'digital grid', and the space of the 
brainn could be made equivalent. 
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Figuree 13 Interface of an automated tool for  the translation of PET into Talairach 
anatomy y 

Onn the right are brain scans, transformed (and not simply visually compared) to Talairach space, and on the 
leftt are plates of the Talairach atlas, labelled and cross-referenced to anatomical names. This image 

representss a later, more automated application of the principles proposed by Fox in 1989. 

Thee method was presented as the formalisation of a match of two similar co-ordinate 
spaces,, that of the Talairach space and that of the scanner (tomograph). Describing the 
scanner: : 

"Eachh slice of a tomographic image is composed of regional elements (pixels) of 
uniformm size and shape that are recorded and displayed as a two-dimensional 
rectilinearr array." 

Thee atlas of Talairach was also built using a similar space, argued Fox et al: 

"Similarly,, a three-dimensional co-ordinate system has been identified for human 
brainn anatomy for use in performing stereotactic neurological surgery (Fox et al 
1985)." " 

Givenn these similarities, 

"thee brain, therefore, can be defined by two independent coordinate systems: that 
off  the tomograph and that of the stereotactic atlas (Fox et al, 1985)" 
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Thiss marks an interesting shift in the conception of space in terms of scanners and 
thee brain. The method called on conventions about Cartesian space and translated the 
spacee of PET scans in which function was represented, into the Cartesian space of the 
anatomicall  Talairach atlas. The Talairach atlas contained some indications as to how 
brainss of different sizes and shapes could be transformed into a standard space, and the 
Washingtonn University group developed a computer program to effect these 
transformations,, after initial paper, pencil and ruler applications (Fox, int). Rather that 
treatingg the brain and the scans as regions to be identified and related, as two versions of a 
landscapee (seen though anatomical and physiological lenses), this approach treated scan 
andd brain as grids, as sets of coordinate spaces. Rather than hoping for an optical 
correlationn by an observer (whose reliability was open to criticism), based on landmarks 
orr appearances, the grids could be reconciled digitally, enabling automation and the 
guaranteee of mechanical objectivity. This conceptual shift, from landscape to grid, and 
thee accompanying practices (slightly new ways of scanning) and new tools (software and 
hardwaree to perform the calculations to match these grids) constitute an investment in the 
possibilitiess of digital tools to a greater extent than methods relying on physical markers 
forr comparison. 

Inn a digital space, the 'original' representation is not particularly valuable, and not 
necessarilyy powerful because original. The value of digital representations resides in the 
accuracyy of algorithms, the usefulness of translations and manipulations it makes 
possible.. This method provided the possibility of aligning scans, and therefore allowing 
forr correction of movement of subjects during scans. While the amount of movement that 
cann be corrected is limited (and more problematic for fMRI than PET), movements of a 
feww millimetres do not matter as much if digital manipulations can correct for those 
movements.433 This method was still somewhat of a hybrid, involving aspects of both 
digitall  and optical approaches; an x-ray of the skull needed to be made, in order to 
establishh where to put the origin of the coordinates (point 0, 0, 0). This step was 
eventuallyy eliminated, in favour of more fully digitised and automated methods. In 1989, 
aa paper suggesting that the landmarks for fitting Talairach atlas to a PET scan could be 
establishedd without recourse to other anatomical scans was proposed by another group 
(Fristonn et al, 1989). This approach avoided the need for an x-ray and established the 
originn from the PET scan itself. 

4'' Talairach had been used by Roland and colleagues in the seventies, to transfer their images into 
proportionall  format. 
4>> Greitz. who had written about the use of stereotaxic frames in the eighties, argues 10 years later that the 
skillss of a radiologist to perform this positioning are no longer needed, because with the help of 
computerizedd methods to retrieve any plane in scans, reproducible alignment and reproducible fixation have 
becomee unnecessary (Greitz et al, 1991). Furthermore, the work of the neuroradiologist is changing by 
lookingg at new images, such as 'mean' anatomy images, which he/she compares to that of a patient, making 
thee same comparisons as in "the clinical situation which concerns the state of one individual compared to a 
normall  population (Greitz et al, 1991)." The material and cognitive component of the work of radiologist 
hass therefore changed as their context of work moves from an optical to a digital topical space. 

45 5 



Thee Fox method was attractive to researchers for a number of reasons. First, it was a 
highlyy objective method of localisation, in the sense of not depending on an observer. 
Furthermore,, it provided, in theory, unambiguous localisation. In this Cartesian space, 
eachh point corresponds monosemically to given coordinates, and these points are labelled 
accordingg to traditional nomenclature (see Figure 13). No one has to look at the image 
andd pronounce a judgement on the anatomical identity of a structure. Furthermore, the 
labelss of anatomical areas do not depend on gross boundaries visible on MRI scans, 
whichh meant that a more accurate localisation in the cortex could be made (Fox et al, 
1985).. The need to better localise in the cortex was increasingly important as the potential 
usee of PET to study higher brain functions was explored. And as a matter of course for a 
researchh application, his approach also enabled comparisons between subjects, in standard 
spacee (Fox et al, 1985). 

Fox'ss application of the atlas was used in-house at St Louis and discussed at 
conferencess before the method was set out in a publication. The technique had been 
announcedd in a response to Mazziotta's editorial, as "echoing' the recommendations of 
Mazziottaa on the need for standardisation of data analysis. PET could not be understood 
byy itself, although PET images were "seductive, appearing self-sufficient and inviting 
evaluationn by visual inspection. " They also noted that this system need not change the 
'regionn of interest' approach to data analysis which was then dominant: "It should be 
notedd that although every pixel within the tomographic image is ascribed a stereotaxic 
coordinate,, the grouping of these coordinates into regions of interest remains at the 
discretionn of the investigator. (Fox et al, 1984)." Talairach was proposed as a solution to 
standardisationn of anatomy- the need for a structural baseline that would allow 
researcherss freedom to explore function. It became much more, however, providing brain 
mappingg with a way of conceiving and constituting a space of the brain in which to make 
measurements. . 

Somee insisted on the need to take individual anatomy into account, or the need to 
furtherr explore what a standard anatomy might mean. These recommendations for further 
explorationss referred specifically to the study of anatomy that was becoming possible 
withh MRI scanners. This new tool provided new kinds and new amounts of data about the 
anatomyy of the brain. Because it did not involve radiation and was considered safe, it 
couldd be applied widely to the study of normal brains. Radiation or other risks involved in 
thee technology's use until then meant that they were applied only where clinical 
considerationss warranted the risks. Studies on the variability of the brain's anatomy were 
beginningg to appear around this time. " These various standpoints with regards to PET 
andd anatomical context voiced in the workshop report, and the various strategies 
describedd earlier in this chapter can be contrasted in terms of varying definitions of 
anatomy:: individual, standard, or variable. Privileging each of these has consequences for 

Seee chapter four for a discussion of this kind of distrust of image data. 
11 Ways of modelling data in three dimensions (corresponding to the space of the brain) were also being 

exploredd for other technologies in neuroscience, such as EKG, as computational power was becoming more 
widelyy available. See Gevins et al (1994). 
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thee way scanning is performed and the types of questions PFT investigations could 
answerr as being clinically or research-oriented. 

Recommendations s 

Att the initiative of Mazziotta and Stephen Koslow of the NIMH, the issue of 
developingg standards for PET scanning was addressed in a survey of all PET and 
SPECT466 centres around 1984. The issue of standardisation was then put explicitly on the 
agendaa in a series of workshops held in 1985, to which a total of 25 centres sent 
representatives.477 Reporting on the workshops organised by Mazziotta and the NIMH, the 
calll  to standardise was made once again: 

"'Ourr ability to take full advantage of the power of functional imaging and to 
maintainn credibility requires standardised, reproducible, and accurate methods of 
obtaining,, analysing and reporting the resultant data as well as recognition of the 
limit ss of these approaches (Mazziotta and Koslow, 1987)." 

Iff  there was a consensus that the analysis of PET scans was best subsumed to the 
anatomicall  context, the ideal solution to this was still very contentious: "Anatomical 
issuess remained the least well defined (Mazziotta and Koslow, 1987). " The workshop 
report,, however, stated that "the major criterion forjudging methods for anatomical 
localisationn within PET images established by the functional imaging workshops was 
independencee from the physiological image (Fox and Kail, 1987)." PET scans were 
thereforee to be understood in anatomical terms but anatomy was not to be read from 
physiology.. On the other hand, while functional images could be individually paired with 
structurall  images, this was considered to be cumbersome, costly and not in line with the 
goalss of standardisation (Mazziotta and Koslow, 1987). According to a list of "criteria 
forr the optimal solution to the problem of functional imaging acquisition" developed 
duringg the workshops, the solution proposed in 1985 by Fox et al was chosen as most 
suitable. . 

Soo within the strategy of using anatomy as a reference for PET, the Fox approach 
usingg Talairach provided anatomical localisation, without the need to make a second 
scan,, and in a way that could be highly automated and standardised. But there were 
dissentingg opinions in the workshop report, however, some of which clearly questioned 
thee use of an anatomical baseline as a stifling standard. Each PET scans was related to the 
Talairachh space, in order to have a shared anatomical baseline. For example, more 
clinically-orientedd users of PET insisted on the need to take into account the anatomy of 

4hh This related nuclear medicine technology uses other tracers and does not produce tomographic images. It 
iss considered to be much more easy to use than PET in clinical settings. Hardly any brain mapping work is 
pursuedd with this tool, however, and other technologies are more readily associated with PET outside the 
nuclearr medicine context. 
477 While the majority were North American, half a dozen European centres were also represented. 
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individuall  patients, and stressed individual differences in the brain, so that only 
individualisedd anatomical baselines would do. In spite of the workshop's 
recommendations,, a number of techniques for determining anatomical relevance of areas 
inn a PPT scans remained in use, determined by local research agendas and the specific-
clinicall  investigations being pursued. 

Alignin gg Brains, Averaging Brains, Subtracting Brains, Seeing Mind s 

Whilee Fox felt his method offered many advantages, and had received support 
formm his colleagues at St. Louis and at least some backing during the workshops, there 
wass no consensus around this method: 

"Thee response, overall, was exceedingly negative. And that the usual objection 
thatt people would make were that the stereotactic coordinates couldn't work 
becausee brains were not enough alike. And when you looked for assessments of 
howw variable they were, there weren't any.48 Because you can't actually assess 
variabilityy unless you have a standard framework. And so the argument to me 
seemedd very circular...Another reason was that people said it would stifle 
creativity.... Let's not do it in any standard way because it might be the wrong 
standardd way (Fox, interview). 

Inn the same period, a prominent cognitive psychologist, Michael Posner, had joined the 
groupp at Washington University, and the uses of the Talairach atlas were expanded as 
theyy were applied to a different use of PET scans. This group began to average PET scans 
too be able to detect more subtle activations, since averaging scans improved the signal to 
noisee ratio. By putting all PET scans into a similar space (a strategy proposed earlier as a 
solutionn to anatomical localisation), PET could be used to detect activity in the brain as it 
performedd cognitive activities. By aligning brains, a better signal was obtained, and the 
brainn in the course of producing the mind could be imaged. 

Inn order to do this, this group used the method for anatomical localisation they had 
earlierr proposed as a solution to having an anatomical referent for points of activation. By 
extendingg the logic of arrays, and manipulating them as grids rather than as landscapes. 
PETT scans were standardised according to the Talairach space. This was done, however, 
forr averaging purposes, not primarily for finding an anatomical label. The goal here was 
too improve on the functional information, by standardising the 'format' of brain, so that 
averagingg could be performed. 

Seee chapter 5, page 143. for discussions of how this also became an important avenue of research. 
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(x,, y, z )= label 
Anatomicall  reference 

Averagingg and subtracting 

off  PHT scans 

Talairachh Space 

Figur ee 14 Use of Talairach Space for  Averaging and Subtracting Activation s 

Thee use of the Talairach atlas is adapted to the averaging of activations. The Talairach space and the 
transformationss it allows, rather than its anatomical information, become the motivation for its use. 

Thee Talairach system was adapted from its earlier use, where it provided a space 
forr the translation of physiology to anatomy, serving as a space in which to compare and 
compilee different activations from different brains. The success of averaging in improving 
resultss was also argued to be a confirmation of the method for anatomical purposes. Here, 
thee agenda focused on localisation of function, rather than anatomical regionalisation in a 
metabolicc image. Fox recounts this shift: 

"Butt what really turned the tide tremendously was when in 88, we published the 
methodd for averaging. And we demonstrated that in the standard space, you could 
averagee data and thereby could suppress noise and greatly improve the signal to 
noisee and you could now discover things that vou couldn't discover before, so it 
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waswas useful. Before people were arguing about a principle, and I was arguing that 
wee should report in a standardised way, so we could communicate with one 
anotherr in a rigorous non-biased way. But that wasn't a good enough argument, 
Butt when I toid them they could see things that they couldn't see before, [the] 
argumentt was over (I;ox int.) 

PETT scanners were presented here as showing meaningful differences between different 
activationss in the brain (by way of averaging and subtraction) rather than being 
meaningfull  in terms of a level oï activity in an anatomical area. 

Usingg the IE () method, which allowed for shorter scans, of 40 seconds rather 
thann 40 minutes as with the FIX}  method. Fox et al (1985) proposed that ROI could be 
definedd physiologically, by means of subtractions of a rest state and a stimulated state. 
Theyy published on this approach again in 1988, stressing the possibility of enhanced 
detection,, when scans were averaged between subjects. The Talairach system was 
thereforee used here as a tool for transforming the entire image (scan) into coordinate 
space,, not simply as a look up table to report locations of physiological measurements 
(Fox.. 1995) 

Too describe this change explicitly, comparisons between scans are no longer done 
solelyy on the basis of regions determined by anatomy. The region of interest can be 
identifiedd based on the differences in activations between two scans, as an image of 
'change',, and further averaged between subjects. This approach is contrasted to earlier 
ones,, where anatomy prevailed. Rather than being based on measurements in a region of 
interest,, where the activity in a selected anatomical area is the focus of analysis, this 
approachh identifies areas based on physiological changes between two scans. 

Thee uses of PET therefore change at this point. In these studies, PET was 
describedd as tool for "mapping the functional organisation of the human brain" (Fox et al, 
1988),, no longer primarily for identifying metabolic states in relation to clinical agendas. 
Whilee activities in the primary cortex had been scanned in some early experiments (i.e. 
visuall  stimulation), "higher order" cognitive activities, taken to show less activation, 
couldd only be mapped if sensitivity was increased. 49 PET could therefore serve and 
extendd Posner's research interest in cognition, if more subtle activations could be 
detected.. The "more subtle activations of characteristically human functions (e.g. 
language)) (Fox et al. 1988)" were within reach, if inscribed in Talairach space. "0 

Thiss was also a way to reduce signal to noise ratio and expose subjects to less radiation (Woods, 1996) 
andd enabled researchers to get more subtle" activations, where changes in blood flow were less than \lWc 
rCBF(Aine.. 1995). 

Notee that this subtlety of activations fits tn with a hierarchy of brain functions, with motor or sensory 
activationss considered more robust than more refined 'mental' events (calculations, planning, episodic 
memory,, creative thoughts, etc). This hierarchy is sometimes sustained by evolutionary biology hierarchies 
aboutt the 'age" of various systems in the brain. PHT is said to have overcome a reluctance to map the higher 
functionss (Kandel, 1991). 
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Significantly,, rather than being evaluated along other methods relevant to anatomy 
discussedd earlier, this method was compared to psychometric/psychological methods for 
measuringg mental activity (for example, to averaging done in other studies of the brain, 
suchh as measures of event-related electric potential). In these studies, sequences of similar 
eventss over time are averaged, and the timing of the stimulus is used to link events. In 
averagingg PFiT scans between different subjects, however, spatial markers are used. 
Anatomy,, as far as it was still of concern in this research, was subsumed to the 
requirementss for averaging: 

"intersubjectt averaging requires highly accurate anatomical standardisation, 
capablee of correcting for individual differences in slice orientation, brain size and 
shapee (Foxetal 1988)." 

Anatomyy still figures, but insofar as it improves the goal of comparing PKT activations, 
andd any improvements to anatomical referents are geared to the elimination of individual 
differences,, of anatomical idiosyncrasies which might obscure normal, generalizable 
cognitivee data. 

That' ss Psychology! 

Thee methods used in Pl.iT experiments were therefore variously aligned during 
thiss period, to new applications and to older, clinical uses. The use of contrasting states 
wass originally described according to the methods of analysis that had arisen out of 
metabolicc studies; contrasting scans was simply a better a way of defining ROls, by doing 
itt 'physiologically' rather than anatomically. But this strategy was quickly linked to the 
notionn of 'cognitive subtraction' in subsequent experiments: 

"Soo once we demonstrated that you could average, then you might get very subtle 
activations.. That was very much the draw for the cognitive neuroscientists or the 
cognitivee scientists. And that was definitely a big factor in Posner's coming to St 
Louis.. He came, I guess it was 86.... We could get lateral activations, language 
effects,, we could get things that, areas that were quite removed from the primary 
cortex.. And there were very nice responses when you averaged. And that clearly 
motivatedd Mike [Posner] to come down and take part in the venture. And once 
youu have somebody as prominent as Posner joined in the enterprise, then it was 
immediatelyy credible for all cognitive psychology (Fox, int.). 

NewNew kinds of experiments were being performed with PliT. These were not scans of 
increasedd or decreased metabolism in relation to disease-relevant regions, but cognitive 
activationss and localisation of structures and systems in the brain. The papers published 
inn Nature and Science by Posner, Petersen, Fox, Raichle and colleagues are noted, 
especiallyy by psychologists, as especially significant for changing the research agenda of 
PET.. One respondent, while disagreeing with the actual findings of the experiment, was 
fulll  of enthusiasm for the experiment itself, calling it 
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""  absolutely the classic experiment in scanning that made others see what was 
possiblee with scanning. (Senior Researcher, trained as psychologist )." 

Andd this researcher goes on to insist that what was interesting was not the claims, but 
"it' ss that it was psychology (Senior Researcher, trained as psychologist)." This 
experiment,, which relied on spatial normalisation based on Talairach to get high signal to 
noisee ratios, and using a statistical approach to PET in which relative activations between 
twoo states were the focus of what was being measured, seemed to make the translation of 
cognitivee tasks translatable into a PET scanning procedure seem feasible. Another 
researcherr reflects in similar terms about this period: 

"Wee were quite aware [around 89] that in America, at St Louis, [they] had 
developedd a new of looking at PET scans using statistical techniques, and had in 
doingg that shown some quite basic things, but interesting phenomena. You could 
takee a number of tasks, psychological task, dissect them and find out what was the 
sortt of component that was different between these task... Cognitive subtraction, 
thatt was the buzzword (Senior Researcher, trained as psychiatrist). " 

Thee focus was therefore shifting to understanding PHT data as showing contrasting units 
off  cognition which could be detected in the brain. PET measurements were making 
sensee in terms of psychologists' phenomena: 

".... this was directly taking a cognitive psychological model with all these boxes, 
ass I'm sure you know, saying this box is in this bit of the brain and we're able to 
determinee this by doing PET scans.... So I was obviously very excited about this, 
becausee my work was full of these boxes and I had thought in this case I can find 
outt whether the boxes exist and where they are (Senior Researcher, trained as 
psychologist).. " 

Itt therefore seems that the use of Talairach was only somewhat useful for anatomical 
localisationn of physiological data, but that the system of comparative grids was verv 
powerfull  for pursuing cognitive psychology experiments. How so? In the stream of 
researchh that investigated clinically-relevant questions, metabolism and anatomy were to 
bee correlated, and PET scans were analysed as regions of interest. Talairach did provide a 
standardisedd mode of establishing these correlations, but Talairach presented a version at' 
anatomyy which seemed impoverished to clinical investigators who wanted individual 
anatomy,, or anatomical referents more sensitive to variability between individuals to be 
takenn into account. In these cognitive experiments, differences between scans in this new 
experimentall  approach were not longer high/low metabolism, but a trace, measurable 
acrosss many brains, of functional performance of cognitive tasks. In this psychological 
context,, functional anatomy is not the pendent of structural anatomy, but is rather linked 
too the performance of tasks or processing of stimuli, as defined by cognitive 
psychologicall  concepts. To put it another way, PET becomes the hard evidence, involving 
thee brain in the study of the mind, rather than constituting the fuzzier metabolic data to be 

52 2 



correlatedd in terms of anatomy. The brain and the mind met as arrays in Talairach space, 
withh anatomy as a useful intermediary, rather than as the ultimate destination as PHT's 
referent. . 

Anatomyy and Talairach Revisited 

Thee community of researchers working around PHT thus came to include cognitive 
psychologistss and neuropsychologists/' But "anatomy " remained an important issue for 
manyy investigators who had been working with PFT. A second series of workshops was 
heldd in 1989 and its report published in 1991. The interpretation and analysis of PUT 
resultss were still high on the agenda. The report observed that standardisation had not yet 
occurredd (Rapoport. 1991). Six strategies for 'regionalisation" were enumerated in 1991. 
andd two schools of research were identified, one focusing on using PHT data alone and 
identifyingg clinically significant 'patterns' and the other on using MRI with PHT 
(Mazziottaa et al. 1991). The search for patterns, rather than the use of quantitative 
measurementss was condemned by physicists working on PHT and some research-oriented 
physicianss in nuclear medicine, as a "flight from quantitation", a flight from the very 
elementt that these researchers felt was the 'hardness' of PHT. Those seeking patterns 
weree oriented to the clinical usefulness and feasibility of PHT scanning. " The report also 
explicitlyy addressed a dissatisfaction with PHT, feit by academic neurologists and 
neurosurgeons,, expressing surprise at this, because, the report argued, the proper tools 
weree only just coming into existence. The "publication of ambiguous, uninterpretable, or 
conflictingg results from established PHT centres has further contributed to the disrepute of 
PHTT as a clinically relevant imaging modality (Rapoport, 1991)." 

Inn terms of the standardisation of anatomical referents, the report embraced the 
I'"oxx method, but included dissenting opinions, including a challenge to the notion that the 
visuall  was inherently non-objective. It was argued that visual evaluation made it possible 
too deal directly with the physiological image, rather than choosing, a priori, the older 
traditionall  anatomical referent, while physiological landscape of the brain had not yet 

Thee 'big science" aspect of PFT meant that (ideally) large numbers of researchers worked with a single 
scanner,, so that most often during this period, psychologists established working relationships with PHT 
centress rather than establish their own. A common scenario seems to have been the involvement of 
cognitivee psychologists from academic departments at universities where the medical faculty or teaching 
hospitall  had a PHT scanner. The desirability of combining institutions and specialties was highly 
recommendedd to health care service managers (Frick et al, 1992) Funding from the McDonnell-Pew 
Foundationn played an important role in forming cognitive neuroscience research centres. Shortly after this, 
inn the early nineties, the development of functional applications for MRI scanners multiplied the numbers of 
centress where psychologists could get involved, as well as making it easier for all kinds of researchers to do 
researchh scans on normal subjects. 
s""  I return to this particular episode in chapter 4. The clinical investigations which some saw as "fleeing 
fromm quantification" in the late eighties have indeed parted ways to some extent from brain mapping work 
andd research. Some use largely visual strategies, identifying patterns that can be associated with particular 
conditionss (Oilman.199K a. b). Others have developed atlases for visual diagnosis, containing 
representationss based on PET scans represented on MRIs and labelled in Talairach (Minoshima et al. 
"Stereotacticc PEvT Atlas of the Human Brain: Aid for Visual Interpretation of Functional Brain Images"). 
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beenn investigated {Clark. 1987). Recall that in the first series of workshops, it has been 
suggestedd that a combination of systems that consider both individual brain anatomy and 
coordinatee systems might be the best approach (Mazziotta and Koslow, 1987). But the 
systemm of Fox et al was described as most desirable at that point in time because of the 
greaterr standardisation it enabled. Some participants to these workshops seem to have 
fearedd that PI-T would be abandoned prematurely, and this may have fuelled a further 
desiree to standardise analysis. It was in this context that attempts were made to reconcile 
thee Talairach coordinate space and anatomy, and that a version of anatomy suitable for 
thiss purpose was sought by these PHT researchers. 

MRII  Anatomy 

Inn 1989. the tension between the anatomy of the individual brain and the need to 
usee a standard space was once again noted: " the combination of stereotactic approaches 
(Talairachh et al, 1967) with individualised neuro-anatomy, obtained from structure 
functionn matching approaches, may lead to the most automated yet individualised method 
available""  (Mazziotta et al. 1991). This report contained not only statements about the 
desirabilityy of bringing together standard anatomy and individual anatomy, but it also 
presentedd methods for achieving this. At this point, although the use of co-ordinate space 
andd of anatomical referents were still considered separate approaches, the understanding 
o\o\ anatomy was beginning to be linked to the terms of co-ordinate space. Reporting on 
thiss workshop, the use of Talairach space was recommended for subtracting images. 'ITie 
usee of Fvans' or Mazziotta's 3-D MR] volumes ('VOI') was recommended for 
establishingg the anatomical referent: 

"eitherr the Mazziotta or Hvans approach should help to create a VOI  atlas of PHT 
dataa in health and disease, which, if placed in a standard co-ordinate system, could 
bee digitised and transferred between institutions (Rapoport, 1991)." 

Anatomy,, as defined using MRI , would therefore allow both the goal of anatomical 
standardisationn and of measuring anatomical variability. Translation of various versions 
off  anatomy also seemed a promising avenue, so that coordinate space also became 
relevantt to issues of anatomical correlation, on top of its usefulness for studying cognitive 
activation.. While the notion of a 'coordinate space' became common to the various 
effortss in developing uses of PHT scanning, this also meant further reworking of the 
'Talairachh coordinate space" itself, to incorporate a better anatomical referent. 

Torr those primarily interested in cognitive activations, improving anatomy 
beyondd the Talairach atlas also became a priority. The impetus for this was a case where 
somee of the most spectacular findings of PHT research in terms of finding substrates to 
mentall  activity, were the subject of debate and a retraction in Science. Using only the 
'Talairachh atlas, researchers had localised a particular activation that correlated with panic 
attackss (Reiman, 1989). This work was widely hailed as one of the great success stories of 

54 4 



thee use of PHT for the study o\~ the brain.r Further work by other researchers using MRI 
ass anatomical context to analyse the PHT scans found that the activation detected fell 
outsidee the brain, and was the result of increased blood flow due to teeth clenching 
(Drevets.. Veideen, Macleod, Heller, Raichle, 1992). While Talairach as a space to 
averagee was yielding great results, Talairach as anatomical reference had proved its 
shortcomingss in this case. The use of the anatomy provided in the Talairach atlas alone 
wass therefore found to lead to "overinterpretation". So if the use of stereotaxic space was 
takenn to have clear advantages in getting better functional information by allowing 
intersubjectt averaging and subtraction, there were still arguments about the need to 
improvee the correspondence of anatomy and function. As demonstrated in the correction 
episodee above, MRI was felt to be a better, more accurate marker of anatomy than the use 
off  the Talairach anatomy. Yet, while PET scans could be related to the MRI scans of 
individuall  subjects, comparisons across subjects were desirable and best achieved using a 
standardd space. Those interested in anatomy re-directed their efforts to improve 
localisationn in coordinate space. The MNI groups, which had been working on templates 
too overlay onto MRI and PHT for individual subjects, then began to develop ways to 
comparee MRI to PHT using, not as a template, but using Talairach as intermediate space. 
Mazziottaa et al proposed techniques for "merging" different data within subject and then 
betweenn brains, using coordinates. 'They used the outlines of scalp or brain as matching 
markers,, but the transformations were all in terms of coordinates of scans. Digital 
strategiess were therefore developing, as was the notion that different types of data, once in 
commonn coordinate space could be translated into each other. 

Inn 1992, the Hvans group (at the MNI) suggested merging averaged MRI and averaged 
PHTT into Talairach space. 'This was presented as an approach to analyse normal brains, 
specificallyy for use in interpreting cognitive activations studies. 'These publications also 
discussedd anatomy using new concepts such as variability, and "true mean anatomy of 
group'.. They argued that more sophisticated versions of anatomy than the original 
Talairachh paper atlas alone could benefit both clinical work and cognitive studies —they 
specificallyy referred to the issue of 'extra-cerebral peaks', and overinterpretation. 

Inn these approaches, both PHT scans and individual MRIs were transformed to be 
comparedd into a standard grid defined by the 'Talairach space. So while a standard space 
wass used to relate different tvpes of information, individual anatomy provided the 
anatomicall  context. In the development of these techniques, there was a parallel treatment 
off  anatomy and function in the sense that both were averaged in coordinate space and 
foundd to be "improved', becoming more representative and more significant through this 
process. . 

'v11 This research was considered a big breakthrough tor biological psychiatry, where a condition without 
clearr etiology was shown to be correlated with a specific physical trace. See Ackerman (1992). 
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Anatomicall  reference 
(x.. y. z )= label 

(automated,, linked to average brain) 
Averagedd PET/fMRI scans 

V V X X / / 

Otherr types of functional 
orr structural information 
(MEG.. etc) in HBP 

Averagedd MRls 

Figuree 15 Uses of the Talairach System 

Thee use of Talairach' now involves a complex system of representations which are made equivalent in the 
coordinatee space. Talairach is now used for averaging and subtraction, for establishing an anatomical 

frameworkk based on MRI scans, for integrating all levels of data once made comparable by being inscribed 
inn the same space. 

Thee workshop report also contained suggestions that coordinate space might be 
usefull  as a framework, beyond simply being used as an atlas. Echoing the changing 
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researchh agenda with PET, this report also suggested that 'patterns' of metabolic activity 
mightt he related to cognitive activity, and usefully placed within a framework: 

"II  .arge sets of PET-derived data, placed within identified ROIs in a standard 

coordinatee framework, provide an opportunity to examine patterns of brain 
metabolismm and flow, in addition to regional values taken one by one The 
patternss that are derived can be analysed and interpreted in terms of brain 
organisationn at various levels in higher primates...these systems overlap and 
representt in humans the 'internal structure of specific mental activity' (Luria. 
1973)(Rapoport.. 1991)." 

Thesee recommendations for integrating data, both anatomical and functional, form 
thee beginning of the work on databases and atlases further described in chapter 5. I ;or the 
purposee of the argument unfolding in this chapter, the significance of these 
recommendationn is that they formulate the desirability of achieving greater 
standardisation,, and of relating both activation and anatomy to Talairach/coordinate 
space.. Thus, the concerns of cognitive psychologists, and neuroscientists to improve 
localisationn of function and the need to study function/structure relations in general gave 
thee impetus for improving the manipulation of brains scans in terms of reference spaces. 

Talairach ::  a Digital Space Big Enough for  Disagreement 

Thee development and spread of Talairach did no unify all PET users behind a 
singlee definition of anatomy, and indeed, clinicians and surgeons and psychologists 
maintainedd their concerns that a proper anatomical correlation should be established with 
PET.. Furthermore, while these groups could be said to be concerned with 'variability', 
theyy were coming at this issue from diametrically opposite directions. Surgeons wanted to 
havee functional information more closely tied to the particular brain on which they were 
goingg to operate, while cognitive psychologists wanted to overcome this variability in 
orderr to be able to make statements about the human mind, as found in the brain, in 
general.. But within the parameters of the framework provided by the Talairach space, 
thesee various versions of anatomy could be improved and integrated. Talairach. once fully 
digitised,, provided a way to translate into PET experiments both the investigation of a 
specificc patient's brain, or the relation of the brain to a very abstract, 'human' cognitive 
function.. PET in a Talairach space serves to put both the study of the brain and mind in a 
digitall  context. In turn, the Talairach system functions as boundary object, a version of 
thee brain which can be appropriated by various disciplines and which can accommodate 
theirr respective object of research. 

Byy the early nineties, as the success of the Washington group was widely 
celebratedd and had inspired many other cognitive psychologists, a new agenda for PET 
researchh was added to the neurological and clinical investigations of the early eighties. 
Shulmann also notes this shift, from sensory studies to "the ability to study cognitive 
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stimulationn [which] informed us about the mind, and therefore the mind, in addition to 
thee brain, was becoming accessible to study (Shulman. 1996)." The functional brain was 
too be a source of data for the study of the mind: 

"Thee combination of cognitive and neuro-biological approaches, of which this 
studyy is an example, has given us information about the functional anatomy of 
perception,, attention, motor control and language. As these endeavours proceed, 
solutionss to the problem of mind-brain interactions that have intrigued us for so 
longg should be illuminated (Petersen et al, 1988)." 

Inn terms of research agendas too. there were significant differences in the orientation of 
variouss groups. This is sometimes described as 'those coming from the brain end and 
thosee coming from the mind end*. But. as this colloquial description implies, there is at 
leastt a feeling that work proceeds along an axis, that provided by the Talairach space. 

Usingg Stereotaxic Space: Co-existing Versions of the Space inside the Skull 

So,, while, on the one hand, the question of what constitutes proper anatomy has 
explodedd as Talairach has been pulled apart, the idea that anatomy could be related to the 
coordinatee space in which PHT scans were analysed unified these efforts, or at least made 
themm comparable. Besides anatomical referents, which had long been a key issue in the 
interpretationn of PHI' scans, other aspects of the Talairach system were also revised. The 
Talairachh atlas, as it was known in its paper form, came to be de-constructed by 
researcherss into various parts: the x, y, z, Cartesian space approach, the methods for 
transformingg brains to that space, and the 'target' brain to which all others were to be 
transformed.. These improvements are best understood by contrasting the original use of 
thee Talairach atlas (for interpreting structures deep in the brain as investigated through 
pneumoencephalography,, as a preparation for neuro-surgery) to the project of mapping 
thee mind onto the brain (for interpreting the highly variable cortex, as investigated by 
PHT,, by cognitive psychologists, psychiatrists and neurologists). Shifts in location (clinic 
too lab), purposes (from surgical intervention to investigation), in sensitivity (low to high 
resolution),, in application (from individual patients to populations), in anatomical 
locationn (from structures with low variability to high) are all aspects that led to the 
adjustmentss made to the atlas. These elements must be considered in order to understand 
thee development of a digital context in which to pursue this work. 

Noo one likes Talairach, but everybody has to use i t / 4 

Inn the last part of this chapter, I will briefly review the main areas of work which 
constitutee the new context of PHT within the Talairach 'system', and show the 
surprisinglyy broad range of questions posed in terms of this system. As mentioned, a 

Seniorr Researcher, on Atlasing panel at Conference on Mapping of the Human Brain, Copenhagen. 1997. 
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rangee of sometimes contradictory criteria for localisation have been formulated in the 
coursee of the development of PUT. The choice of a target brain in the original Talairach 
atlass has been challenged on a number of levels. Some have argued that it is not properly 
representativee because it cannot encompass variability: 

"I'mm very concerned that in the old days, the method of going to the atlas, in this 
case,, the Talairach atias, devised by Fox....now we've got to grow up and throw 
awayy the Talairach atlas, we know to much about the variability of the location 
andd extent of brain areas to be going to the brain of a single female, which turned 
outt to be unrepresentative of the human brain, not because its a female brain, but 
becausee of this particular one. And we are going to need probability atlases of the 
sortt that are being developed in America ...(Senior researcher, trained as 
psychologist). . 

Iff  the target is no longer a single hemisphere of a single brain, the probabilistic atlases are 
alsoo being built in terms of a coordinate space. Relations between arrays (representing 
variouss anatomies) are quantified in this digital context, and replace the single brain that 
functionedd as landscape of reference. 

Thee Talairach atlas has also been criticised as representing a typically 
Western/Huropeann brain. There has been at least one instance where ethnicity has been 
thee basis of a the production of a different standard atlas. Kanno et al (1992) have 
developedd a Japanese brain, and its use is justified by arguing that 

"theree is a considerable, systematic difference between the Japanese brain and the 
Westernn brain" and "this method has been shown to be effective in coping with 
thee problem caused by the individual morphological variation, such as 
hemisphericc asymmetry and front-occipital disproportion, which is common 
amongg Japanese subjects (Cheng et al, 1995)." 

Theree are a number of other discussions about the parameters of interest in making an 
anatomicall  reference. For example, the issue of the 'Japanese brain' can be labelled as the 
resultt of "increasing genetic distance between subjects"(Wood, 1996). But, it is a problem 
whichh researchers argue can be solved by using a more sophisticated model (Woods, 
1996),, and 'simply' adjusting the target that is to be selected for transformation into the 
Talairachh space. The traits that affect the choice of a target brain are extensive and 
discussedd in more detail in chapter 5, but include "sexual dimorphism", age, ethnicity 
andd "other characteristics" also mentioned (Toga and Mazziotta, 1996). 

Inn terms of how to achieve a proper correlation between function and structure, 
thee original Talairach has also been found wanting: 
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"Talairachh was a surgeon and he didn't know about the brain. So we shouldn't sav 
itt was the angular gyrus when what we mean is that we looked it up in some atlas 
(Commentt from the floor. Conference on Mapping of the Human Brain)." 

Nott surprisingly, neuroanatomists. neurophysiologists and surgeons all have complaints 
aboutt the use of Talairach for localisation. These various groups work in a different 
'version'' of anatomy: the neuroanatomist in terms of gyri and sulci, the neurophvsiologist 
att the micro level of cells, and the surgeon, in 'native' space, not in standard space. But 
significantlyy for a growing stream of research, disagreements and solutions can at least be 
articulatedd in terms of a common reference, the Talairach space. This is rather the 
creationn of a space in which to align various types of data, which by virtue of the 
integrativee possibilities of Cartesian coordinates, seems to offer the possibility of unifying 
andd compiling data. Databases and atlases are built using the Talairach conventions, so 
thatt other levels of anatomy, for example the cellular structures, or other kinds of activity 
(informationn from fMRI, or MIX ! or HHCi) are being put into Talairach space and related 
too each other. While the method is adequate for comparing normals, some argue that 
"referencee to a standard atlas, which assumes proportionality and symmetry, will never be 
idea!!  "(I'Viston et al, 1989). Solutions proposed to this are to improve on the 'target*  brain 
off  the Talairach system, and to base this target on more 'valid' assumptions. 

Warpin gg Brains in Talairach Space: Individual , Variable, and Standard 
Brains s 

Onee of the areas of research in brain mapping is the 'warping' of brains from 
nativee space to standard space. (See Figure 7, page 23, showing brain warping.) While the 
Talairachh atlas described a method for doing this using pen and paper, and dividing the 
brainn into 12 quadrants, current methods transform voxels in very sophisticated ways, 
usingg computerised algorithms: 

"Onee of the original motivations of going to non-linear deformations was to try 
andd further reduce the differences between brains once they were put in a standard 
space.. Such that in theory, your brain and my brain could be made to look 
completelyy identical... the idea here was that if there were any differences, in 
functionall  neuro-anatomy. those aspects of that variation which were in fact just 
differencess in [inaud]. ..morphology would be removed. Our brains could be made 
completelyy identical anatomically and then any functional mapping on my brain 
andd your brain would be different, you could see they were different for functional 
reasonss not for gross morphological reasons....(Evans, int)." 

Thesee efforts address the issue of variability, and the need to have a standard, a baseline 
fromm which to compare different brains. If one gets rid of anatomical variability, then one 
cann compare functions. But anatomical variability itself can be of interest: 
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"Havingg got rid of it, you still want to. for other scientific reasons, you may want 
too capture and quantify variability (Fvans. int)." 

Thee grid space enables researchers to track and quantify variability. Digital space, and the 
usee of computers in these transformations are essential to the increased complexity of 
thesee transformations. More complex transformations are more sensitive, and greater 
sensitivityy is better. Indeed, one researcher affirmed that 

'Talairachh would have done it if he had had the tools. He understood this but 
didn'tt have the tools (Evans, int)." 

Whilee the original target brain and methods for transforming one brain into another have 
beenn abandoned, this group argues it had "kept the spirit" of Talairach. Clearly, tools, 
applicationss and context have all changed as Talairach has been digitised and as various 
groupss in functional imaging have invested in improving the possibilities of translation 
offeredd by the coordinate system. Talairach has become an important collaborative tool, 
standardisingg not only results, but much of the work in the brain mapping community 
itself. . 

Placess in the Brain: Call my Name or  Dial my Number 

Besidess being familiar to a small number of neurosurgeons, who again, would use 
Talairachh in relation to the 'native' brain space of their particular patient and not in terms 
off  average or probabilistic anatomy, the use of Talairach co-ordinates is fairly confined 
too the imaging community. At the beginning of this chapter, I noted how brain mappers 
weree sometimes self-conscious about their use of coordinates in place of using traditional 
nomenclature.. The experimental and conceptual reasons that have led to the particular 
versionn of anatomy for brain mappers have been analysed in this chapter. But while brain 
mapperss have embraced Cartesian addresses for points in the brain, they arc still aware of 
thee advantages of making their work accessible to other domains of neurosciencc, by 
meanss of translating coordinates into labels. Mappers explain that coordinates are 
essentiall  to their work: 

"Neuroanatomicc labels are used to communicate, whereas maps use coordinate 
spacee to quantitate. Equating the relationship between neuro-anatomic labels and a 
Cartesiann (or polar) coordinate system is one the by-products of a map. The 
principless of most brain maps (and systems based on them, e.g. stereotactic 
surgery)) depend on a spatial structure defined by the Cartesian coordinate 
system....Too define a location, three coordinates must be specified, each 
describingg the distance from a plane of origin references to a reliable set of 
anatomicall  points." (Toga and Mazziotta, 1996). 

Brainn mappers also find many advantages in the use of coordinates rather than 
labels:: Because it is a quantitative, numerical system, Talairach is said to be 
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unambiguous,, unlike conventional terminology (Fox et al. 1995). This argument makes 
sensee only insofar as the points described by coordinates (3 numerical values) are 
consideredd monosemic indications, referring to only one place. In contrast, there are a 
numberr of nomenclatures, many ways of naming a place in the brain. Furthermore, 
mapperss object to using gross anatomy as a reference because of the need for a 
neuroanatomicall  expert to segment (label) the image: 

"Att best this is labour-intensive and costly. Far more troublesome is the 
observationn that even trained experts are highly unreliable at identifying major 
landmarkss (Fox, 1995)/' 

'Thee relation of anatomy to coordinate space, on the contrary, can be built into automated 
systemss which transform the spaces of scans, assigning in the first instance coordinates to 
voxels,, rather than names to anatomical areas, and are in keeping with ideals of 
objectivityy and automation, since they rely less on an observer's skill. Further 
highlightingg the importance of the principle of a coordinate space which can be 'filled' 
in.. mappers insist that there is no correspondence between these anatomically visible 
areass and functional areas, as Brodmann warned (Fox, 1995). In this logic, a 'neutral' 
quantitativee address for a location in the brain can be further given anatomical or 
functionall  identities, without one type of data prevailing over the other. 

Butt as mentioned earlier, the use of coordinates is sometimes bewildering to 
outsiderss or newcomers, and there have been efforts to further relate the x, y, z anatomy 
too traditional nomenclature, so that "anyone can navigate the Talairach spaces (Fox, 
1995).""  So while mathematization of space enables brain mappers to manipulate various 
typess of data in a similar space, they still must relate their work to the still-dominant, 
traditionall  understanding of the brain as textual labels and names of areas.>5 

Afterr  Meaning Comes Significance: Statistics in Talairach Space 

Otherr aspects of the analysis of PFT scans were also developed, besides the 
questionn of anatomical relevance. In the early, 'metabolic' investigations with PET, PET 
measuress indicated the level of metabolic activity in selected areas of the brain (mostly 
glucose).. This involved arterial blood sampling, a relatively complex and invasive 
procedure.. Again, this meant correlating the measurements of the PET scanner itself with 

^ss Braintree for example, assigns labels to coordinates, and further links the terms according to the 
NeuroNamess nomenclature developed by a neuroanatomist, who 'painted' all gyri onto a brain and 
incorporatedd it to Braintree, which relates nomenclatures. She is currently developing program so that when 
clickingg on a term, the structure wil l appear, and alternately, to click on an MRI volume and have the label: 

"Eventually,, it would be good to be able to do this with functional MR] and PET data. So people 
whoo do PET studies, they should click on the area and be able to have an MRI with a pattern of 
activationn on it and to get the name of the structures." 
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anotherr set of measures, based on blood samples. In the mid-eighties, following the 
developmentt of another tracer with a shorter half lif e (IH ' ()), it became easier to make 
multiplee scans. 

Foxx et al (1984a) proposed a 'relative" understanding of PET scans: understanding 
measurementss in relation to other measurements of metabolic activity in the brain, rather 
thann in absolute terms in relation to blood values. That means that PET scans could be 
understoodd as indicating change between the rest and activation state. Each subject could 
bee her own control, by undergoing a rest scan. This meant that PHT scans became images 
off  change, of increase or decrease of activity, rather than absolute measurements of levels 
off  metabolic activity, calculated from the detected radioactivity. When making images of 
changee between conditions and dealing with activations that produce only subtle change, 
averagingg responses across subjects increased the significance of PHT scans. This 
approachh to scanning involved complex statistical calculations in order to establish the 
significancee of change, and the relation of local and global changes (Friston et al, 1990). 
Concernn with 'significance' intersects with the earlier discussion in this chapter of the 
averagingg of scans. And as discussed above, in order to compare activations across 
subjects,, Talairach coordinate space provided a useful tool. Thus, this stream of work too 
endedd up making use of the Talairach space in order to improve PHT scans as measures of 
functionall  change. 

Ass research agendas came to include and gradually focus on exploring cognitive 
taskss which produce these subtle changes, PHT scans came to be understood as maps of 
changee in relation to activation paradigms or stimuli, rather than detections of 
metabolism,, or even 'scans of the brain"/ ' When asked how he would compare a CT scan 
andd a PET scan, a researcher answered that 

"well ,, a CT scan is just a description of a brain, all the slices of a brain. A PET 
scann has been analysed in SPNT" (Senior Researcher, trained as psychiatrist). 

AA PHT scan is therefore an image of statistics, the result of data tested for its significance. 
AA statistical understanding of scans led to the development of 'analysis packages', the 
bestt known and most widely used being 'SPM'. 

Whilee some labs devise their own programmes, often also using a 'Talairach 
approach',, the two main tools distributed in the brain imaging community both reinforce 
thee use of Talairach. One is an atlas based on averaged MRIs, originating form the 
Montreall  Neurological Institute, and sponsored by the Human Brain Project. The other is 
aa data analysis program called SPM, distributed by the Wellcome Department of 
Cognitivee Neurology in Hondon. The SPM program offers a number of statistical tests, to 
bee performed on voxels which are organised in a volume defined by the Talairach space. 
SPMM eventually incorporated the MRI atlas as its anatomical template. Again, the use of 
coordinatee space enables research around functional imaging that address topics as 

'AA Recall that al the 1989 workshops, a part of the PET community was moving away from quantitation 
(Strolherr et a), 1991; Carson, 1991). 
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diversee as statistical validity of change in relation to cognitive ability and anatomical 
localisationn to be brought together. 

Towardss a Model of the Brain 

Somee brain mappers have emphasised continuity with the Talairach atlas, stating 
thatt "the Talairach is most properly viewed as a modelling construct, (rather than as an 
atlass or collection of atlases), a reporting standard, or a class of analytic algorithms (Fox 
1995).""  Indeed, its unifying role is becoming increasingly prominent, but it has been 
consideredd all of these things (atlas, standards, etc) and only very gradually, over the 
coursee of ten years, has it come to be seen as a model. v 

"Ass all observations are referenced to the same spatial framework, thev 
collectivelyy constitute a 3-D model of the human brain that is continuously 
updatedd by the research community itself (Fox, 1995)." 

"I"hiss argument is made not only for anatomical data, but also for activations. Raichle, who 
wass involved with the first applications of 'averaging' of functional activation insists that 
thiss strategy was not followed just to overcome the limitations of PET's sensitivity, but 
alsoo because "at the outset our objective was to understand general organising principles 
off  the human brain that transcend individual differences (Raichle, 1996a)." By averaging, 
aa general principle arises, beyond individual idiosyncrasies. 

Thee many episodes and streams of research described in this chapter around scans 
shouldd make it clear that the use of Talairach, currently constituting a Mock-in' in the 
brainn mapping community, is the result of its usefulness for collaborations. Its adoption is 
shapedd by its function as a boundary object, uniting brain mappers around a similar space, 
ratherr than the progressive implementation of an 'original' concept—though such a linear 
developmentt has been claimed: 

"Thus,, the concept of a cumulative brain model implicit in the use of Talairach 
spacee and clearly enunciated by Talairach nearly three decades ago. is becoming 
ann electronic reality (Fox. 1995.)" 

""""  There have also been proposals to use a polar space (as opposed to the Cartesian space of the Talairach 
system).. The application of a polar system involves 'blowing up" the brain into a sphere. A polar space is 
consideredd more appropriate for showing cortical positions, and wil l also show distance between points on 
twoo sides of a sulcus, which a volumetric space such as Talairach doesn't. This system is less useful for 
workingg on non-cortical areas—areas that are "buried" not on the surface of the cortex. The most prominent 
surfacee systems have been developed by van Hssen and Drury. for the macaque monkey and Visible Human 
data,, focusing on the visual system, and by Brinkley. Ojemann and others (19y7). whose surface model 
focusess on naming areas on the cortex. See Hgure 6 The volumetric "canonical brain", and the flattened 
cortexx of the 2D brain, 
pagee 22 
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Ass this chapter details, it has been a long road, from an implicit concept to the shaping of 
standardd tools, and new research collaborations. 

Thee Mercator  of Brain Map Projectionŝ  

Thee adoption of a coordinate space for describing data was therefore given its 
greatestt impetus by being embraced by researchers pursuing cognitive experiments with 
PII  I'. It enabled comparisons between subtle cognitive activations, and the exploration of 
thee mind in the brain. But Talairach space also gradually came to serve the needs of other 
researchers—— neurologists, neurophysiologists, and clinicians—in addressing the notion 
off  an 'anatomical baseline' for interpreting PHT scans. Indeed, it transformed the notion 
off  a baseline as an anatomical landscape, as a hard bottom onto which to overlay a 
metabolicc map. Rather. Talairach space came to be seen as a standardised space, and a 
systemm based three-dimensional coordinates, in which each x, y, z position represents a 
voxel.. This voxel can then be labelled with an anatomical value, a statistically validated 
activationn value, etc. There can therefore be multiple versions of this space. In theory an 
unlimitedd number are possible, but in practice a select few versions are built (these are 
discussedd in chapter 5). Once data is put into coordinate space as a value, it becomes a 
questionn of the right algorithm—universal translations (Haraway, 1991) require but the 
rightt encoding. 

"**  See Buschhaum (1995) for a commentary using a wealth of geographic metaphors 
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Figuree 16 The brain as a percentage of MRI and PET 

Thiss figure represents the tool interface used in the analysis of some activation experiments. The first row 
showss PET data, the second MRI. and the third the combined view of structure and function. A pink 'slide 
bar',, similar to the more familiar 'brightness' or 'contrast' bars on computer and television screens, allows 
thee user to display the brain along a continuum, from 100% PET to 100% MRI. Here, the third row shows 

50%% PET and 50% MRI, but any percentage can be displayed, from 0 to 100%. Once registered in 
Talairachh space, the brain's activity slides seamlessly into the brain's structure. 

Reproducedd courtesy of B ICAMN I and David MacDonald. 

But,, again, which and whether translations are pursued remains negotiable, and as 
wee have seen, disciplinary agendas weigh heavily in this process. Expanding on the 
conceptt of trading zone proposed by Galison. Loewy further suggests that there may be 
variouss patterns in the ways communities share boundary objects (such as Talairach), and 
thatt the zones 'between' scientific cultures might be characterised as trading, pidgin or 
Creolee zones. Using Loewy's typology of intercultural relations to label the 
developmentss in brain mapping, there has clearly been the creation of a pidgin zone, 
wheree a language is neither that of the neuroscientists, nor of the neurologists—where the 
languagee spoken is that of x, y, z locations in the brain. Whether this pidgin zone might 
becomee Creolised, the native tongue of a group, remains to be seen. But the investments 
describedd here might indicate that a new community is indeed forming. The opinions of 
brainn mappers themselves seem divided. While wishing to maintain collaborations, some 
wantt to see particular patterns of exchange, where the neurosciences might increase their 
influencee in relation to the cognitive psychologists who have had too dominant a role 
(Friston,, 1997; Shulman, 1996), and bring functional imaging into the mainstream of 
neuroscience.. Others want to see a coming together of researchers in the area of brain 
mapping,, and to see this enterprise institutionalised, through the sharing of common 
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resourcess and tools for communication particular to functional hrain mapping (Fox. 1993: 
Mazziottaa int.). 

Interestingly,, these issues often arise in relation to Talairach and standardised space. The 
19988 International Conference on Functional Mapping of the Human Brain implemented 
thee use of Talairach references in the submission of abstracts to the conference. The 
directorr of the laboratory hosting the conference has hinted that there is a lock-in, with 
regardss to Talairach and that other systems can hardly compete with the "ubiquity" of the 
Talairachh convention. While this submission strategy was not used for the 1999 
conference,, there were proposals during the conference to make increased use of this 
format,, as a way of giving increased value to the abstracts by correlating/integrating them 
digitally,, so that one would come away with an integrated view of the brain rather than a 
cataloguee (Mazziotta. int.). Discussions focused on the need for the Organisation for 
Humann Brain Mapping to provide more leadership in issues of standardisation for the 
sakee of efficiency than has been the case up to now, as well as counter-arguments that 
'peer-review'' and scientific quality should be the only mechanisms put in place/ 

Thee key concept in brain mapping is that of a universal stereotaxic space 

Too return to the larger issue of the new objects arising from this scientific 
endeavourr with which this chapter opened, after about ten years of functional studies, 
brainn mapping researchers are making claims about their abilities to ground functions of 
thee mind in the brain. This is the result of collaborations between cognitive science and 
thee sciences of the brain which have built a new understanding of behaviour. It is an 
understandingg which makes sense to neuroimagers because it links the perceived 
empiricismm of the neural sciences with the sophisticated understanding of behaviour of 
thee cognitive sciences. At the level of research, it is an understanding which makes sense 
inn terms of the construction of a space for the mind, which can be translated into the 
spacee of the brain, and of a project of exploration that defines a territory to be mapped 
evenn as it sets out to investigate it. Making PFT scans meaningful is not so much 
establishingg a window on the brain, through which the mind can be seen by cognitive 
psychologists.. It is rather developing and validating a kaleidoscope of mutually 
constitutivee versions of the brain in a standard space, in which the various versions of 
brain/mindd data can be meaningful to the many groups involved in functional imaging. It 
iss in this sense that the brain becomes virtual in brain mapping; it is measured, known and 
usedd as a standardised construct in digital space, and new views of the brain can be 
integrated,, given the right algorithm. 

Thee development of these conventions in a digital space makes this case a 
particularlyy interesting one. First, because it shows the gradual shifts that occur in 
interpretativee and contextualising work, from optical ways of working (physical markers 

*'*'  These tensions could be described as contrasting views of hrain mapping endeavour, as a cutting edge 
explorationn or an exercise in surveying. 
H)H) From a proposal submitted to the Human Brain Project by the Consortium tor Human Brain Mapping. 
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too compare scans as snapshots, visually identifying landmarks) to more digital ones 
(voxelss being translated based on quantitative values, thresholds being set to evaluate 
significance).. The development ot Talairach conventions also highlights how particular 
versionss ot'common scientific notions, such as sampling, objectivity, standardisation can 
bee contested, and only gradually comes to be embedded in new digital tools. 

Therefore,, if such a dialogue between these disciplines can occur, it is in large part 
ass a result o\' the co-ordination of many different representational spaces for the 
manipulationn and testing of results, making the link between brain scans and mental 
functionss possible. Through the process of developing standardised spaces and 
representationss for manipulation, a new object emerges at the juncture of the cognitive 
andd neuronal sciences—the 'virtual brain'. At the same time, the basis for a "physical 
mind""  was also laid in the standardisation of a digital space for reporting results. The 
explorationn of the mind-in-the-brain in functional imaging will be the subject of the next 
chapter. . 
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